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It has been known for some time that primary glutaraldehyde fixation and primary 
osmium fixation may offer different ultrastructural detail (Merck et al., 1974; San- 
tos-Sacchi, 1977). Of significance is the almost selective ability of glutaraldehyde 
fixation to preserve labile cytoplasmic microtubules (CMT). In fact, Behnke and 
Forer (1967) reported that CMT of Crane-fly spermatids would not have been dis- 
covered if glutaraldehyde fixation were not employed. Apparently, CMT depolymer- 
ise during primary osmication. 

The ubiquity of CMT within eukaryote cells is well acknowledged. They have 
been implicated in cytoskeletal support (Tilney, 1968), cellular morphologic matura- 
tion (Heywood et al., 1975), intracytoplasmic transport (La Vail and La Vail, 1974), 
secretion (Le Marchand et al., 1975), and organelle stratification (Neve et al., 
1975). 

Most research on the fine structure of the stria vascularis has employed primary 
osmium fixation (Smith, 1957; Hinojosa and Rodriguez-Echandia, 1966; Sugar et 
al., 1972). Generally, the cytoplasm of the marginal cells has been described as 
having a dense matrix. CMT have been reported rarely. However, recently Hilding 
and Ginsberg (1977) while studying melanogenesis in the stria reported the presence 
of cross-sectioned CMT within the marginal cell basal processes. Primary aldehyde 
fixation was employed. Their cross-sectioned CMT were identical to the 200 
vesicles found within the marginal cell processes by Spoendlin (1967). 

The presumed secretory or absorptive function and the tenuous anatomy of the 
strial cells make them likely candidates for CMT inclusions. It is the purpose of this 
short communication to report upon the marginal cell microanatomy following glu- 
taraldehyde fixation, with special reference to CMT. 

Procedure 

Cochleae of young adult albino mice were fixed by immersion either in 1% OsO 4 or 2% glutaraldehyde 
in 0.1 M cacodylate buffer at 4 ~ C for 2 h. Post-osmication for 2 h followed glutaraldehyde fixation. 
The cochleae were dehydrated in graded series of acetone, the stria dissected free and embedded in 
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Fig. 1. Cytoplasmic microtubules (arrows) in the ceU processes of the marginal cells of the stria 
vascularis. Longitudinal and cross sectioned tubules are visible. Intermediate cell process (Int.) 
x 23,703 

Fig. 2. Cytoplasmic microtubules in the apical cytoplasm of the stria vascularis (x 21,960). Insert: 
Microtubules approaching apical membrane perdindicularly (x 29,822) 
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Epon at 60 ~ C. Ultrathin sections were stained with saturated uranyl acetate and lead citrate, and 
were examined with a Zeiss 9S-2 EM. 

Results 

In all animals, abundant numbers of CMT were present in the marginal cells only 
after primary fixation in glutaraldehyde. Only a dense cytoplasmic matrix was visi- 
ble after primary osmication. Marginal cell CMT were seen both in cross and longi- 
tudinal section in the cell processes (Fig. 1). They extended parallel to each other 
for several microns and filled most of the cytoplasm not occupied by other organ- 
elles. CMT were also abundant in the apical cytoplasm (Fig. 2). They were ob- 
served coursing perpindicular, oblique, and parallel to the endolymphatic surface. 
CMT and apical membrane contacts were seen, as well as occasional associations 
with apical vesicles. 

Discussion 

CMT have not been reported within the marginal cells to the extent observed in this 
report. Apparently, the dense cytoplasmic matrix of the marginal cells reported in 
the past was due to the depolymerisation of CMT during primary osmication. 
The preservation of CMT by glutaraldehyde is thought to be due to the fixative's 
superior cross-linking of protein. 

Speculative roles for marginal cell CMT are numerous. For example, they may 
play a role in the development of strial interdigitations, since during early develop- 
ment, marginal cells form a single layer of cuboidal epithelium which proceeds to 
send out basal processes (Kikuchi and Hilding, 1966). Indeed, the regression of adult 
strial tissue to early developmental forms as a result of various toxic materials may 
be due to CMT disruption. CMT inhibitors have been known to cause the retraction 
of cellular processes (Tilney, 1968). Also, the secretory or absorptive nature of the 
stria may be linked to CMT, since a correlation between secretion and microtubule 
numbers has been suggested (Sloper and Grainger, 1975). Marginal cell CMT-vesi- 
cle interactions may be important for apical vesicle transport. 

Certainly, the vast number of CMT present in the marginal cells argues for roles 
similar to those observed in other cells, viz., cytoskeletal support and intracytoplas- 
mic transport. The study of these structures in pathologic states may prove 
fruitful. 

Acknowledgements. Thanks to Dr. W. F. Marovitz, Dept. of Otolaryngology, Mt. Sinai School of 
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in the preparation of this manuscript. 
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Abstract The development of motor protein activity in

the lateral membrane of the mouse outer hair cell (OHC)

from postnatal day 5 (P5) to P18 was investigated under

whole-cell voltage clamp. Voltage-dependent, nonlinear

capacitance (Cv), which represents the conformational

fluctuations of the motor molecule, progressively increased

during development. At P12, the onset of hearing in the

mouse, Cv was about 70% of the mature level. Cv saturated

at P18 when hearing shows full maturation. On the other

hand, Clin, which represents the membrane area of the

OHC, showed a relatively small increase with develop-

ment, reaching steady state at P10. This early maturation of

linear capacitance is further supported by morphological

estimates of surface area during development. These re-

sults, in light of recent prestin knockout experiments and

our results with quantitative polymerase chain reaction,

suggest that, rather than the incorporation of new motors

into the lateral membrane after P10, molecular motors

mature to augment nonlinear capacitance. Thus, current

estimates of motor protein density based on charge

movement may be exaggerated. A corresponding indicator

of motor maturation, the motor’s operating voltage mid-

point, Vpkcm, tended to shift to depolarized potentials dur-

ing postnatal development, although it was unstable prior

to P10. However, after P14, Vpkcm reached a steady-state

level near –67 mV, suggesting that intrinsic membrane

tension or intracellular chloride, each of which can mod-

ulate Vpkcm, may mature at P14. These developmental data

significantly alter our understanding of the cellular mech-

anisms that control cochlear amplification and provide a

foundation for future analysis of genetic modifications of

mouse auditory development.

Keywords Development � Mouse outer hair cell �
Motor protein � Hearing � Cochlear amplification

Introduction

The organ of Corti, the auditory sensory epithelium of the

mammal, has two types of hair cells, the inner hair cell

(IHC) and the outer hair cell (OHC). In mammals, the OHC

can contract and elongate at acoustic frequencies upon

electrical stimulation (Brownell et al. 1985; Ashmore 1987;

Santos-Sacchi 1992; Dallos and Evans 1995; Frank,

Hemmert and Gummer 1999). Such voltage-depesndent

length change is termed ‘‘electromotility’’ and is thought

to provide a means for improving mammalian cochlear

sensitivity and frequency selectivity (Dallos 1992). Re-

cently, on the basis of subtractive cloning between motile

OHCs and nonmotile IHCs, a cDNA clone that is specifi-

cally expressed in OHCs was isolated and termed ‘‘Pres-

tin’’ (Zheng et al. 2000b). The expressed motor protein

prestin, which resides exclusively in the lateral membrane

(Belyantseva et al. 2000), is likely key to cochlear ampli-

fication (Zheng et al. 2000b; Liberman et al. 2002). It is

common practice to evaluate OHC motor activity either by
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measuring changes in OHC length or motor-derived non-

linear capacitance (Cv), both being inextricably related

(Santos-Sacchi and Dilger 1988; Ashmore 1987, 1990;

Santos-Sacchi 1990, 1991). GLUT5, another protein ini-

tially considered a motor candidate (Geleoc et al. 1999)

that also resides within the lateral membrane, does not

express nonlinear capacitance (Ludwig et al. 2001). In the

OHC, then, membrane capacitance (Cm) is the sum of

motor-derived capacitance and capacitance resulting from

the intrinsic capacity of membrane, i.e., surface area

(Santos-Sacchi and Navarrete 2002).

The onset of hearing in the mouse is approximately at

postnatal day 12 (P12), and full maturation is at P18 (Ehret

1976; Steel and Bock 1980). While the mouse is currently

an important model for studies on hearing and the genetics

of hearing, there is no information on the development of

OHC motor activity in this species. However, OHC motor

development has been studied in two other species, the rat

and gerbil (He, Evans and Dallos 1994; Oliver and Fakler

1999; Belyantseva et al. 2000). He et al. (1994) reported

that postnatal OHCs of gerbils begin to acquire electro-

motile properties at P7 in the basal cochlear turn and at P8

in the apical turn, reaching adult characteristics at about

P13–14. In rat OHCs, the density of motor protein matu-

rated near P11 (Oliver and Fakler 1999; Belyantseva et al.

2000); Oliver and Fakler (1999) further concluded that the

increase in membrane capacitance after P11 was due to an

increase in membrane area containing the same density of

motor proteins. Here, we investigated the density of the

motor protein in the lateral membrane of the mouse OHC

during development and demonstrate that, whereas cell size

of OHCs matures at P12, voltage-dependent capacitance

increases continuously up to P18. We argue that this in-

crease, in the face of fixed surface area, derives from

maturation of motor activity and not from additional motor

incorporation. These observations impact on basic mech-

anisms of motor development as well as interpretation of

genetic manipulations of the motor protein prestin.

Materials and Methods

OHCs were obtained from acutely dissected organs of Corti

from C57BL/6J mice. Though this strain exhibits age-re-

lated hearing loss, normal hearing persists to 2 months of

age (Wu et al. 2004). Additionally, we limited our cell

harvesting to low-frequency regions (middle to apical turn)

that remain normal well beyond that time. The persistence

of normal cochlear amplification into adulthood indicates

that development occurs normally in this strain. We addi-

tionally used this strain in order to make direct compari-

sons with the prestin knockout results (Liberman et al.

2002). The mice were killed in accordance with the

Guidelines for Animal Experimentation, Hirosaki Univer-

sity. Cochleae were dissected, and the organs of Corti were

separated from the modiolus and stria vascularis. The or-

gans were then digested with trypsin (1 mg/ml) in external

solution for 10–12 min at room temperature and transferred

into 35-mm plastic dishes (Falcon, Lincoln Park, NJ) with

2 ml external solution. OHCs were isolated by gentle trit-

uration. The dish was mounted on an inverted microscope

(IX71; Olympus, Tokyo, Japan).

The external solution contained (mM) 100 NaCl, 20

tetraethylammonium, 20 CsCl, 2 CoCl2, 1.52 MgCl2, 10 4-

(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HE-

PES) and 5 dextrose (pH 7.2), 300 mosmol • liter–1, in

order to block ionic conductances. The patch pipette

solution contained (mM) 140 CsCl, 2 MgCl2, 10 ethyl-

eneglycoltetraacetic acid (EGTA), 10 HEPES (pH 7.2),

300 mosmol • liter–1 (adjusted with dextrose).

The cells were whole-cell voltage-clamped with an

Axon (Burlingame, CA) 200B amplifier using patch pip-

ettes having initial resistances of 3–5 MW. Series resis-

tances, which ranged 5–20 MW, remained uncompensated

for Cm measurements, though corrections for series resis-

tance voltage errors were made offline. All data acquisition

and analyses were performed with the Windows-based

patch-clamp program jClamp (SciSoft, New Haven, Con-

necticut).

Cm functions were obtained 1 min after establishment of

the whole-cell configuration, following sufficient time for

wash-in of pipette solutions in these small cells. Cm was

assessed using a continuous high-resolution (2.56 ms

sampling) two-sine voltage stimulus protocol (10 mV peak

at both 390.6 and 781.2 Hz) superimposed onto a voltage

ramp (200 ms duration) from –150 to +150 mV (Santos-

Sacchi 2004; Santos-Sacchi, Kakehata and Takahashi

1998). Capacitance data were fit to the first derivative of a

two-state Boltzmann function (Santos-Sacchi 1991).

Cm ¼ Qmax

ze

kT

b

1þ bð Þ2
þ Clin

b ¼ exp
�ze Vm � Vpkcm

� �

kT

� �

where Qmax is the maximum nonlinear charge moved,

Vpkcm is voltage at peak capacitance or half-maximum

charge transfer, Vm is membrane potential, z is valence, Clin

is linear membrane capacitance, e is electron charge, k is

Boltzmann’s constant, and T is absolute temperature.

Density was calculated as d = (Qmax/e)/(Clin/0.008), i.e.,

based on a conversion of 0.008 pF/lm2 (as measured

directly, see Results). This conversion factor is within the

range of factors commonly used (Solsona, Innocenti and

Fernandez 1998). A further discussion of OHC linear

capacitance can be found in Santos-Sacchi and Navarrete
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(2002). For analyses, we quantified Cv, an estimate of

voltage-dependent, nonlinear capacitance (NLC), as the

absolute peak capacitance minus linear capacitance. In

order to estimate surface area (Aohc), we modeled the OHC

as a cylinder composed of three pieces, the cuticular plate

area (Acut), the lateral membrane area (Alat) and the basal

area (Abas). Cell width was determined at three equidistant

positions along the cells’ length.

Aohc ¼ Alat þ Acut þ Abas

where

Alat ¼ 2pr L� rð Þ
Acut ¼ pr2

Abas ¼
p 2rð Þ2

2

For P5–8 (see Fig. 1B), where the length and width were

similar and the cell appeared more spherical, area was

calculated as a sphere with an average diameter: (width +

length)/2. Cell width for this age group was measured at

the cell’s midpoint. Dimensions were measured at 1 min

following membrane patch rupture. On average, cell

lengths are compressed 5.99% after the whole-cell con-

figuration. OHC images were captured by a digital charge-

coupled device camera and recorded with AQUA-Lite

(version 1.2; Hamamatsu, Shizuoka, Japan). All data are

given as mean ± standard error of the mean (SEM). Fits to

the data were made with a sigmoidal logistic function

(Sigma Plot 9.0; Systat, San Jose, California). All elec-

trophysiological and morphometric measures were made

on each cell for direct comparison.

To estimate the prestin mRNA level during develop-

ment, a two-step reverse transcription (RT) and quantita-

tive polymerase chain reaction (QPCR) was employed.

Total RNA was extracted from the organ of Corti at P5, P8,

P10 and P15, using TRI reagent and reverse-transcribed

using random decamers according to the manufacturer’s

instructions (Invitrogen, Carlsbad, CA). QPCR was done

using a 1:10 dilution of cDNA. QPCR was performed with

a Brilliant SYBR Green qPCR kit and Stratagene MX3000

(both from Stratagene, La Jolla, CA). Each amplification

was done in duplicate. Amplification conditions were 94�C

for 30 s, 60�C for 30 s and 72�C for 1 min. Primer se-

quences were as follows: prestin, TGGGGTCAAAA-

CAAAGCGG and GCAAACCAAAAACCATCAGGC

(spanning intron between exons 8 and 9); glyceraldehyde-

3-phosphate dehydrogenase (GAPDH), AGGTCGGT

GTGAACGGATTTG and TGTAGACCATGTAGTT

GAGGTCA. Amplification specificity was confirmed by

melting curve analysis and agarose gel electrophoresis

(Metaphor; ICN, Irvine, CA). Data were normalized to

GAPDH expression.

Results

The signature electrical response of an adult OHC is a bell-

shaped, voltage-dependent capacitance. In postnatal OHCs,

Cm showed bell-shaped voltage dependence from P7; Cv

was not detectable at either P5 or P6. Examples of the

change of Cm functions with development are shown in

Figure 1A. Examples of digitally captured phase-contrast

images of developing OHCs are shown in Figure 1B. From

such data we determined estimates of the cells’ linear

capacitance (a correlate of membrane surface area), which

increased slightly from P5 to P9, thereafter remaining

stable (Fig. 2A, colored symbols). In that same figure,

surface area estimates (see Materials and Methods) corre-

spond to measures of Clin. Linear capacitance measures

more accurately assess the surface area since these mea-

sures are not dependent on geometrical models. Although

surface area remains fixed after P9, dimensions change,

with cell width decreasing and cell length increasing. A

plot of their correspondence (Fig. 2B) shows this inverse

relationship and indicates that after OHCs attain about

Fig. 1 (A) Examples of Cm functions from three postnatal days. In

addition to an increase in peak capacitance, note the shift in Vpkcm to

the right during maturation. Fitted parameters were Qmax = 0.091 pC,

z = 0.89 at P7; Qmax = 0.263 pC, z = 0.95 at P9; Qmax = 0.542 pC, z =

0.89 at P14. (B) Images of patch-clamped OHCs from P7 to P18.

Scale bar (7.5 lm) in P14 figure applies to all images
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18 lm in length, dimensional changes are constrained by

constant surface area (solid gray line). That is, length and

width of the cylindrical cell continue to change during

development but do so while maintaining a fixed surface

area. A specific membrane capacitance of 0.008 pF/lm2

characterizes the plasma membrane of developing OHCs

(Fig. 2C).

NLC, unlike linear capacitance, increases throughout the

developmental time period studied. Figure 3A shows the

sigmoidal rise of Cv (colored symbols), reaching a satu-

rating level (7.66 pF) at P18. Correspondingly, the unitary

charge density (open circles) increases to saturation

(10,956 e–/lm2) but, being determined by the surface area

(which remains fixed above P9), shows a relative boost,

over Cv, as maturation advances. The bimodal change in Cv

vs. Clin is highlighted in Figure 3B, where both Cv and Clin

increase linearly between P5 and P10 but, following that,

only Cv increases. The changes in capacitance that occur

early (P6–P10) are accompanied by a highly variable

operating voltage range (Vpkcm, Fig. 4); however, when Cv

is solely on the rise (>P10), Vpkcm shifts rightward to more

stably occupy a voltage near –67 mV. The voltage sensi-

tivity or valence, z, remained stable from P6 to P18 (0.875

± 0.014).

Figure 5 shows the expression of prestin and GAPDH

using a two-step RT-QPCR. Both the absolute and nor-

malized levels of prestin RNA peaked near P10, consistent

with our electrophysiological results. Absolute prestin

RNA levels at P5, P8 and P15 were, respectively, 18%,

32% and 58% of that at P10. Similarly, prestin RNA levels

at P5, P8 and P15, normalized to GAPDH RNA expression,

were, respectively, 66%, 66% and 30% of that at P10.

These quantitative data wholly support our electrophysio-

logical conclusions that prestin expression matures at P10.

Discussion

Hearing in altricial mammals develops following birth. The

mouse is first capable of detecting sounds as early as P12

(Ehret 1976; Steel and Bock 1980). However, this rudi-

mentary ability does not benefit from the enhanced fine

tuning and sensitivity afforded by cochlear amplification,

the result of active, electromechanical feedback into the

basilar membrane by mature OHCs. During the next sev-

eral days, sensitivity and frequency tuning mature until at

P18 the hearing organ is fully mature as measured by

masked auditory brainstem response tuning curves (Song,

McGee and Walsh 2006). Here, we provide the first de-

tailed developmental study of mouse OHC motor protein

expression in order to assess the OHCs’ contribution to-

ward the development of cochlear amplification (Zheng

et al. 2000a; Liberman et al. 2002). Our data bear not only

on this developing contribution toward mature audition but

also on molecular mechanisms of motor maturation itself.

OHC Maturation

Certain characteristics of mouse OHC maturation correlate

well with the development of hearing, though it should be

kept in mind that the attainment of adult cochlear function

undoubtedly profits from a concerted developmental con-

tribution from a variety of cellular and acellular structures

(Shnerson, Devigne and Pujol 1981; Shnerson and Pujol

1981; Souter and Forge 1998; Forge, Souter and Denman

Johnson 1997; Souter, Nevill and Forge 1995). Neverthe-

less, considering the unusually important contribution of

Fig. 2 Cell dimensions as a function of postnatal day. (A) Linear

capacitance (with standard error bars) and surface area as a function

of postnatal day. Note saturation of each measure at P10. (B) Inverse

relationship between measured length and width of OHCs. Solid gray
line denotes constant surface area constraint on width vs. length for

the cylindrical model (see Materials and Methods). Surface area was

constrained at 740 lm2 (P10). (C) Relationship between linear

capacitance and calculated surface area. Solid gray line denotes a

specific membrane capacitance of 0.008 pF/lm2
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OHCs to cochlear amplification, the development of OHC

electromotility is considered one of the key features in this

process. Our data show that motor activity (Cv or NLC) of

the mouse OHC reaches adult levels at P18, having its

onset at P7. Marcotti and Kros (1999) studied OHC

motility and capacitance. However, they measured capac-

itance only at a fixed membrane voltage of –84 mV;

therefore, they could not detect linear and nonlinear

capacitance. In addition, they did not study beyond P12.

Similar results have been found in other altricial species,

including the gerbil, guinea pig and rat (Pujol et al. 1991;

He et al. 1994; Oliver and Fakler 1999; Belyantseva et al.

2000). In the rat, NLC matures at P17 (Belyantseva et al.

2000) and is detectable as early as P0 in apical turn OHCs

(Oliver and Fakler 1999). Interestingly, for apical turn

OHCs, Oliver and Fakler (1999) found a growth corre-

spondence in linear capacitance and NLC for P10–14,

which differs from our measures that show saturation of

linear capacitance in the face of increasing NLC. Conse-

quently, we find an increasing charge density out to adult

performance times (P18, Fig. 3A), whereas they calculate a

saturated charge density after P11. While species differ-

ences must be considered, methodological differences in

measuring NLC may play a role. Our methodology pro-

vides unbiased estimates of Cm in the face of changing

voltage-dependent impedance (Santos-Sacchi 2004); how-

ever, the stair-step protocol employed by Oliver and Fakler

(1999) could have been influenced by the inability of the

fixed (5 ms) voltage step protocol to adequately evaluate

charge transfer across the range of OHC voltage-dependent

time constants evoked by the wide-ranging voltage ramp.

Their early developmental data for linear capacitance (P0–

10) show a saturating increase from P0, which is stable

from P4 to P11. Thus, we speculate that the abrupt increase

in linear capacitance that they found after P11 obscures a

continuing increase in charge density out to later days.

Fig. 3 (A) NLC (Cv, colored symbols) and unitary charge density

(open circles) as a function of postnatal day. Each function saturates

at P18. Charge density was computed using Clin to calculate surface

area with the specific membrane capacitance of 0.008 pF/lm2.

Logistic fits were made with Cv or density = max/[1+(day/mid) · b].

Charge density fit (max, b, mid): 10,956, –5.65, 10.22. Cv: 7.66, –

5.33, 10.66. The number of cells was (from P5 to P18) 2, 5, 5, 9, 5, 6,

10, 9, 5, 10, 6, 9, 5 and 5. Standard error is plotted. (B) Relationship

between Cv and Clin. Note the continued increase in Cv after Clin (or

surface area) saturates

Fig. 4 Voltage at peak capacitance (Vpkcm) changes during develop-

ment. Note variability during early stages and eventual shift toward

depolarized voltages, stabilizing near –67 mV

Fig. 5 Expression of prestin changes with development and peaks at

P10. QPCR amplification of cDNA from cochlea RNA obtained on

P5 (black), P8 (red), P10 (green) and P15 (yellow) are shown. Inset
shows the Ct values of prestin and the relative amplification of prestin

corrected for GAPDH expression at P5, P8, P10 and P15. The lower

Ct value (triangles) at P10 confirms the highest expression at this time

point. The relative expression (circles) of prestin is compared to

expression at P10
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Supporting this contention, Belyantseva et al. (2000) found

nonlinear charge density to increase beyond P17 in the rat,

and He et al. (1994) found an inverse relationship between

length and width of developing gerbil OHCs, similar to

what we found. We should also note that the develop-

mental shift of Vpkcm that we observed, though similar in

direction to that observed by Oliver and Fakler (1999),

matured at a potential more negative than their value, i.e.,

near –67 mV, the resting potential found in adult guinea pig

OHCs in vivo (Dallos, Santos-Sacchi and Flock 1982).

OHC Motor Maturation

Though we find that OHC motor activity saturates at P18,

which is coincident with the attainment of mature hearing in

the mouse, our data actually indicate that this saturation does

not directly reflect the attainment of adult motor density in

the lateral membrane. Instead, our data likely characterize

the maturation of an already fixed pool of membrane motor

proteins at P10 that we have measured with QPCR. Indeed,

prestin expression in the rat has also been shown to plateau

after P10 in the rat, confirming our results (Reisinger et al.

2005). These direct measures are additionally supported by

the observation that motor protein membrane residence

contributes to membrane surface area in the OHC. In fact, not

only does prestin occupy space in the OHC membrane but the

amount of surface area it occupies is voltage-dependent

(Kalinec et al. 1992; Iwasa 1994; Santos-Sacchi 1993; San-

tos-Sacchi and Navarrete 2002). Thus, in prestin knockout

mice, it was shown that the length of OHCs diminished rel-

ative to the length of normal OHCs in the control C57BL/6J

mouse (Liberman et al. 2002). From Liberman et al.’s mor-

phometric data on OHCs isolated from the apical region of

the cochlea, the length reduction corresponds to about

134 lm2 surface area occupancy by prestin. Our data show

that from P6 to P10 surface area increases by about 165 lm2,

remaining fixed thereafter (Fig. 2A). This increase in surface

area is coterminous with the increase in Cv that accompanies

prestin expression; thus, we hypothesize that from P6 to P10

a full complement of motor proteins is expressed in mouse

OHCs. Our hypothesis is strongly supported by our and

others’ (Reisinger et al. 2005) QPCR data, which show

prestin expression to plateau at p10. Previous studies have

concluded that the saturation of motor activity in the OHC

represents the attainment of adult levels of motor protein

density in the lateral membrane. For example, Belyantseva

et al. (2000) found a correlated development of motor charge

density and prestin antibody fluorescence in the lateral

membrane. Souter et al. (1995) also found that the density of

intramembranous particles (a presumed ultrastructural cor-

relate of the motors) in the lateral membrane matures at P16

in the gerbil. How could the density of motors increase in the

lateral membrane given our observation that a fixed pool of

motors resides within the OHC following P10? In tackling

this question, it must be realized that all motor charge data

arise from measures of the whole OHC membrane. Recently,

it has been shown that during development of rat OHCs

prestin is initially expressed throughout the basolateral

membrane and subsequently redistributes only to the lateral

membrane between days P7 and P12 (Weber et al. 2002).

Thus, it is possible for the density of motors in the lateral

membrane to increase over time by redistribution into the

lateral membrane, where, in the adult, motor activity is re-

stricted (Kalinec et al. 1992; Huang and Santos-Sacchi

1993a). However, it is not clear that a simple redistribution of

motors within the membrane would have an effect on the

magnitude of motor charge movement. So, in the face of a

fixed pool of motors following P10, how might Cv increase?

It is well established that prestin-derived NLC can be mod-

ulated by a variety of biophysical forces, perhaps these forces

themselves being developmentally regulated.

Two of the most significant biophysical influences on

the OHC motor are its sensitivity to membrane tension and

chloride ions (Iwasa 1993; Gale and Ashmore 1994; Ka-

kehata and Santos-Sacchi 1995; Oliver et al. 2001; Ry-

balchenko and Santos-Sacchi 2003; Song, Seeger and

Santos-Sacchi 2005), each capable of shifting Vpkcm and

modulating the magnitude of Cv. The simultaneous chan-

ges in Vpkcm and Cv that we find during maturation at P10–

18 may thus result from developmental changes in mem-

brane tension and/or intracellular chloride activity. It is

well known that changes in intracellular chloride levels

during development can alter the anion’s equilibrium po-

tential, bringing about significant changes in inhibitory

neurotransmitter response characteristics (Rivera et al.

1999). In the OHC, development of the adult architecture

of the lateral wall, including the cortical cytoskeleton and

its interaction with the lateral membrane, could alter

membrane tension. Additionally, the increasing density of

motors could alter motor-motor interactions, leading to the

maturation of motor-derived tension within the membrane.

Such motor interactions have been modeled to account for

prepulse effects on NLC Vpkcm within the OHC lateral

membrane and prestin transfected cells (Santos-Sacchi

et al. 1998, 2001). Finally, it may be that other factors can

influence the maturation of motor activity, including sec-

ond messenger/phosphorylation effects on the motor itself

or on associated cytoskeletal elements (Huang and Santos-

Sacchi 1993b; Frolenkov et al. 2000; Deak et al. 2005).
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a b s t r a c t

This composite article is intended to give the experts in the field of cochlear mechanics an opportunity to
voice their personal opinion on the one mechanism they believe dominates cochlear amplification in
mammals. A collection of these ideas are presented here for the auditory community and others inter-
ested in the cochlear amplifier. Each expert has given their own personal view on the topic and at the
end of their commentary they have suggested several experiments that would be required for the deci-
sive mechanism underlying the cochlear amplifier. These experiments are presently lacking but if suc-
cessfully performed would have an enormous impact on our understanding of the cochlear amplifier.

� 2010 Elsevier B.V. All rights reserved.
Introduction

by Barbara Canlon
Mechanoelectrical transduction in the mammalian cochlea oc-

curs due to vibrations of the basilar membrane that cause the ster-
eocilia of the outer hair cells to deflect resulting in the gating of
mechanosensitive transducer channels. There is an active mechan-
ical response that amplifies low-level and compresses high-level
basilar membrane displacements. The amplification is frequency
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dependent and results in high auditory sensitivity and an extended
dynamic range.

The idea of an active process in the cochlea was first proposed
by Gold, 1948, and has been the focus of intense research for more
many decades. In 1983 Hallowell Davis wrote, ‘‘We are in the midst
of a major breakthrough in auditory physiology. Recent experi-
ments force us, I believe, to accept a revolutionary new hypothesis
concerning the action of the cochlea namely, that an active process
increases the vibration of the basilar membrane (BM) by energy
provided somehow in the organ of Corti”. In his insightful paper
he describes a cochlear model to include an active process and
its underlying properties.

Numerous scientific reports have been aimed at characterizing
the biophysical, biochemical and molecular properties of the active
process. Two main mechanisms have been put forth to explain the
mechanism underlying the cochlear amplifier. In brief, one is a
voltage-dependent somatic motility resulting from the activity of
the motor protein prestin in the lateral membrane of the outer hair
cells. The other is dependent on hair-bundle motility driven by cal-
cium currents. There is a continuum of articles being published
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regarding the role of stereocilia versus somatic motility as the
mechanism for the active process and these publications often
spark up intense discussions among the auditory community.

There are two main mechanisms discussed in these commen-
taries (somatic and stereocilia based active processes) and several
authors are suggesting that mechanical amplification is driven by
both somatic and stereocilia contributions. However, all authors
are in agreement that further experimentation is needed to be fully
convinced of the mechanistic basis of outer hair cell motility. There
are still many basic questions that remain to be answered before
the basis of the cochlear amplifier or amplifiers is fully understood.
As mentioned in the commentaries, some basic experiments that
are needed include determining the characteristics of amplification
along the basilar membrane (high versus low frequencies); dissect-
ing the contribution of somatic motility from hair-bundle motility
via genetic modifications and finally targeted biophysical experi-
ments to alter ion channels and protein levels in hair cell mem-
branes and in stereocilia. Hopefully the suggested experiments
will soon be tested by inquisitive scientists to help generate a full
characterization of the cochlear amplifier. There is most probably
no definitive experiment but a combination of studies that will
help solved the many years of debate and controversy around
the cochlear amplifier.
Cochlear amplification – Somatic or stereocilial forces? A first-
person response

by Jonathan Ashmore
It is always said that experimental artefacts are the most con-

vincing of results. From the moment that Brownell and colleagues
in Geneva reported that when an outer hair cell was depolarised it
shortened (Brownell et al., 1985), there was always a nagging
doubt that this was an epiphenomenon – a consequence of doing
the experiments in a particular way. The Geneva finding used
Ake Flock’s earlier (re-)discovery at the Karolinska Institute of
how to produce good-looking isolated OHCs. Ian Russell and I even
took some home-built equipment to Stockholm in late 1982 to
measure isolated cell resting potentials. We always found that
the electrical V–I curves were difficult to record at hyperpolarised
potentials. As a good electrophysiologist, straight from working in
the retina, I did not think to look down the microscope while
Fig. 1. Current-induced OHC movement. A microelectrode recording of potentials
in an isolated guinea pig OHC during current injection, ca. 1983. Allowing for a low
resting potential (ca. �30 mV), the voltage–current curves match data subsequently
obtained by patch clamp recordings. The voltage distortions during current
injection (arrowed) are almost certainly the result of the OHC changing length
during the commands (Ashmore, unpublished).
recording data. Of course I know now, in retrospect, that the re-
cords were contaminated by the cell expanding off the microelec-
trode (Fig. 1). Reliable recordings of the cell biophysics required
patch clamp techniques, but that came three years later. So why
do I still think that OHC motility underlies the cochlear amplifier?

It is a robust mechanism: OHC motility has been recorded in so
many laboratories with so many different techniques that it is hard
to believe any more that it is an artefact. The cells produce forces
and motility is a robust phenomenon. This seems to me to be a nec-
essary condition for its involvement in amplifying sound in the co-
chlea, or more specifically for injecting power into basilar
membrane mechanics. The cochlea itself needs to be built with
components which withstand some, if not all, the vicissitudes of
life. I also like the idea that the sensor and the effector should be
distinct and separated components of the cell. I do not think such
arguments are foolproof, but experiments which point to hair-bun-
dle forces are technically difficult to carry out. Although not ruled
out for this reason, bundle forces appear to be much less robust.

It is fast: We now know that OHC length changes can be driven
experimentally at acoustic speeds to over 70 kHz, (Frank et al.,
1999). Bill Brownell and I managed to convince ourselves that
OHCs could be driven faster than 1 kHz one December day in
1985 by using a photosensor and a huge, hardwired signal averager
called a Biomac (serial number 5, since you asked, and whose 60
discrete component circuit boards I came to know intimately).
But to relate these results to in vivo cochleas, it is necessary to ar-
gue around the ‘RC-time constant problem’ where any potential
changes are filtered out by the membrane at acoustic frequencies.
The host of ingenious resolutions of this problem, (including bun-
dle forces), all involve some sort of cochlear modelling. I think that
some of the most physiologically convincing (and most intuitively
accessible) models which resolve the problem invoke larger trans-
ducer currents in basal cochlear OHCs to offset the membrane fil-
ter. Recent work with Pavel Mistrik also leads me to think that
current flow along the cochlea, through the gap junctions, en-
hances the extracellular potentials with the correct phase so that
the potentials driving prestin are further increased at high frequen-
cies. In brief, there are cochlear models which seem to work.

It can be knocked out: Sydney Brenner once declared that if you
delete a gene and something happens you have a party; if you de-
lete a gene and nothing happens, you still have a party as it means
that your gene is so important there is compensation. With prestin
knocked out, auditory thresholds rise (Liberman et al., 2002); so
there is a phenotype and you can have a party. The data is compel-
ling, although there is still room for doubt as prestin may have
other regulatory roles in the cell, for example, by controlling cell
pH and metabolism (Ikeda et al., 1992). Mutated or absent prestins
could easily distort other, non-motor, aspects of OHC physiology.
There may be an opportunity for bundle mechanisms to steal in
here, but the window is a small one.
What experiments might change my mind?

No effect of ‘clean’ prestin motor alterations: I would like to see
more experiments to decouple transduction from the action of
the prestin motor. There are some of these experiments under
way, for example in a knockin mouse where the prestin voltage
dependence is altered by a minimal peptide mutation (Dallos
et al., 2008). It would also be good to design ‘gain of function’
mutations in prestin making a situation where the motor forces
are enhanced. But what I would like to see most would be acute,
reversible, experiments where the basilar membrane mechanics
is measured during instantaneous inhibition of prestin – a ‘caged
salicylate’, suddenly released, might be an attractive way to do this.
And then to be surprised when nothing happened.
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Convincing hair-bundle movements in the kilohertz range: I would
like to see bundle force measurements carried out on mammalian
hair bundles at frequencies over 5 kHz. For technical reasons, many
of the arguments advanced so far for stereocilial forces are extrap-
olations from the data. To be convinced I would like to see mea-
surements of the magnitude and the phase of real bundle forces
from real mammalian cells. Moreover these need to be made from
cells taken from different cochlear positions, for models predict
that bundle forces should depend upon cochlear position before
they contribute to the cochlear amplifier.
Top connectors of the hair-bundle are required for waveform
distortion and suppression masking but not cochlear
amplification

by Paul Avan, Christine Petit*
Several major properties of sound perception rest upon the pre-

processing of sound by the outer hair cells (OHC) in the mamma-
lian inner ear, that is, one stage ahead of the mechanoelectrical
transduction eventually achieved by inner hair cells (IHC). Those
OHCs are the key element of a feedback loop whereby sound stim-
uli are mechanically amplified in a widely popular view (Davis,
1983; Gold, 1948). It is the most common explanation brought for-
ward for explaining why the auditory system of mammals is sensi-
tive enough to detect sound power levels hardly an order of
magnitude above the thermal noise. Moreover, the fine tonotopy
observed in the cochlea and reflected in the remarkable ability to
discriminate two sounds with slightly different pitches, is also
attributed to the regenerative amplifier with feedback, working
through OHCs and that operates in a frequency-selective manner.

Natural sounds pose an additional challenge: several frequency
components are presented simultaneously instead of sequentially.
Spectral complexity increases in the presence of competing sound
sources or background acoustic noise. In such cases, if applied
indiscriminately to all spectral lines, gain would be inadequate be-
cause, acting equally on signal and noise, it would leave the latter
swamp neural messages. Because the gain produced by OHCs is
accompanied by filtering, but also because the nonlinearities it en-
tails generate suppressive masking interactions, acoustic messages
can be cleaned up.

The place of cochlear nonlinearities in the analysis of frequency
mixtures deserves to be specifically examined. The concept of non-
linearity is very general, applying to any system whose response to
two simultaneously presented signals is not the arithmetic sum of
its responses to either signal when presented alone: instead, when
mixed up, some components increase at the expense of others.
Masking is a typically nonlinear psychophysical event defined by
the fact that the loudness of one sound decreases or even vanishes
when another sound interferes. Its cochlear correlate is suppres-
sive masking whereby the mechanical or electrical response to a
test tone decreases in the presence of a masking tone. This phe-
nomenon, felt as a nuisance when it is the signal of interest that
gets masked, globally turns as an advantage in that it allows the
dominant frequency component at one place in the cochlea to be-
come even more dominant by exerting a masking effect on com-
peting, weaker signals. Therefore, suppressive masking can
enhance contrasts.

There is now no doubt that cochlear mechanics is far from linear
and it can express its nonlinearities in several ways. Besides sup-
pressive masking, another example is that contrary to high-fidelity
devices, OHC operation introduces conspicuous waveform distor-
tions. These distortions are large enough to be heard although
not being present in the initial sound stimulus (e.g., Tartini,
1754; Goldstein, 1967). In response to bitonal stimuli at frequen-
cies f1 and f2, distortion of their waveforms generates combination
tones at arithmetic combinations of f1 and f2 – hence the best
known cubic difference tone at 2f1–f2, assuming f2 > f1. Not only
does the cochlea produce audible sound distortion but it also ree-
mits them as one category of otoacoustic emissions, namely distor-
tion-product otoacoustic emissions (DPOAE) (Kim et al., 1980).
Otoacoustic emissions have become a prominent tool for achieving
neonatal hearing screening: when by being absent they signal OHC
dysfunction and, according to the most popular interpretation, fail-
ure of the cochlear amplifier, inner hair cells also happen to be im-
paired in many cases, owing to the structural and functional
kinship of the two types of sensory cells. Sensorineural deafness
is then a likely diagnosis.

In summary, the currently accepted picture is that gain and fil-
tering are two closely associated properties ensured by OHCs and
that their way of operating induces strong waveform distortions
coming out as non-invasively detectable DPOAEs. Last, the very
mechanism that leads to instantaneous distortion of sound wave-
forms is likely strong enough to contribute to suppressive masking.
This holistic view placing OHCs and their nonlinear behavior at the
heart of the concept of cochlear amplifier and of many perceptive
phenomena does not allow for the fact that the nonlinearities pro-
duced by OHCs do not share the same meaning and may thus have
different structural or functional origins – e.g., the mechanotrans-
duction channel for some of them, other molecules or substruc-
tures in the stereocilia bundle or cell body for others. Some types
of nonlinearities in current use in electroacoustic amplifiers do
not produce instantaneous waveform distortion, as is the case for
compressive devices in hearing aids. Conversely, other types of
nonlinearities do not need gain to generate waveform clipping.

Until now holistic models posited that at the core of OHC ability
to produce gain, and the combination of filtering, and waveform
distortion, and masking that comes with gain, is a common source,
i.e., the intrinsic properties of the mechanotransduction channels.

A common explanation might be inherent to the mandatory
nonlinearity associated with the thermodynamics of the mechano-
transduction channel. This channel exists in at least two states,
open and closed. Its opening probability relates to stereocilia
deflection according to Boltzmann’s law accounting for the differ-
ent energies associated with the opened and closed states. Boltz-
mann’s law is a sigmoid instead of a straight line, thus when
stereocilia bundles are deflected by the sinusoidal pressure wave
of a pure tone coming from outside, the current through mechano-
transduction channels, proportional to the opening probability,
exhibits a distorted waveform. The resulting mechanical feedback
exerted through bi-directional transduction thus injects distortion
into the initially sinusoidal sound wave. It was thought that wave-
form distortion, Tartini tones and DPOAEs were produced in this
manner by OHCs. Simple mathematics then shows that waveform
distortion generates suppressive masking (Engebretson and Eldr-
edge, 1968).

This view of mechanotransduction channel properties as a cen-
tral player in all aspects of sound pre-processing by OHCs sug-
gested that OHCs ensured, in a remarkably parsimonious manner,
a whole set of functions sharing a common origin. As a counterpart,
failure of this intrinsic property of channels should also result in
hearing impairment in relation to loss of cochlear amplification,
and in the concomitant loss of all other beneficial aspects of co-
chlear pre-processing of sound.

A recent study of a mutant strain of mice in which the gene cod-
ing for stereocilin is inactivated has shown that the aforemen-
tioned holistic view seems not valid (Verpy et al., 2008). When
these mutant mice are young enough (around 14–15 postnatal
days, P14–15), their cochlear sensitivity is normal, as illustrated
by the fact that across the whole frequency spectrum auditory
brainstem evoked (ABR) and compound action potential (CAP)
thresholds do not statistically differ in mutant mice and wild-type
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littermates. Cochlear filtering is also normal in mutant mice, as
indicated by the normal Q10s of their CAP masking tuning curves.
Mechanoelectrical transduction currents derived from round-win-
dow measurements of cochlear microphonics are normal as well.
These characteristics indicate the presence of a full supply of nor-
mally functioning mechanotransduction channels. Their thermo-
dynamics thus obeys a normal Boltzmann law and the curve
relating the transduction current to stereocilia deflection must be
the same sigmoid as in normal ears. Yet in the absence of stereoci-
lin, mice no longer distort waveforms, and for example their co-
chlear microphonics in response to loud tones remain sinusoidal
up to 100 dB SPL. The electrical cochlear response to pure tones
does not contain harmonics. Likewise, DPOAEs are totally absent.
Furthermore, with even more significant perceptive consequences,
when these mutant mice are exposed to a mixture of sounds, sup-
pressive masking is absent or strongly diminished. The level of a
masking tone must be about 20 dB louder than in a normal ear
for the CAP response to a probe tone to decrease. CAP masking tun-
ing curves can still be plotted; however, because the line-busy neu-
ral mechanism of masking, alone, persists: this is what allowed
Q10s to be found similar in mutants and controls. Therefore, in
the presence of a mixture of sounds, the mutant cochlea is no long-
er able to significantly act on the contrasts among components.

Stereocilin enters in the composition of hair-bundle fibrous
links, the top connectors, bonding the apexes of stereocilia inside
the bundle. In mutant mice, top connectors are absent and the tips
of stereocilia in OHCs are more remote that in non-mutant mice.

So, suppressive masking and waveform distortion come with
each other and can vanish even though OHC mechanotransduction
channels provide normal amplification and filtering. This unusual
experimental situation leads to conclude that the top connectors,
and possibly the stereocilin-mediated contact of the stereocilia
bundle to the tectorial membrane contribute to a major cause of
distortion, larger than that in relation to the Boltzmann statistics
of mechanotransduction channels. Stereocilin-dependent connec-
tors could distort either as a result of an intrinsic property or indi-
rectly by a constraint they might exert on the displacement of the
stereocilia bundle or on the response to sound of some of its
components.

We thus propose that in mutant mice as well as in normal ones,
the operating curve of OHC mechanotransduction channels relat-
ing displacement to current exhibits a normal sigmoid shape be-
cause its becoming straighter would affect cochlear gain by
negatively affecting channel sensitivity, which was not the case.
Likely, this nonlinearity, on its own, is not large enough to generate
measurable distortion. In normal mice, it is the presence of top
connectors that enables waveform distortions, DPOAEs and sup-
pressive masking to show up in standard measurements. In mutant
mice, the same measurements detect none of these properties even
though the cochlear amplifier works, thanks to a normally nonlin-
ear mechanotransduction in OHCs.

Stereocilin mutants show that dissociation between normal
auditory thresholds and missing DPOAEs is possible, if not com-
monplace. Previous work on acute cochlear ischemia has shown,
conversely, that DPOAEs can persist and keep many of their normal
properties although cochlear gain has vanished (Avan et al., 2003).
Put together, these observations should warn clinicians against too
systematic attempts at interpreting DPOAEs in terms of cochlear
amplification and hearing sensitivity.
Membrane-based amplification in hearing

by William E. Brownell*
Acoustic vibrations enter and neuronal action potentials leave

the inner ear. An interplay of mechanical and electrical energy re-
sults in hair-cell receptor potentials that ultimately trigger neuro-
transmitter release at the afferent synapse. The diffusion of
neurotransmitter across the synaptic cleft depolarizes 8th nerve
terminals and initiates action potentials that travel to the central
nervous system. The action potentials encode information about
the spectral and temporal content of environmental sounds. The
ability to localize predator or prey is improved by analyzing sounds
over a wide range of frequencies resulting in an evolutionary selec-
tion pressure for detecting ever higher frequencies. Nature has
incorporated diverse strategies to overcome physical constraints
for high-frequency hearing. The constraints include: (1) viscous
damping by inner ear fluids; (2) electrical filtering by cell mem-
branes; and (3) temporal limitations imposed by chemical cas-
cades at the synapse. The mechanisms that overcome viscous
damping have been called the ‘‘cochlear amplifier” in mammalian
ears and an ‘‘active process” in vestibular and other hair cell sys-
tems. These must work in concert with mechanisms for increasing
membrane bandwidth and assuring the temporal precision of
afferent fiber action potentials if high-frequency hearing is to be
achieved.

It is likely that the cochlear amplifier originated in the stereo-
cilia bundle of early vertebrates. Several mechanisms for bundle
motility have been proposed but it is the one responsible for fast
voltage-dependent bundle movement or flicks (Cheung and Corey,
2006) that suggests an evolutionary origin for the voltage-depen-
dent somatic motility of the outer hair cell. In order for high-
frequency voltage-dependent electromechanical transduction to
take place in either the bundle or the soma there must be a mech-
anism that increases the electrical bandwidth of the membrane.
Membrane flexoelectricity and converse flexoelectricity are suited
for high-frequency bundle and somatic motility as well as increas-
ing membrane bandwidth. A flexoelectric based ‘‘synaptic ampli-
fier” may also help to assure the temporal precision of afferent
fiber action potentials.

When outer hair cell electromotility was first observed (Brow-
nell et al., 1985) it was a strong candidate for the mammalian co-
chlear amplifier. The OHC is unique to the mammalian cochlea and
is perhaps the most exotically specialized hair cell (see Fig. 2). Mor-
phological and molecular features of its lateral wall endow it with
the ability to generate mechanical force at high frequencies (Frank
et al., 1999). The force generating mechanism is located in the lat-
eral wall plasma membrane where the transmembrane electric
field is converted directly into mechanical force. Biological mem-
branes are soft, thin ensembles of lipids, proteins, and other mole-
cules. The proportions of the components vary but lipids dominate
reaching 102 lipid molecules for every protein in some membranes.
Membrane constituents diffuse freely within the plane of the
membrane unless they are anchored to the cytoskeleton. Mem-
branes are very thin (typically �5 nm) yet cover large surface areas
(>103 lm2 in the case of the plasma membrane). Living cells ex-
pend metabolic energy to sustain electrochemical gradients
(�100 mV) across their membranes and the associated transmem-
brane electric field is large (>10 MV/m – compare to the �3 MV/m
fields associated with atmospheric lighting). Living cells also ex-
pend energy to maintain a characteristic asymmetry in the number
of lipid associated fixed charges on the inner and outer surfaces of
their membranes. Integral membrane proteins can contribute to
the electrical charge difference at the two surfaces. The net charge
asymmetry of the membrane gives rise to an intrinsic electrical
polarization that sets the stage for a piezoelectric-like force gener-
ation (Brownell, 2006). The electrical field is converted directly
into mechanical stress and charge displacement is converted into
mechanical strain. Experimental evidence demonstrates that elec-
tromechanical coupling occurs naturally in lipid bilayers where it
is called the flexoelectric effect (Petrov, 2006; Sachs et al., 2009).
This phenomenon is an analogue of the electromechanical



Fig. 2. Membrane organization of the outer hair cell stereocilia bundle and lateral wall. Both the apical pole and the lateral wall are composed of three layers. The plasma
membrane is the outermost layer in both locations. The innermost layer is composed of a membrane bound organelle called the canalicular reticulum in the apex and the
subsurface cisterna in the lateral wall. In between outer and inner membrane layers is a cytoskeletal structure called the cuticular plate at the apex and the cortical lattice in
the lateral wall. Insert on the right portrays a high power rendering of the outer hair cell lateral wall. Insert at upper right is a view of the apical end showing the plane at
which the outer hair cell has been opened. Adapted from Fig. 1 in Brownell, 2002.
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behavior of piezoelectric crystals. Two kinds of flexoelectricity are
typically discussed: (1) the direct flexoelectric effect describes
changes in the electrical polarization of the membrane resulting
from changes in curvature; and (2) the converse flexoelectric effect
is the reciprocal phenomena in which the membrane curvature
changes in response to applied electric fields. Both somatic (Ra-
phael et al., 2000) and stereocilia bundle (Breneman et al., 2009)
motility have been modeled to arise from converse flexoelectricity.

While membranes can produce high-frequency mechanical
force (Anvari et al., 2007; Frank et al., 1999; Ludwig et al., 2001;
Zhang et al., 2007) in response to experimentally applied electric
fields the functional significance of this ability has been questioned
because commonly studied cell membranes are considered to be
low-pass electrical filters and therefore unable to sustain trans-
membrane receptor potentials at high frequencies. A solution for
the low-pass constraint is provided by coupling electrical and
mechanical energy. The ready conversion of one form of energy
to the other endows the membrane with a biological piezoelectric-
ity that pushes the cell membrane cutoff frequency to higher fre-
quencies (Rabbitt et al., 2009; Spector et al., 2003; Weitzel et al.,
2003).

Prestin is an integral membrane protein belonging to the Slc26A
family of anion transporters that enhances the piezoelectric prop-
erties of transfected test cells (Ludwig et al., 2001; Zhang et al.,
2007; Zheng et al., 2000). Prestin-associated charge movement is
at least three orders of magnitude larger and qualitatively different
than the nonlinear charge movement of untransfected cells (Farrell
et al., 2006). Electromotile force production, in contrast, is in-
creased by well under an order of magnitude (Anvari et al., 2007;
Ludwig et al., 2001). The large prestin-associated non-ohmic, reac-
tive displacement currents are thought to arise from the move-
ment of cytoplasmic anions such as chloride and bicarbonate into
and out the membrane. A model of the electrodiffusion of anions
into a model protein is able to quantitatively reproduce several fea-
tures of this charge movement (Sun et al., 2009). Prestin may help
overcome the low-pass problem by facilitating a phaseshifted
charge movement that compensates for membrane capacitance
in a manner similar to the negative-capacitance circuits found in
voltage-clamp amplifier headstages.

Both outer hair cell electromotility and neurotransmission at
the inner hair cell synapse are rapid, membrane-based, mechanical
events that are controlled by the hair cell receptor potential. Since
neurotransmitter release can be synchronized to high frequencies
(approaching 10 kHz) in some species, broad-band electrical prop-
erties are also required to allow synaptic stimulation. The magni-
tude of inner hair cell receptor potentials varies with stimulus
intensity yet the timing of neural discharge is intensity invariant
for both clicks and best frequency tones (if neurotransmitter re-
lease were only a function of current it would occur at different
times as the intensity changed). Temporal invariance in the pres-
ence of receptor potentials of increasing magnitude argues for a
feedback mechanism resembling that of the cochlear amplifier on
basilar-membrane vibrations. OHC mechanical feedback preserves
the temporal fine structure of basilar-membrane vibrations
throughout a wide range of intensities (Shera, 2001). Temporal
shifts of basilar-membrane vibration zero-crossings and local
peaks and troughs would occur in the absence of mechanical feed-
back and these shifts are not observed experimentally (Recio and
Rhode, 2000). Membrane flexoelectric mechanisms could provide
an electromechanical feedback to exocystosis at the afferent syn-
apse and help to insure intensity independent temporal precision
(Brownell et al., 2003). The cochlear amplifier, broad-band electri-
cal properties and the synaptic amplifier could all benefit from
membrane electromechanics.

There are several experiments whose results could validate or
disprove the flexoelectric concepts presented in this section.
High-frequency axial displacements of the stereocilia bundle sim-
ilar to those observed in membrane tethers (Zhang et al., 2007) is
required to determine if converse flexoelectricity is contributing
to the bundle motor. Experimental confirmation of the inverse
relation between the radius of curvature of the membrane and
electromechanical force production by the membrane is also
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required. Such an experiment would require ultramicroscopic
measures of the curvature. High resolution structural information
for prestin is required to unravel its precise role in the outer hair
cell somatic motor. The existence of acoustically evoked, non-
ohmic, displacement currents in cochlear fluids is predicted by the
prestin-associated charge movement measured in isolated cells.
Experimental confirmation of cochlear displacement currents
could explain the discrepancy between maximal hair cell receptor
currents in isolated hair cells and those predicted from earlier
cochlear current density measures (Zidanic and Brownell, 1990).
Feedback in the cochlea

by Peter Dallos
Science thrives on controversy and scientists love a good clean

fight. Students of how mammalian ‘‘cochlear amplification” comes
about have been in the ring for more than 30 years; more than 60 if
we consider Gold’s (1948) initial suggestions. The development of
two schools of thought, championing outer hair cell (OHC) somatic
motility and OHC ciliary motility as the means of amplification, is
amply documented and need no review here (Dallos, 2008; Hudsp-
eth, 2008). The common thread, that OHCs are the amplifier ele-
ments, arose early on the basis of experiments with chemical
ablation of OHCs using ototoxic agents and the examination of
resulting behavioral threshold shifts and alterations of neural tun-
ing curves (Ryan and Dallos, 1975; Dallos and Harris, 1978; Liber-
man and Dodds, 1987). Inner hair cell (IHC) stereocilia have no firm
contact with the tectorial membrane (Lim, 1980), consequently
these cells are unlikely to participate in mechanical amplification.

Here I briefly list a few items that have been adduced as sup-
portive or contrary to either amplifier schemes, which I consider
to be less than deal breakers.

Probably the most often cited problem with somatic motility
being the amplifier is its voltage dependence (Santos-Sacchi and
Dilger, 1988). Inasmuch as the passive OHCs’ lateral membranes
are electrical low-pass filters with low cutoff frequencies
(<1 kHz; Housley and Ashmore, 1992; Preyer et al., 1996) the
receptor potential, which presumably drives electromotility, is
attenuated at high frequencies. This seemingly fatal problem for
electromotility-based amplification has been attacked by a whole
host of schemes. These are in four major categories. One approach
is to see if gross cochlear potentials might be sufficient to provide
the voltage gradients for OHCs at high frequencies (Dallos and
Evans, 1995; Fridberger et al., 2004; Iwasa and Sul, 2008), or if
the cochlear electroanatomy is sufficiently influential (Mistrik
et al., 2009). The second is based on the realization that the OHC
is a reciprocal electromechanical system (Weiss, 1982). As a conse-
quence, its effective time constant is not what is simply measured
by electrical means in an isolated cell, but one modified by the
reflection of the mechanical elements upon the electrical side of
the network during contractile activity (Mountain and Hubbard,
1994; Spector et al., 2003; Ramamoorthy et al., 2007). The third
possibility is that the collective action of a group of OHCs in a neg-
ative feedback circuit provides amplification at high frequencies
even if individual OHCs are limited in their frequency response
range (Lu et al., 2006 b). Finally, local activation of motor mole-
cules by basolateral ionic current has been proposed as a means
of avoiding the low-pass filter conundrum (Rybalchenko and San-
tos-Sacchi, 2003; Spector et al., 2005). While full experimental ver-
ification of any of these schemes is yet forthcoming, they,
individually or collectively in some combinations, are sufficiently
compelling as to render the principal objection to the somatic
motility mechanism much less troublesome. The speed of stereo-
ciliary motility has been addressed as well. While the forward
mechanotransducer channel activation is extremely fast (Corey
and Hudspeth, 1983), fast adaptation of the channel, which is asso-
ciated with the fast feedback process, is slower (Ricci et al., 2005).
The development of force associated with OHC transducer channel
activity has been measured (Kennedy et al., 2005). Negative stiff-
ness (departure from linear stiffness) develops over time, but,
while not proven, it is possible that in vivo the time course is ade-
quately fast.

The second widely cited objection to the dominant role of so-
matic motility is that this process itself is not tuned. The context
of this issue is the often-stated question: what tells an OHC to pro-
vide amplification for a given stimulus? The usual formulation is to
postulate a need for a second system of graded filters, different
from the traveling wave, which would provide the input to appro-
priately located amplifying OHCs. Tectorial membrane resonance is
one of the favored means of such filtering (Allen, 1980; Zwislocki
and Kletsky, 1979; Gummer et al., 1996). Another possibility is to
enlist the inherent band-pass nature of the ciliary amplifier as a
pre-filter to somatic motility (Ricci, 2003; Hudspeth, 2008). Tuning
of ciliary motile processes (Martin and Hudspeth, 1999) may be a
significant advantage, by itself, to this means of amplification.

One question raised about ciliary amplification pertains to the
adequacy of the force that this source can deliver into the cochlear
mechanical load. It is now reasonably certain that the collective ac-
tion of circumscribed groups of OHCs can produce enough force to
displace the cochlear partition, including the basilar membrane
(Hudspeth, 2008; Dierkes et al., 2008). While the force produced
by somatic motility is significantly greater, this should not pre-
clude ciliary motility as a mechanism for amplification.

Are there definitive experiments that rule out the contribution
of either candidate mechanism in the mammal? The short answer
is no. There are experiments that suggest some combined opera-
tion of the two systems (Kennedy et al., 2006). The work of Chan
and Hudspeth, 2005 intimates that ciliary motility is sufficient to
provide cycle-by-cycle amplification, with slow somatic motility
serving as an adjustor of the former system’s operating point. A dif-
ficult problem in all experiments that attempt to parcel the process
into its two possible components is eliminating one while sustain-
ing the other. In vitro, the complete suppression of either process is
difficult and may not have been achieved. In vivo, inasmuch as the
cochlea operates as a feedback system any alteration of the feed-
back loop will affect the response of all components. Thus the dif-
ficulty of interpreting the results derived from mouse models in
which the OHC motor molecule (prestin) was absent has been
appreciated. In the absence of prestin from OHCs in the prestin
knockout mouse, the cells become shorter and more compliant
(Liberman et al., 2002; Cheatham et al., 2004; Dallos et al., 2008).
Consequently, raised thresholds and lack of tuning in these mice
could result from non-existing somatic motility, altered ciliary
motility due to changed mechanical load, or a combination. While
the model does not yield unequivocal results, the electrophysiolog-
ical phenotype is essentially the same as one obtains in the absence
of OHCs. In order to overcome incidental changes attendant to the
lack of prestin, a mouse model was developed that incorporated
the V499G/Y501H mutation in its prestin molecules (Dallos et al.,
2008). OHCs in 499/501 mice have normal lengths and stiffnesses,
but the prestin-produced somatic motility is more than 90% re-
duced. These animals have hearing loss and lack of tuning, not un-
like the knockout mice. It was concluded that the presence of
functional prestin is essential for the full expression of cochlear
feedback. The result could be explained two ways. Somatic motility
is the entire feedback amplifier and its elimination negates all gain.
Alternatively, ciliary motility produces the feedback, but it is under
tight control by somatic motility. At this time, further experimental
refinement of the choice is lacking. The ubiquity of ciliary feed-
back-based amplification among vertebrates and indeed in some
insects speaks for the primacy of this mechanism (Manley, 2001:
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Hudspeth, 2008). Its suggested control by somatic motility in the
mammal is more problematic. The commonly postulated low-fre-
quency adjustment of the ciliary amplifier by somatic motility
(e.g., Chan and Hudspeth, 2005) is not likely to occur due to the fact
that, at low-levels, where amplification is most pronounced, the
high-pass filter nature of mechanotransducer-channel fast-adapta-
tion should virtually eliminate DC mechanical inputs to OHCs. Sim-
ply stated, the putative controlling DC signal in cochlear mechanics
is significantly reduced. Of course, one should also ask what evolu-
tionary pressure could have produced the voltage-activated prestin
motor that has the demonstrated and unique capability of operat-
ing at ultrasonic frequencies (Frank et al., 1999), if its function
would be effective only at DC?

Bottom lines: Prestin-based somatic motility and ciliary motil-
ity may both contribute to the total cochlear feedback. Examina-
tion of the cochlear output of genetically modified mice suggests
that without functional prestin essentially all amplification is elim-
inated. The many suggested schemes to counteract OHC mem-
brane filtering of receptor potentials suggest the possibility that
the filter is not a necessary impediment to somatic motility provid-
ing the feedback at any frequency. It is unlikely that OHCs can pro-
vide DC control of a ciliary amplifier.
Fig. 3. (a) Schematic of three hair cells (HC) with their hair-bundles (HB) coupled
elastically via an overlying membrane. (b) Illustration of phase-locking for an
isolated (black) and the central hair-bundle of groups of coupled hair-bundles
(3 � 1 HBs, blue; 3 � 27 HBs, green). Sample trajectories of simulation results (solid
lines) are shown together with the periodic stimulus force F(t) = Acos(2pf0t) with
A = 0.25 pN (broken red line) for coupling stiffness matched to stereociliar pivotal
stiffness, K = KSP = 0.6 pN/nm. Each system is driven at its characteristic frequency f0

(f0 = 8.91 Hz (1 � 1), 9.90 Hz (3 � 1), 10.54 Hz (3 � 27)). The respective time-
dependent average responses over many repetitions of the stimulus are shown as
dotted lines below. Distance between ticks is 40 nm for deflection and 0.5 pN for
stimulus force. (c) Nonlinear response of coupled hair-bundles. For the three
systems studied in (b) the sensitivity (average response amplitude divided by
stimulus amplitude) is displayed as a function of stimulus amplitude. The red
vertical line indicates the stimulus force used in (b). Note that the sensitivity to
weak stimuli and the amplitude range of nonlinear compression increase with
increasing system size.
Coupled hair-bundles could endow the cochlear amplifier with
sharp frequency tuning and nonlinear compression

by Kai Dierkes, Benjamin Lindner, Frank Jülicher*
The key signatures of the auditory amplifier are (i) a frequency

tuned and sensitive response to weak stimuli, (ii) a compressive
nonlinear response over a large amplitude range, and (iii) sponta-
neous otoacoustic emissions (Dallos, 1992; Hudspeth, 2008). These
signatures are reflected in observed basilar-membrane vibrations
(Robles and Ruggero, 2001) and can be understood as the conse-
quence of the presence of nonlinear dynamic oscillators operating
in a critical regime (Camalet et al., 2000; Eguiluz et al., 2000; Duke
and Jülicher, 2003). This suggests that the working of the cochlear
amplifier is based on nonlinear oscillators. It is commonly thought
that active amplification is mediated by mechano-sensory hair
cells (Dallos, 1992; Hudspeth, 1997; Manley et al., 2001; Fettiplace
and Hackney, 2006). Two important features of hair cells have been
suggested to contribute: (i) outer hair cell electromotility can pro-
vide mechanical feedback to the basilar-membrane vibrations
(Brownell et al., 1985; Santos-Sacchi, 2003; Ashmore, 2008; Dallos
et al., 2008) and (ii) mechanosensitive hair-bundles have been
shown to be active elements which can generate spontaneous
movements and noisy oscillations (Crawford and Fettiplace,
1985; Martin and Hudspeth, 1999; Martin et al., 2001; Kennedy
et al., 2005). Individual hair bundles can act as nonlinear oscillators
capable to amplify stimuli (Martin and Hudspeth, 1999,Martin and
Hudspeth, 2001) albeit with restricted performance which is lim-
ited by intrinsic noise at the cellular scale (Nadrowski et al.,
2004). This limitation as well as the small forces associated with
movements of individual hair-bundles have put doubts on the role
of active hair-bundle motility for the cochlear amplifier.

In many vertebrate inner ear organs hair-bundles are linked to
overlying elastic membraneous structures, such as otolithic and
tectorial membranes (see Fig. 3a) and (Freeman et al., 2003). This
introduces the possibility that the cooperation of hair-bundles
plays a role to enhance the properties of hair-bundle-mediated
amplification (Manley and Köppl, 2008). Recently, we have shown
that small groups of hair bundles which are coupled by elastic ele-
ments can respond much more sensitively to periodic stimuli than
isolated hair-bundles. Furthermore, such groups of hair-bundles
display spontaneous movements with sharply peaked power spec-
tra and behave as sharply tuned amplifiers that exhibit compres-
sive nonlinearities over a wide range of signal amplitudes
(Dierkes et al., 2008).

In our study we employed a model of the single hair-bundle
that can account quantitatively for its active mechanical properties
and the stochastic features of hair-bundle motility (Nadrowski
et al., 2004; Tinevez et al., 2007). The model incorporates stereoci-
liar pivotal stiffness, channel gating elasticity, the properties of
adaptation motors, as well as calcium feedback on these motors.
Fluctuations reflecting thermal interactions of the hair-bundle
with the surrounding fluid, stochastic transitions of transducer
channels and adaptation motors are also taken into account. Limi-
tations of the single hair bundle’s ability to respond faithfully to an
external stimulus (see Fig. 3b, broken red lines) are consequences
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of these fluctuations (see Fig. 3b, black solid line). Fluctuations
thereby limit the detector’s sensitivity to weak stimuli and also
the sharpness of frequency tuning, as well as the amplitude range
over which nonlinear amplification occurs.

Our results were obtained by considering groups of N �M hair-
bundles that are arranged on a square lattice with their excitatory
directions aligned along the same lattice axis. Coupling is described
by linear springs of stiffness K that connect nearest neighbors
including diagonal connections. Homogeneous systems of identical
hair-bundles as well as heterogeneous systems of hair-bundles
with varying characteristic frequency were considered. In the
homogeneous case the quality of spontaneous oscillations exhibits
a threshold-like dependence on coupling strength K. A sudden in-
crease of quality occurs for K � KSP, with KSP denoting the stereoci-
liar pivotal stiffness. When a group of hair-bundles is driven by a
weak periodic stimulus at the characteristic frequency (see
Fig. 3b, broken red lines), the system shows an enhanced phase-
locking to the external signal (see Fig. 3b, cf. blue and green solid
lines to black solid line). This higher degree of phase-locking leads
to an increase of the time-dependent average of the response
amplitude (see Fig. 3b, dotted lines). Thus coupling of hair-bundles
increases the sensitivity (defined as the ratio of the mean response
amplitude to the stimulus amplitude) in response to a weak stim-
ulus (see Fig. 3c). For increasing stimulus amplitude, the sensitivity
decreases, indicative of the compressive nonlinear response of the
system. The range of stimulus amplitudes over which this nonlin-
ear response is observed increases for increasing system size (see
Fig. 3c). The response to strong stimuli is determined by the pas-
sive stiffness of the single hair-bundles and does not depend on
system size. As a consequence the amplification gain, which is
the ratio of sensitivities to weak and strong stimuli, increases al-
most linearly with system size. For a system of 81 hair bundles a
gain of up to 400 is obtained for optimal coupling strength.

In the mammalian cochlea, nonlinear compression of the basi-
lar-membrane vibration amplitude in response to stimuli at the lo-
cal characteristic frequency have been reported, that range up to
four orders of magnitude of sound pressure amplitude (Robles
and Ruggero, 2001). The corresponding amplification gains are of
the order of 1000 (Robles and Ruggero, 2001). These properties
can be understood as resulting from the combination of a global
excitation of the basilar membrane (the traveling wave) and the ef-
fects of nonlinear active elements which govern the basilar-mem-
brane vibration in the vicinity of the characteristic place (Nobili
and Mammano, 1996; Duke and Jülicher, 2003). While the proper-
ties of the active elements in the cochlea exceed by far the abilities
of an isolated hair-bundle, our work suggests that groups of cou-
pled hair-bundles can approach their performance.

In the mammalian cochlea the basilar membrane exhibits a
graded profile of characteristic frequencies and the sensory hair
cells display a morphological gradient (Dallos et al., 1996). This
raises the question whether enhanced signal detection due to cou-
pling can also work in heterogeneous systems. We thus performed
simulations of systems of 3 times 27 hair-bundles (representing
three rows of outer hair cells) with varying intrinsic frequencies,
resulting from a gradient of pivotal stiffness. For intermediate cou-
pling strength K � KSP, where KSP is the average pivotal stiffness of
the hair-bundles, the amplification gain is still enhanced by cou-
pling, while a frequency gradient is also maintained (Dierkes
et al., 2008). This implies that in order to make use of mechanical
coupling in the cochlea the elasticity of the overlying membrane
has to be locally adjusted to the hair-bundle pivotal stiffness. It
has been shown that hair-bundle stiffness as well as tectorial
membrane stiffness vary gradually along the cochlea in such a
way that coupling strength and the stereociliar stiffness could in-
deed be matched (Strelioff and Flock, 1984; Gueta et al., 2006;
Richter et al., 2007).
What does the above imply about the cochlear amplifier? There
is strong evidence that outer hair cell electromotility plays an
important role in cochlear amplification (Dallos et al., 2008). Elec-
tromotility introduces an electromechanical feedback that couples
hair-bundle movements back to basilar-membrane vibrations
(Ashmore, 2008; Nowotny and Gummer, 2006). However, electro-
motility does not exhibit significant nonlinearities for physiologi-
cal voltage variations and it does not show frequency tuning
(Ashmore, 2008). In contrast, small groups of hair bundles do show
all the necessary features: sharp frequency tuning, high sensitivity
and compressive nonlinearity (Dierkes et al., 2008). However, there
are two limitations. Firstly, the high amplification gain observed in
the cochlea is not easily reached in our model if at the same time a
frequency gradient is maintained. Secondly, hair-bundle move-
ments may be inefficient to significantly drive basilar-membrane
vibrations. These issues could be resolved by regarding the co-
chlear amplifier as a combination of outer hair cell electromotility
and active motility of locally coupled hair-bundles. In this scenario,
the frequency selectivity and the compressive nonlinear properties
of the cochlear amplifier are provided by coupled hair-bundles.
Outer hair cell electromotility is a largely linear element that
may allow hair-bundle movements to efficiently drive basilar-
membrane vibrations. By varying properties of the electromotile
feedback the sensitivity and amplification gain of the amplifier
could be adjusted. Careful regulation of nonlinear amplification is
important to guarantee the stable operation of nonlinear oscilla-
tors in the inner ear (Camalet et al., 2000) and thereby to enhance
the detection of complex sounds in varying environments. The
electromotile feedback is well suited to mediate such a regulation.
This may explain why outer hair cells receive signals from the
brain via efferent fibers which could influence electromotility.
The origin of the cochlear amplifier

by Robert Fettiplace*, Carole M. Hackney
The mammalian cochlea is a unique cellular array the proper-

ties of which vary systematically along the organ. These range from
the stiffness and size of gross features such as the basilar and tec-
torial membrane and the dimensions of the outer hair cells (OHCs)
(Lim, 1986) to the amplitude of the mechanotransducer channels
(Beurg et al., 2006). All features must ultimately conspire to estab-
lish the tonotopic map. Passive mechanical tuning is augmented by
the cochlear amplifier which endows sharp frequency selectivity
and accounts for the 20–60 dB of extra tip to the tuning curves
measured for vibrations of the mammalian basilar membrane (Ro-
bles and Ruggero, 2001). The amplifier incorporates a compressive
nonlinearity such that the gain and sharpness of tuning are dimin-
ished at higher sound levels. The underlying process is thought to
involve electromechanical feedback by the OHCs probably through
a filter whose frequency characteristics change along the tonotopic
axis (Fig. 4). Work over the past 20 years has demonstrated volt-
age-dependent contractility of the OHCs underpinned by aggrega-
tion of the motile protein, prestin, in the lateral membrane (Zheng
et al., 2000). However, somatic deformation of the OHC is only one
step in a feedback pathway that also includes motion of the tecto-
rial membrane and hair-bundles, mechanoelectrical transduction
and generation of a receptor potential to drive the prestin motor.
It is assumed that OHC contractions supply force to boost the
vibrations of the basilar membrane. A primary argument for the so-
matic motor is that molecular modifications or knock out of prestin
largely abolish amplification (Liberman et al., 2002; Dallos et al.,
2008). A criticism of this approach is that interfering with prestin
merely alters a feedback loop, any part of which could be the site
of amplification. For example, knock out of the mechanotransducer
channel protein (although not currently feasible) would presum-



Fig. 4. Process involved in the cochlear amplifier. Sound causes displacements of the basilar membrane, XBM, and organ of Corti leading to deflection of the OHC hair-bundle,
XHB. Activation and adaptation of the mechanotransducer channels generate a tuned transducer current culminating in a change in OHC membrane potential, DVOHC , that
drives the somatic motor. The force, fOHC, produced by OHC electromotility augments basilar membrane motion and may also deform the organ of Corti (Mammano and
Ashmore, 1993). Gating of the mechanotransducer channels may generate sufficient force, fHB, to move the hair-bundles (the hair-bundle motor) and the organ of Corti. The
inner hair cell bundles are stimulated by the relative velocity, vTM/RL, between tectorial membrane and reticular lamina.
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ably also eliminate amplification. An alternative view is that ampli-
fication is linked to active hair-bundle motion, powered by calcium
influx promoting fast adaptation of the mechanotransducer chan-
nels (Ricci et al., 2000). To appreciate the contributions of the dif-
ferent processes, it is necessary to understand the micromechanics
of the organ of Corti and how forces generated by the OHC somatic
and hair bundle motors vibrate the basilar membrane and are
transmitted to inner hair cells that also exhibit similar sharp
tuning.

The prevailing view, that the somatic motor is at the heart of co-
chlear amplification, is strongly endorsed by recent work mutating
prestin or proteins of the tectorial membrane (Dallos et al., 2008;
Mellado Lagarde et al., 2008). However, there are several details
not fully explained. How is the somatic motor controlled on a cy-
cle-by-cycle basis at high frequencies where the periodic compo-
nent of the receptor potential will be filtered by the OHC time
constant? Several solutions have been proposed (summarized in
Ashmore, 2008) but none has been fully confirmed experimentally.
How does the somatic motor supply frequency selective feedback?
In many attempts to simulate the sharp basilar membrane tuning,
an additional filter or phase shift is introduced to match simula-
tions with experimental results but somatic motility itself is not
inherently frequency selective. The extra filter invoked in modeling
is often assigned to a resonant tectorial membrane (Nobili and
Mammano, 1996). Although the properties of the tectorial mem-
brane, both stiffness and mass, change substantially along the co-
chlea (Richter et al., 2007), the evidence for membrane resonance
is controversial. Finally, how do OHC properties change to generate
the necessary forces at high frequencies to counter the increase in
viscous load and basilar membrane stiffness? Again in simulations,
the force achieved by OHC contraction is assumed to increase
(sometimes >100-fold; Lu et al., 2006a) in progressing from the
low- to high-frequency end of the cochlea. However, there is no
evidence for such an increase in force generation (Iwasa and
Adachi, 1997) and if the prestin concentration in the OHC lateral
membrane shows little variation with cochlear location (Mahen-
drasingam et al., 2008), force production remains constant despite
different cellular dimensions. Most of the direct evidence for per-
formance of the somatic motor has accrued from measurements
on isolated OHCs which invariably lack forward transduction. The
operation of the motor may be clarified by studying OHC mechan-
ics in an intact organ of Corti preparation.

The case for a role of the hair-bundle motor is based on its prop-
erties in non-mammals. In those animals it can amplify the extrin-
sically induced hair-bundle vibrations in a frequency-selective
manner (Martin et al., 2000; Ricci et al., 2000). The frequency selec-
tivity stems at least partly from tonotopic variation in the fast
adaptation time constant for mechanotransduction. Why should
it be less important in mammals? Perhaps the bandwidth of the
process is insufficient to cope with the extension of the frequency
range in mammals. A similar problem exists with electrical tuning
of the receptor potential based on gating of potassium channels
which is the major source of auditory frequency selectivity in
non-mammals (Fettiplace and Fuchs, 1999). Although there is no
direct evidence, it seems likely that hair-bundle amplification is
employed in the high-frequency region of the avian cochlea, up
to 9 kHz in owls (Köppl and Yates, 1999), in which short hair cells
(analogous to OHCs) lack prestin or somatic contractility (He et al.,
2003). Because the hair-bundle motor is driven by gating of the
mechanotransducer channels, it does not suffer the frequency
dependent attenuation imposed by the membrane time constant.
The mechanotransducer channels must open and close on a micro-
second time scale to explain transduction in animals such as bats
and cetaceans that hear up to 120 kHz. However, the hair-bundle
motor is thought to be coupled to fast channel adaptation (Ricci
et al., 2000) which may itself be frequency limited due to the kinet-
ics of calcium binding and unbinding (Nam and Fettiplace, 2008).
Speed restrictions to the process remain an open question because
attempts to measure active hair-bundle motion in mammalian
preparations are currently limited by the bandwidth of force
delivery using flexible fiber stimulation (Beurg et al., 2008). Never-
theless, amplification mediated by calcium influx via mechano-
transducer channels has been observed in an isolated
mammalian cochlea (Chan and Hudspeth, 2005). To fully charac-
terize the hair-bundle motor in OHCs, the speed of the measure-
ment techniques must be improved to ascertain whether the
primary mechanical event is a recoil (negative feedback; Ricci
et al., 2000) or a release (positive feedback; Martin et al., 2003;
Kennedy et al., 2005) synchronous with fast adaptation. A draw-
back of the hair-bundle motor is the small force it can generate,
a few hundred pN at most, more than 10-fold less than the prestin
motor. Nevertheless, the feedback can be frequency tuned unlike
that for the somatic motor. Furthermore, the force developed will
increase with location due to a decrease in height and increase in
number of stereocilia per bundle (Lim, 1986). Such frequency
selectivity may be enhanced by tight coupling of the hair-bundles
to the tectorial membrane (Nam and Fettiplace, 2008).

The most reasonable conclusion is that both somatic and hair-
bundle motors collaborate to produce cochlear amplification and
that the hair bundle motor has not been discarded but rather sup-
plemented in extending the frequency range. Mechanoelectrical
transduction in the hair-bundle may largely confer frequency
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selectivity and the compressive nonlinearity, whereas the somatic
motor may be the major force generator (Fig. 4). However, the rel-
ative importance of the two mechanisms may change between
base and apex which differ in the shapes of their basilar membrane
tuning curves and degree of low-level amplification and nonlinear-
ity (Robles and Ruggero, 2001). To apportion the contributions of
the two motors, the most promising experimental approach is to
assay hair cell responses and cochlear mechanics in an in vivo prep-
aration (Nuttall et al., 2009). However, these techniques may still
have insufficient resolution to define the motion at specific points
within the organ of Corti. In the long run, an understanding of the
micromechanics will be needed to determine the efficacies of the
two motors in vibrating the basilar membrane at both low- and
high-frequency locations.

A critical need in hearing

by Pascal Martin*, A.J. Hudspeth
One may investigate the basis of the active process in either of

two ways. Most studies have focused on the subcellular and molec-
ular details of the candidate mechanisms, membrane-based elec-
tromotility and active hair-bundle motility. Despite the present
uncertainties in the field, such detailed mechanistic investigations
must ultimately reveal the origins of the four cardinal aspects of
the active process: amplification, frequency tuning, compressive
nonlinearity, and spontaneous otoacoustic emission (Manley,
2000).

A second approach is to inquire, not about mechanistic details,
but instead about the principles underlying the active process.
What feature of the active process accounts for the unusual phe-
nomena associated with hearing? What is the connection between
the four manifestations of the active process observed in amphib-
ians, reptiles including birds, and mammals? We contend that the
answers to these questions are the same: critical oscillation at a
Hopf bifurcation.

A physical system displays a Hopf bifurcation when its behavior
changes abruptly from quiescence to spontaneous oscillation as
the value of a control parameter varies (Strogatz, 1997). If the con-
trol parameter is poised at or near the critical value at which spon-
taneous oscillation emerges, the system is termed a critical
oscillator. Any critical oscillator is endowed with generic proper-
ties that do not depend on the specific mechanism that produces
the oscillatory instability (Choe et al., 1998; Camalet et al., 2000;
Eguiluz et al., 2000; Jülicher et al., 2001; Duke and Jülicher, 2008).

Precisely what phenomena can be explained by a critical
oscillator?

(i) A critical oscillator can mobilize internal resources of energy
to compensate for frictional losses and provide power gain,
the defining feature of the cochlear amplifier.

(ii) The amplification of a critical oscillator is tuned to a narrow
band of frequencies centered at the characteristic frequency
of spontaneous oscillation. In addition, the bandwidth of this
active resonance is inversely related to the intensity of the
stimulus; weak stimuli are amplified with sharper frequency
selectivity.

(iii) As observed in basilar-membrane recordings (Ruggero et al.,
1997), the response of a critical oscillator to sinusoidal stim-
uli near resonance displays a compressive nonlinearity such
that the amplification preferentially boosts weak signals. In
contrast, the response is linear for stimulus frequencies that
differ significantly from the characteristic frequency of crit-
ical oscillation.

(iv) As it traverses the Hopf bifurcation, a critical oscillator
becomes unstable and enters into limit-cycle oscillation, a
likely cause of spontaneous otoacoustic emission.
(v) Like the human ear (Goldstein, 1967), a critical oscillator dis-
plays ‘‘essential” nonlinearity in the sense that distortion
products persist even for weak acoustic stimuli, decreasing
more-or-less linearly with the amplitude of stimulation until
they reach the threshold of detectability.

(vi) The responsiveness of a critical oscillator to a sinusoidal
stimulus is diminished by the presence of a second stimulus
at a nearby frequency, a phenomenon akin to psychoacous-
tical masking, or two-tone suppression, in the human ear.

A ubiquitous feature of vertebrate hair cells, active hair-bundle
motility has been observed in vitro in the eel (Rüsch and Thurm,
1990), frog (Benser et al., 1996; Martin et al., 2003; Tinevez
et al., 2007), turtle (Crawford and Fettiplace, 1985; Ricci et al.,
2002), chicken (Hudspeth et al., 2000), and rat (Kennedy et al.,
2005). In the frog’s sacculus, active hair-bundle motility exhibits
each of the six characteristics listed above (Martin and Hudspeth,
2001; Martin et al., 2001; Barral and Martin, unpublished observa-
tions). If intrinsic hair-bundle fluctuations are taken into account, a
simple critical-oscillator model quantitatively emulates the ob-
served behaviors (Nadrowski et al., 2004). Although intrinsic noise
seriously limits amplification at the single-cell level, most hair-
bundles are mechanically coupled by overlying membranous
structures. By effectively reducing noise, cooperation among a
few tens of neighboring hair-bundles apparently allows active
hair-bundle motility to achieve a dynamic range of responsiveness
compatible with that of hearing (Dierkes et al., 2008). The func-
tional unit of the active process may thus comprise a small cluster
of coupled hair cells with similar characteristics, which together
achieve critical oscillation at a particular frequency.

Precisely because critical oscillation is generic, any dynamical
system operating near a Hopf bifurcation must display the same
properties. The mammalian lineage, which diverged from those
of the other amniotes some 320 million years ago, has had ample
opportunity to find novel ways of achieving critical oscillation.
The phenomenon of membrane-based somatic electromotility,
which is unique to mammalian outer hair cells, has been impli-
cated in the production of active basilar-membrane movements
(Dallos et al., 2008; Mellado Lagarde et al., 2008). Electromotility
cannot operate alone, however, for this process is nearly linear over
a physiological range of membrane potentials and lacks frequency
selectivity (Ashmore, 2008). The nonlinearity and frequency selec-
tivity of the cochlear amplifier are usually thought to emerge from
respectively the saturating nonlinearity of mechanoelectrical
transduction by the hair-bundle and passive mechanical resonance
within the cochlear partition (Nobili and Mammano, 1996). Model-
ing studies suggest that electromotility can provide negative fric-
tion to turn each segment of the cochlear partition, described as
a spring-mass system, into a highly tuned resonator (Nobili et al.,
1998). If negative damping overcomes passive sources of friction,
the system is expected to become unstable and oscillate spontane-
ously. We suspect that successful cochlear models have been ad-
justed to operate in a stable regime near an unrecognized Hopf
bifurcation. If the simulated behaviors are generic, the success of
a given model does not necessarily validate the underlying
assumptions; this difficulty may explain why no particular model
of cochlear amplification has yet been accepted as definitive.

Models that rely only on passive resonance to set the character-
istic frequency of each segment of the cochlear partition confront
an important problem. The measured range of stiffness along the
cochlear partition does not suffice to account for the thousandfold
frequency range of mammalian hearing (Naidu and Mountain,
1998). It is more likely that the frequency is set, at least in part,
by the local active process (Duke and Jülicher, 2003). Active hair-
bundle motility, which occurs in the mammalian cochlea (Chan
and Hudspeth, 2005; Kennedy et al., 2005), may provide both the
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necessary nonlinearity and the frequency selectivity of the active
process.

The critical-oscillator hypothesis also bears on the propagation
of signals within the cochlea. The cochlear partition may be viewed
as a set of oscillator modules with characteristic frequencies tono-
topically distributed along the longitudinal axis of the cochlea.
Although the traveling wave that results from hydrodynamic cou-
pling of these modules is doubtlessly important in distributing
sound energy to appropriately tuned hair cells, critical oscillators
can account for the sharp peaking of the wave at the characteristic
place. When critical oscillation is invoked, relatively simple models
of cochlear hydrodynamics suffice to capture the known qualita-
tive features of the traveling wave (Duke and Jülicher, 2003; Kern
and Stoop, 2003; Magnasco, 2003).

The actual behavior of the mammalian cochlea differs in four
ways from the abstract representation of a single critical oscillator
(Fig. 5). First, the presence of intrinsic noise limits the amplification
of faint stimuli; the gain saturates at a constant value below some
threshold level, whereas the gain of a critical oscillator formally di-
verges at resonance for vanishingly small stimuli. Next, the re-
stricted dynamic range of some process, perhaps active hair-
bundle motility, implies that amplification wanes at very high
stimulus levels. Third, by curtailing responsiveness to stimuli
above the characteristic frequency, the traveling-wave mechanism
introduces a sharp asymmetry in real tuning curves. Finally, longi-
tudinal shifts of the tuning curve at increasing stimulus levels, as
well as nonlinear modifications of the pressure stimulus traveling
from the cochlear base to the characteristic place, can distort the
power-law behaviors that are typical of the compressive nonlin-
earity generated by a single critical oscillator. We expect generic
behaviors to emerge most clearly by following the peak of basi-
lar-membrane response and relating the magnitude of this re-
sponse to the local pressure.

The wealth of experimental observations on mammalian hear-
ing implies that few experimentally accessible tests of the criti-
cal-oscillation hypothesis remain to be performed. Put another
way, the strength of the hypothesis lies less in its predictive ability
than in its capacity to accommodate a broad range of existing
observations in a unified model. There are nevertheless striking
predictions from the hypothesis that could lead to its falsification.
Because the various manifestations of the active process are pos-
ited to emerge together from critical oscillation, they should be
coupled obligatorily. If a control parameter can be adjusted sys-
tematically, for example by pharmacological manipulations (Mar-
tin et al., 2003) or genetic engineering (Holt et al., 2002), the
strengths of the several effects should rise or fall together. More-
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Fig. 5. The characteristic features of a critical oscillator emerge in a doubly
logarithmic plot of the relation between stimulus frequency and gain for a series of
sinusoidal stimuli. Gain is defined as the ratio of the oscillator’s sensitivity to a
given stimulus to that evoked by intense stimulation at the same frequency. A weak
stimulus evokes a sharply tuned response with high gain. As the stimulus level rises
in 10-dB increments, the gain at the characteristic frequency of 5 kHz declines as
the two-thirds power of the stimulus amplitude and the bandwidth of amplification
increases. Although the system displays compressive nonlinearity near resonance,
its behavior remains linear for stimulus frequencies that differ significantly from
the characteristic frequency of the critical oscillator.
over, if conditions can be found in which some features of the ac-
tive process are definitely suppressed while others clearly persist,
the critical-oscillator hypothesis must be modified or abandoned.
Predicting the role of OHC somatic motility and HB motility in
cochlear amplification using a mathematical model

by Julien Meaud*, Karl Grosh

Introduction

Outer hair cells (OHC) have been shown experimentally to exhi-
bit somatic electromotility at frequencies covering the entire
mammalian frequency range (Frank et al., 1999). To predict the
high sensitivity of the mammalian cochlea to low-level acoustic
stimulus, previous mathematical models have included OHC so-
matic motility as in Mammano and Nobili, 1993 and Ramamoorthy
et al., 2007. These models can predict the high gain as well as the
sharp tuning of the frequency response of the basilar membrane
(BM) to low-level acoustic input. When these models were devel-
oped there was no experimental evidence of active hair-bundle
(HB) motion in the mammalian cochlea. However, activity (as evi-
denced by distortion products and spontaneous otoacoustic emis-
sions) and amplification without any OHC somatic motility in the
hearing organ of non-mammalian vertebrates have been demon-
strated. Experimental and theoretical studies have shown that
the non-mammalian HB can produce a force due to the action of
a calcium dependent process. This active force production is linked
to the fast adaptation of the transduction current (Ricci et al., 2000)
and can amplify an external stimulus (Martin and Hudspeth, 1999).
Moreover, recent experiments show that the mammalian HB also
exhibits fast adaptation of the transduction current (Kennedy
et al., 2003) and can produce a force in a submillisecond time scale
(Kennedy et al., 2005). This new evidence provides an alternative
to the prevailing theory that somatic motility is the basis of the co-
chlear amplifier. In our mathematical model, we selectively include
OHC somatic motility, HB motility and a combination of both, with
the goal of understanding the role of these two active sources in
the mammalian cochlea.

Model

Our mathematical model is based on a box model of the guinea
pig cochlea with a 3 D representation of the fluid, as described in
Ramamoorthy et al., 2007. Viscous dissipation in the subtectorial
space is included. The BM interacts with the fluid via linearized Eu-
ler relation and with the organ of Corti which is coupled to the tec-
torial membrane (TM). Each cross-section of the TM is modeled as
a rigid body with two degrees of freedom corresponding to the mo-
tions in a transverse and radial direction (see Fig. 3 in Ramamoor-
thy et al., 2007). Electrical conduction in the scalae of the cochlea is
represented by longitudinal cables which allow current to pass
down the length of the cochlea as well as into the transduction
channels of the OHC (see Fig. 2 in Ramamoorthy et al., 2007).
The system is linearized about the stationary point to predict the
response of the system to low-level acoustic stimulation. We con-
sider time harmonic vibrations (e�ixt time dependence). Somatic
electromotility is modeled by linearized piezoelectric relations be
tween the OHC deformation, ucomp

OHC , the fluctuating part of the trans-
membrane voltage, D/OHC, the OHC force (per unit length of the
BM), FOHC, and the current (per unit length of the BM), IOHC, which

FOHC ¼ KOHCUcomp
OHC þ �3D/OHC ð1Þ

IOHC ¼
D/OHC

Zm
� ix�3Ucomp

OHC ð2Þ
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where KOHC is the stiffness (per unit length of the BM) of the OHC, �3

is the electromechanical coupling coefficient of the OHC and Zm is
the impedance of the basolateral portion of the OHC.

In a nonlinear physiological model of HB transduction and
motility, the dynamics of the HB are fairly complicated. In the lin-
earization of such a model the properties are expected to be fre-
quency dependent (as discussed in Ricci et al., 2000). Here,
however, we use frequency independent properties and assume
the transduction channel conductivity to be directly proportional
to the stereocilia deflection, uHB. Further the HB force is taken to
be proportional to the HB deflection uHB and velocity �ixuHB. In
this simple model, if the HB is to add energy to the system in a cy-
cle-by-cycle manner, the real part of the HB impedance must be
negative (i.e., some form of negative damping). Hence the HB force
in the shear or radial direction is:

FHB ¼ kHBuHB � ixcact
HBuHB ð3Þ

where kHB is the HB stiffness and cact
HB is the (negative) active damp-

ing coefficient. The constant is cact
HB chosen to provide forces and

energies that are in the physiologically relevant ranges, limited by
experimental evidence given in Kennedy et al., 2005 and Choe
et al., 1998, respectively. The energy is assumed to arise from a cal-
cium binding event that is not included in other models (Mammano
and Nobili, 1993; Ramamoorthy et al., 2007).

Results

The response of the BM to acoustic stimulation is plotted as a
function of frequency in Fig. 6. The green dashed line represents
the response of the BM in the passive system, i.e., neither somatic
nor HB motility are included. It compares very well to the experi-
mental measurements of de Boer and Nuttall, 2000 at 100 dB SPL
(shown in blue dashed line).

When we add somatic motility to the model (thick blue dashed
line), we see an increase in the gain and in the sharpness of the
tuning and a shift of about half an octave in the peak frequency
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Fig. 6. Response of the BM to acoustic stimulation at the 17 kHz best place. The
responses are normalized to the maximum passive BM response. The model
predictions are compared to measurements from de Boer and Nuttall, 2000 at 20
and 100 dB SPL (thin blue dashed lines). The parameters used in the simulations are,
for OHC somatic motility, 23 = �8.4 � 106 N/m/mv and for HB motility cHB

act ¼
�3:15��8 N=m=s. The passive model prediction (thick green dashed line) follows
closely the measurements at 100 dB SPL. When somatic motility is included (thick
blue dashed line), the peak gain is about 20 dB higher than in the passive case and
the tuning of the response is sharper as in the experimental data at 20 dB SPL. When
somatic motility and HB motility are included (thick solid black line), the gain is
about 10 dB higher than in the previous case. For the case when only HB motility is
included (red solid line), the response is almost the same as the passive model
response.
as seen in the experimental data at 10 dB SPL. In the results pre-
sented here, the electromechanical coupling coefficient was chosen
such that the model that includes both somatic and HB motility is
stable. With this value of 23, the predicted magnitude of the BM
gain of the model only including somatic motility is lower than
the experimental value. However, if we use a slightly higher value
for 23 (about 16% higher), the prediction for the magnitude of the
BM gain when only somatic motility is included can match the
experimental value as shown in Ramamoorthy et al., 2007. Despite
the basolateral RC filtering of the transmembrane voltage, somatic
electromotility can amplify the BM motion thanks to an electrome-
chanical resonance in the organ of Corti and the high sensitivity of
the transduction channels.

If we add HB motility to somatic motility (thick black solid line),
there is another 10 dB increase in the gain. For a 0.5 nm displace-
ment (which corresponds approximately to a 20 dB acoustic input),
the magnitude of the OHC somatic force is about 60 pN (on the or-
der of magnitude predicted by Iwasa and Adachi, 1997) and the
power added to the system by HB motility is about 60zJ, which
is lower than the maximum value postulated by Choe et al. (about
2000zJ, Choe et al., 1998). For this case (somatic motility and HB
motility) as well as the previous one (somatic motility only), the
tuning of the response is not due to an intrinsic tuning of somatic
or HB motility, but to an electromechanical resonance in the organ
of Corti.

However, when only HB motility is included (red solid line)
using the same active damping coefficient, cHB

act , as in the previous
calculations, the response is similar to the passive model response,
with a low gain and broad tuning. When the active damping coef-
ficient is increased, the model becomes unstable before the maxi-
mum gain of the BM reaches the experimental value for low-level
sounds.

Conclusions

In these preliminary results with a simple HB model, OHC
somatic motility is necessary for cochlear amplification whereas
HB motility is not. This is consistent with measurements on
prestin-knockin mice (Dallos et al., 2008) which also show that
prestin-based somatic motility is necessary for normal cochlear
function. With the parameters used here and the current exper-
imental data, HB motility does not appear to be necessary to
predict the BM gain to acoustic stimulus. However, as our results
suggest, HB motility could still play a significant role and work
in synergy with somatic motility to provide a higher BM gain
and sharper tuning than with OHC motility alone. A more
realistic HB model needs to be developed in order to make more
conclusive remarks about the relative roles of OHC somatic and
HB motility.

New experiments needed to change or elaborate our claims

� In vitro measurements of the mechanical response of mamma-
lian HB to a stimulus more rapid than the time course of adap-
tation: The mechanical response of mammalian HB have only
been measured with a stimulus having a time constant similar
to or greater than the adaptation time constant. Measurements
of HB with a faster time scale and/or with a small harmonic
stimulation in the 5–20 kHz frequency range would help to find
realistic parameters for a linearized HB model in the mamma-
lian auditory frequency range, which are needed for a more pre-
cise prediction of the role of HB motility.
� In vivo measurements of the BM response to acoustic input in a

cochlea perfused with salicylate: Current evidence that prestin
somatic motility is necessary for normal cochlear function is
based on prestin-knockin mice. The transduction channel of
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these mutant mice appear to be normal. However the genetic
mutation could affect other properties of the mouse cochlea
during the development of the animal. Moreover data is only
available for mice since genetic mutation have only performed
on mice. Measurements of the BM response in a cochlea per-
fused with salicylate could be another way to block somatic
motility while not affecting HB motility. It could potentially val-
idate or invalidate the claim that prestin is necessary for
cochlear amplification.
� Measurements of the BM frequency response to acoustic stimu-

lation with endolymph with reduced calcium concentration:
Using a perfusing scheme similar to Zheng et al., 2007, a con-
trolled alteration of the endolymphatic calcium concentration
can be reversibly applied. Reduction of the calcium concentra-
tion should slow down adaptation, increase the transduction
current and reduce the magnitude of the active HB force.
Because of the increase in the transduction current, it should
also increase the magnitude of the OHC somatic force. Since
OHC somatic motility is the main source of cochlear amplifica-
tion according to our present model, we expect a net increase of
the gain of the BM (provided the phase of the increased current
is not deleteriously altered).
� In vivo measurements simultaneous measurements of the

motion of the BM, the TM and the different structures of the
organ of Corti in response to acoustic stimulation: Our mathe-
matical model of the cochlea predicts the relative amplitude
of the motion of the TM and the BM that are difficult to verify
due to the lack of experimental data. In our results the gain of
the BM and TM are similar. If HB motility had a greater effect
than what we predict, we should expect the TM to have a much
higher gain than the BM since the HBs are attached directly to
the TM and can apply a force in the TM shear direction.

The mammalian cochlear amplifier done

by J. Santos-Sacchi

Introduction

I think we all agree that mammalian cochlear amplification
must arise from the activity of OHCs, and that such activity must
be physically coupled to the cochlear partition. The upshot of this
is that (1) the evolution of OHCs to perform this special job argu-
ably might have included a design to improve on extant mecha-
nisms, namely, to recruit a new cellular component or modify an
existing one, and (2) whether a somatic or stereociliar mechanism,
it must link to the partition. Indeed, stereocilia embed in the tecto-
rial membrane and the OHC soma join apically to the reticular lam-
ina and basally to the basilar membrane via Deiters’ cells. These
required connections potentially allow OHC mechanical activity
to provide a boost of stimulus to the inner hair cell stereocilia.
Methods to uncouple these links or immobilize the underlying
mechanics will tell which rules in the mammal.

Stereocilia drive the mammalian cochlear amplifier . . . not

There are clear examples showing that prestin generated
mechanical responses underlie mammalian amplification. Included
are (1) our results (Santos-Sacchi et al., 2006) that BM sensitivity
and tuning is modulated by anion control of prestin, and (2) defin-
itive knockout results from the Dallos lab (Dallos et al., 2008). An-
other key observation is that when the coupling between
stereocilia and the tectorial membrane is abolished, the BM behav-
ior characteristic of normal amplification evoked by electrical stim-
ulation is unaffected (Mellado Lagarde et al., 2008). Furthermore, it
is not clear to me that evidence for bundle contributions (Chan and
Hudspeth, 2005; Kennedy et al., 2005; Kennedy et al., 2006) cannot
be explained by underlying prestin-based mechanisms (Jia and He,
2005). I note that the use of salicylate as a tool to remove prestin
effects is not absolute, as we have previously shown that residual
mechanical responses remain in OHCs after such treatments
(Kakehata and Santos-Sacchi, 1996). Given that the preponderance
of evidence indicates that a prestin-based mechanism is responsi-
ble for mammalian amplification, we hope to put this issue to rest
and focus on how this amazing protein prestin works at the cellu-
lar and molecular level.
Anions work as prestin’s voltage sensor . . . not

The initial suggestion that anions influence the electrical signa-
ture of prestin, nonlinear capacitance (NLC), because they subserve
voltage sensation by a dysfunctional prestin transporter (Oliver
et al., 2001) is not supported by many pieces of data. These include
(1) conformational state of the motor is altered by anions at fixed
voltage, (2) effects on the motor depend not simply on the pres-
ence of anions, but also on anion species and structure, (3) there
is not the expected relationship between anion valence and motor
unitary charge, (4) prestin is an anion transporter, (5) intrinsic ami-
no acid residue charge contributes to voltage sensing, and (6)
mutations of prestin can divorce NLC and anion transport capabil-
ities (Bai et al., 2009; Rybalchenko and Santos-Sacchi, 2003; Rybal-
chenko and Santos-Sacchi, 2008; Song et al., 2005). We view the
effects of anions working in an allosteric fashion, just as allosteric
actions of voltage and Ca2+ ions control the behavior of the Ca–K
channel, for example (Horrigan et al., 1999). For the OHC, this allo-
steric mechanism may rival the well known allosteric effects of
Ca2+ on the stereociliar MET conductance (Fettiplace and Ricci,
2003).
How I envision the ear’s works working
Enhanced tuning exists within cochleae that possess prestin-

endowed OHCs; however, how such sharpening occurs requires
more than amplification of a passive travelling wave. We suggested
that interactions among coupled OHCs could provide such sharp-
ening and give rise to nonlinearities characteristic of the amplifier
(Zhao and Santos-Sacchi, 1999). Interestingly, a recent model of
coupled hair-bundle activity suggests that improvements in tuning
and amplification can result from interacting adjacent hair cell
bundles (Dierkes et al., 2008). I think that just as the generic Hopf
bifurcation model for bundle function can be usurped to under-
stand the action of the electromotility nonlinearity, so too can this
new coupling model. In fact, I think there are many analogies be-
tween proposed bundle mechanisms of amplification and pres-
tin-driven amplification. Ironically, work on the bundle may help
us understand how electromotility might work! One notable
hypothesis that we suggested was the possible action of an ion
underlying the mechanical event that drives amplification. Thus,
in analogy with the process whereby Ca2+ influx through the
molecularly-unidentified transduction channel conductance (Gmet)
drives bundle movements, we suggested that Cl� could be fluxed
via the molecularly-unidentified, mechanically-active lateral
membrane conductance (GmetL) to effect prestin conformation
change (Rybalchenko and Santos-Sacchi, 2003). We have shown
that manipulation of Cl� flux across the lateral membrane can
reversibly alter cochlear amplification on the BM in vivo (Santos-
Sacchi et al., 2006). Clearly, if such flux could be effected at acoustic
rates, such a mechanism would bypass the membrane filter
problem identified as a consequence of the voltage-dependence
and nonlinear nature of electromotility (Santos-Sacchi, 1989). In
this regard, we did show that GmetL is gated at acoustic rates
(Rybalchenko and Santos-Sacchi, 2003), and it was shown that
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deformations of the OHC soma occur during acoustic stimulation
(Fridberger and De Monvel, 2003) – a possible stimulus for GmetL.

I am now captivated by a possibility that stereocilia and the
prestin-based mechanism may team up to overcome the mem-
brane time constant problem intrinsic to the conventional concept
of prestin activation (Fig. 7). Interestingly, a correspondence be-
tween apical and lateral membrane activities has been observed
in vivo, where bundle biasing and other manipulations appeared
to affect OHC mechanical activity (Kirk, 2001; Kirk and Yates,
1998). Possible mechanisms included an alteration of intracellular
chloride levels. Could the bundle influence cochlear amplification
in a manner unrelated to active bundle mechanics and not due to
the direct action of voltage on the motors? Could this involve chlo-
ride? I see two possibilities in this regard. One challenging dogma
and another recently identified.

Here is the first scenario. Ion channels are characterized by their
selectivity, their ability to pass particular ions over others based on
size and/or charge. For all channels, the selectivity is not perfect,
and ranges from extremely poor selectivity (e.g., (Oliver et al.,
2001; Singh et al., 2007; Ubl et al., 1988)), to high selectivity
(e.g., K channels).

Still, the most select ones can pass small amounts of ions that
are generally considered impermeable (e.g., <1%). It is true that
the bundle channel is nonselective for cations (Corey and Hudsp-
eth, 1979; Crawford et al., 1991; Ohmori, 1985), but even though
the replacement of chloride with sulfate has no apparent effects
on cation currents (Valli et al., 1979), detailed anion selectivity
has never been studied. It may sound like heresy today, but conces-
sions that anion selectivity of the transduction channel require fur-
ther investigation have been made (Hudspeth, 1983; Ohmori,
1985), and I am unaware of any further investigations on this topic
since that time, especially in OHCs. Interestingly, one of the most
Fig. 7. The OHC is anion driven. The schematic illustrates the possible routes that
chloride may take to alter prestin activity intracellularly. We have already shown
that the expanse of the lateral membrane fluxes chloride via the mechanically
active GmetL (Rybalchenko and Santos-Sacchi, 2003). Other proposed routes are
through the stereociliary MET channel directly, or via rootlet perturbations of GmetL.
Chloride may also flux during efferent activation of GABA receptors.
abundant proteins in sterocilia, CLIC5 (Gagnon et al., 2006), only
nominally an intracellular chloride channel, has recently been
shown to form channels in bilayers (Singh et al., 2007). Selectivity
for charge is mildly cationic, with poor specificity, and measured
multi-conductance levels of �105 and �17 pS. OHC MET channel
conductance is about 110 pS (Geleoc et al., 1997). Imagine if CLIC5
were the MET channel! It is modulated by F-actin (Singh et al.,
2007), making it potentially sensitive to Ca2+ and tension. It would
be ironic should hair cells use only a few of an abundant supply of
molecules – what redundancy for a critical mission! Let’s check
these ideas!

The second scenario involves an observation (Furness et al.,
2008) made this past year showing that stereociliar rootlets insert
into the junctional region of the apical lateral membrane. The po-
tential for mechanical perturbation of the lateral membrane by the
bundle therefore exists. Thus, bundle displacement, via the root-
lets, is hypothesized to mechanically activate GmetL, promoting a
flux of Cl� at the apical region of the OHC. One further exciting pre-
diction arises – a travelling wave of chloride flux along the apical to
basal extent of the lateral membrane. This will occur because acti-
vation of GmetL causes a local flux of Cl which in turn causes the
motor to change conformation, thereby mechanically triggering
adjacent GmetL conductances to gate. A regenerative wave of activ-
ity should spread basally down the lateral membrane! An anion
permeant MET channel could do the same. Let’s measure it!

Finally, we should remember that efferent control of the co-
chlear amplification may also benefit from the modulation of chlo-
ride levels via GABA receptors at the cell’s base (Maison et al.,
2003; Plinkert et al., 1993). Here I can imagine a reverse travelling
wave of contracture moving apically! Let’s look for it!

Summary

Here, in this short space, I have revealed some of my inner most
thoughts on mammalian cochlear amplification and associated
problems. I have touched on why I think prestin rules, but offer
up as consolation that the bundle may work with prestin. We need
bold ideas like this and others (electro-osmosis, flexoelectricity) in
our field to drive us to uncover the truth – to truly understand how
hearing happens.
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Prestin’s Anion Transport and Voltage-Sensing Capabilities
Are Independent

Jun-Ping Bai,† Alexei Surguchev,†‡ Simone Montoya,†‡ Peter S. Aronson,§{ Joseph Santos-Sacchi,‡{k

and Dhasakumar Navaratnam†k*
†Department of Neurology, ‡Division of Otolaryngology, Department of Surgery, §Department of Internal Medicine, {Department of Cellular and
Molecular Physiology, and kDepartment of Neurobiology, Yale University School of Medicine, New Haven, Connecticut

ABSTRACT The integral membrane protein prestin, a member of the SLC26 anion transporter family, is responsible for the
voltage-driven electromotility of mammalian outer hair cells. It was argued that the evolution of prestin’s motor function required
a loss of the protein’s transport capabilities. Instead, it was proposed that prestin manages only an abortive hemicycle that results
in the trapped anion acting as a voltage sensor, to generate the motor’s signature gating charge movement or nonlinear capaci-
tance. We demonstrate, using classical radioactive anion ([14C]formate and [14C]oxalate) uptake studies, that in contrast to
previous observations, prestin is able to transport anions. The prestin-dependent uptake of both these anions was twofold that
of cells transfected with vector alone, and comparable to SLC26a6, prestin’s closest phylogenetic relative. Furthermore, we identify
a potential chloride-binding site in which the mutations of two residues (P328A and L326A) preserve nonlinear capacitance, yet
negate anion transport. Finally, we distinguish 12 charged residues out of 22, residing within prestin’s transmembrane regions,
that contribute to unitary charge movement, i.e., voltage sensing. These data redefine our mechanistic concept of prestin.
INTRODUCTION

It is now well established that prestin drives voltage-depen-

dent electromotility in mammalian outer hair cells (1–4).

Although its primary sequence places it in the SLC26 family

of anion transporters, two early findings suggested that pres-

tin (SLC26a5) was different from other members of this

family. First, prestin uniquely imparts voltage-dependent

mechanical activity and its corresponding electrical signa-

ture, gating charge movements, or nonlinear capacitance

(NLC) (1,2). Second, unlike its nonmammalian orthologs

and mammalian family members, prestin reportedly cannot

transport anions (6,7). An attempt to discover how prestin

senses voltage led to mutation analyses of 21 charged resi-

dues found in prestin that are not conserved in SLC26a6,

its closest phylogenetic-related protein that lacks NLC (8).

Such mutations failed to alter the Boltzmann parameter

that corresponds to a voltage-evoked unitary gating charge

(a or z). These observations led Oliver et al. (8) to invoke

an incomplete transport cycle (with a hemimovement of

anions within the intramembranous protein) as the mecha-

nism by which prestin achieves its voltage sensitivity,

thereby underlying the generation of NLC (8). This is gener-

ally known as the extrinsic voltage sensor or partial anion

transporter hypothesis. Evidence was presented against this

hypothesis, and in favor of the argument that anions work

allosterically, by modifying the energy profile of the intra-

membranous motor protein, prestin (9–11).

Here we test key premises underlying the extrinsic voltage

sensor hypothesis, i.e., that prestin is not an anion
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transporter, and that prestin lacks an intrinsic voltage sensor.

We show that: 1), prestin transports anions; 2), intrinsic

charged residues contribute to voltage sensing; and 3), by

mutation, these two functions of prestin can be divorced.

These observations, in conjunction with others (9,10,12),

cast doubt on a simple extrinsic voltage-sensing scheme.

METHODS

The assumption that mammalian prestin is unable to transport anions is

based, in part, on a reported failure of anion transport in oocytes (7),

involving data that we have replicated (J.-P. Bai and D. Navaratnam, unpub-

lished observations). Therefore, we chose to use heterologous expression in

Chinese hamster ovary (CHO) cells to evaluate prestin’s ability to transport

[14C]formate and [14C]oxalate. CHO cells were used extensively to charac-

terize prestin’s NLC.

We fused YFP (in eYFPN1, Clontech, Mountain View, CA) to the

C-terminus of prestin (including all mutants), as previously described (13).

This step allowed us to verify that transfection efficiency was comparable,

and to identify cells transfected with prestin for electrophysiological

recording. We expressed murine SLC26a6 (14) in pcDNA 3.1, which

contains the identical cytomegalovirus promoter. We mutated individual

residues using the Quikchange mutagenesis kit (Stratagene, La Jolla, CA).

Mutagenesis was confirmed by sequencing the entire transcript.

Each transport experiment was performed using a 24-well plate (Costar/

Corning, Lowell, MA). Cells were plated at a concentration of 200,000 cells

per well, and transfected with lipofectamine 24 h after plating (as previously

described) (13). Each experimental variable was evaluated in triplicate wells.

Each experiment included three wells transfected with empty vector (nega-

tive control), and three wells transfected with prestin (positive control) to

control for experimental variables (e.g., transfection/plating efficiency).

We used 0.8 mg of DNA and 1.6 mL of lipofectamine per well. Formate

or oxalate uptake was assayed 24 h after transfection. Cells were incubated

with 120 mM NaCl, 20 mM HEPES, 5 mM KCl, 5 mM glucose, 2 mM

CaCl2, and 1 mM MgCl2 (pH 7.4) for 30 min. After aspiration of the

NaCl solution, cells were incubated in 130 mM K gluconate, 20 mM

HEPES, and 5 mM glucose (pH 7.4), containing 20 mM of [14C]formate
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FIGURE 1 Prestin-transfected CHO cells indicate anion

transport. (A) CHO cells transfected with prestin show

a time-dependent uptake of [14C]formate that was greater

than that of CHO cells transfected with empty vector alone

(control). Uptake of [14C]formate by prestin-transfected

cells at 2, 4, and 8 min was 60 (�8.2), 135 (�10.4), and

160 (�9.5), respectively. In contrast, the uptake of control

cells at corresponding time points was 44 (�8.2), 84 (�2.2)

and 100 (n ¼ 3). Data were normalized to vector-only

controls at 8 min, which was given a value of 100. (B)

There is a dose-dependent increase in [14C]formate uptake

in cells transfected with increasing quantities of prestin-

YFP plasmid. The mean uptake for cells transfected with

0.12 mg, 0.6 mg, and 1.2 mg of prestin plasmid DNA

were 107 (�4), 131 (�8.5), and 166 (�31), respectively.

Control wells were transfected with 1.2 mg of YFP plasmid

DNA (n ¼ 3). (Inset) Linear relationship between transport

induced by prestin (after subtracting background) and

amount of DNA used in transfection. (C and D) CHO cells

transfected with prestin and Slc26a6 show increased uptake

of [14C]formate (C) and [14C]oxalate (D) compared with

control (YFP vector only). The plot shows mean uptake per 200,000 cells contained in a well (of a 24-well plate) � SE. Data were normalized to vector-

only controls (n ¼ 3, in each case). Controls were assigned a value of 100. The uptake of [14C]formate by prestin and Slc26a6 was 183 (�0.7) and

171 (�17.3), respectively, i.e., significantly different from controls (p < 0.01, one-way ANOVA). The uptake of [14C]oxalate by prestin and Slc26a6 was

198 (�13.5) and 187 (�24.0), respectively, i.e., significantly different from vector-only controls (p < 0.05, one-way ANOVA). The absolute prestin-induced

uptake of oxalate was 1.5-fold greater than formate uptake; this was obscured by normalization. Uptake is denoted in relative counts (see Methods).
(or [14C]oxalate) for 8 min (in the standard assay, or at other time points indi-

cated in timed experiments). Cells were washed three times with ice-cold

130 mM K gluconate, 20 mM HEPES, and 5 mM glucose. Cells were

then lysed with 0.2 mL of 0.5 M NaOH, neutralized with 0.5 M HCl, and

[14C]formate (or [14C]oxalate) uptake was determined by liquid scintillation

counting. All data are reported as [14C]formate (or [14C]oxalate) uptake per

200,000 cells, and are mean values from 3–4 experiments (�SE) that were

normalized to vector-only controls. Thus, uptake in the figures is denoted in

relative counts. Each experiment, in turn, represents the mean of triplicate

wells. The absolute mean uptake of [14C]formate and [14C]oxalate in a given

control well across a number of experiments was ~20 pmol and 28 pmol per

200,000 cells, respectively. In independent experiments, we established by

both protein and DNA assays that transfection with different plasmids did

not affect the cell number within the first 24 h. Knowing the intracellular

concentration of transported anions would be important in evaluating the

actual fluxes that may occur in vivo. We are aware of no data concerning

intracellular concentrations of oxalate or formate, or methods for their

measurement. Fortunately, we are simply making a determination here

that anion transport occurs, and this determination is independent of intracel-

lular concentrations. Confocal microscopy was performed as previously

described, using YFP fusions of each mutant (13).

Whole-cell patch clamp recordings were performed at room temperature,

using an Axon 200B amplifier (Axon Instruments, Union City, CA), as

described previously (13). Cells were recorded 48 h after transfection, to

allow for stable measurements of nonlinear capacitance. Ionic blocking solu-

tions were used to isolate capacitive currents. The bath solution contained (in

mM): TEA 20, CsCl 20, CoCl2 2, MgCl2 1.47, HEPES 10, NaCl 99.2, and

CaCl2 $ 2H2O 2, pH 7.2, and the pipette solution contained (in mM): CsCl

140, EGTA 10, MgCl2 2, and HEPES 10, pH 7.2. Osmolarity was adjusted

to 300 � 2 mOsm with dextrose. Command delivery and data collections

were performed with a Windows-based whole-cell voltage-clamp program,

jClamp (Scisoft, New Haven, CT), using an NI PCI 6052E interface

(National Instruments). We corrected for the effects of series resistance.

Capacitance was evaluated with a continuous high-resolution, two-sine

wave technique fully described elsewhere (15,16). Capacitance data were

fitted to the first derivative of a two-state Boltzmann function, to extract

Boltzmann parameters (17). A two-state Boltzmann model adequately

describes prestin’s charge movement (18,19)
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Cm ¼ Qmax

ze

kT

b

ð1 þ bÞ2
þ Clin ; (1)

where

b ¼ exp

�
�zeðVm � VhÞ

kT

�
:

Qmax is the maximum nonlinear charge transfer, Vh is the voltage at peak

capacitance or half-maximal nonlinear charge transfer, Vm is the membrane

potential, Clin is the linear capacitance, z is the unitary charge movement or

valence (also a metric of voltage sensitivity), e is the electron charge, k is

Boltzmann’s constant, and T is the absolute temperature. Qmax is reported

as Qsp, the specific charge density, i.e., the total charge moved, normalized

to linear capacitance. Student’s t-test and analyses of variance (ANOVAs)

were used to evaluate the effects of mutations on different parameters of

NLC and transport.

RESULTS

Prestin is an anion transporter

Although prestin-induced anion transport is not demonstrable

in oocytes, it is possible that transport occurs in other systems.

To test whether prestin transports anions in alternative expres-

sion systems, we transfected CHO cells with prestin (Mer-
iones unguiculatus), and compared anion transport in these

cells and in CHO cells transfected with empty vector. As

shown in Fig. 1 A, CHO cells transfected with prestin showed

a time-dependent increase in [14C]formate uptake, compared

with cells transfected with vector alone. The CHO cells

possess an intrinsic anion-uptake mechanism that accounts

for the levels of [14C]formate uptake in cells transfected

with empty vector alone. As expected, we also found that

the accumulation of [14C]formate was dose-dependent, i.e.,
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the amount of prestin plasmid used for transfection correlated

with [14C]formate accumulation (Fig. 1 B). We then

compared the uptake of prestin with SLC26a6, a member of

the SLC26 anion transporter family that is most closely

related to prestin. As indicated in Fig. 1 C, cells transfected

with prestin showed a marked increase in [14C]formate uptake

that was comparable to that of CHO cells similarly transfected

with SLC26a6. The uptake induced by transfected trans-

porters was significantly greater than that for cells transfected

FIGURE 2 Prestin-induced uptake of [14C]formate can be blocked. (A)

[14C]formate uptake in cells transfected with prestin and vector only, and

similarly transfected cells treated with 10 mM salicylate and 1 mM DIDS

in incubation/preincubation medium. Prestin-induced uptake of

[14C]formate was reduced by both agents. Mean values for the six groups

were: prestin, 183 (�37); control, 100, prestin with salicylate, 87 (�16);

control with salicylate, 61 (�13.0); prestin with DIDS, 53.9 (� 13.0); and

control with DIDS, 44 (�8.5) (n ¼ 3). (B) Effects of various test anions

on prestin-induced uptake of [14C]formate. Prestin-transfected cells were

incubated with Na gluconate and Na gluconate to which various indicated

test anions were then added. Both chloride and malate decreased prestin

uptake, whereas SO4
2� had minimal effects on prestin-induced [14C]formate

uptake. Mean values for the eight groups were: prestin, 237 (�11.8); control,

100; prestinþ chloride, 130 (�8.6); controlþ chloride, 61 (�6.7); prestinþ
malate, 142 (�15); control þ malate, 70 (�5.7); prestin þ SO4

2�,

209 (�35); and control þ SO4
2�, 75 (�6.5). Uptake of [14C]formate by

prestin was significantly reduced by chloride and malate (p < 0.05, one-

way ANOVA), but not by SO4
2� (p > 0.05) (n ¼ 3). Data were normalized

to vector-only controls. Uptake is denoted in relative counts (see Methods).
with vector only (p < 0.01, ANOVA). Fig. 1 D summarizes

similar positive transport studies with [14C]oxalate.

SLC26a6 has a preferred affinity for the oxalate anion, and

knockouts of SLC26a6 have defective epithelial Cl-oxalate

exchange, leading to oxalate urinary calculi (14,20). The

absolute prestin-induced uptake of oxalate was 1.5-fold

greater than formate uptake, and is not reflected in the figures,

which were normalized to our controls. As noted above, we

reinvestigated anion transport in oocytes using [14C]formate

and [14C]oxalate uptake, and in contrast to our data with

CHO cells, we failed to demonstrate an uptake of these anions

by prestin. At best, we found an inconsistent increase in

uptake, even when we attempted to maximize translation by

using unidirectionally capped cRNA at a concentration of

50 ng per oocyte. These results are consistent with other

work in the field, and may result from an absence of an asso-

ciated cofactor for prestin in oocytes, which is present in CHO

cells. Because we lack a quantitative mechanism for deter-

mining the expression of prestin on the cell surface, we cannot

ascertain if the absence of transport in oocytes results from

inadequate surface expression.

Prestin’s anion transport is similar to SLC26
family-member anion transporters

The uptake of [14C]formate induced by prestin in CHO cells

was blocked by 1 mM 4,40-diisothiocyanatostilbene-2,20-
disulfonic acid (DIDS), a well-characterized blocker of anion

transport (Fig. 2 A) (14). Anion transport by other members

of the SLC26 anion transporter family was shown to require

up to 1 mM DIDS to completely block anion transport. Further-

more, anion transport was also blocked by 10 mM salicylate,

which is known to block prestin’s NLC (Fig. 2 A) (21,22).

After establishing that prestin mediates formate and

oxalate transport, we tested the ability of other anions to

compete for formate uptake. Anion transporters of the

SLC26 family have a variable ability to transport different

anions that is, in part, explained by their relative affinity

for these anions (23,24). Fig. 2 B summarizes experiments

where [14C]formate uptake by prestin-transfected CHO cells

was measured in the presence of competing extracellular

(10 mM) test anions. As is evident, both chloride and malate

were able to inhibit the uptake of formate (p < 0.01,

ANOVA), whereas the divalent anion sulfate had minimal

effects on formate uptake (p > 0.05, ANOVA). The result

with sulfate is interesting, because sulfate was originally

thought not to support NLC (8), but was subsequently shown

to support robust NLC and electromotility in outer hair cells

(9–11,25,26).

Prestin’s anion-transporter function can be
separated from NLC: the role of a potential
chloride-binding site

Chloride plays an important role in generating NLC, whether

as its extrinsic voltage sensor or as an intracellular allosteric
Biophysical Journal 96(8) 3179–3186
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FIGURE 3 Effects of truncations and mutations in pres-

tin on prestin-induced uptake of [14C]formate. (A) Single

mutations in potential chloride-binding motif decrease

anion transport. All mutants except P327A show decreased

anion transport. Mean uptake of [14C]formate of prestin,

G324W, L325A, L326A, P327A, P328A, and vector-

only control cells were 269 (�9), 113 (�3), 100 (�9),

117 (�20), 241 (�40), 93 (�3.5), and 100, respectively.

The uptake of [14C]formate by prestin and P327A-trans-

fected cells was significantly greater than in controls

(p < 0.05, one-way ANOVA) (n ¼ 4). (B) Effects of these

mutations on NLC. Two mutants P328A and L326A show

preserved NLC but decreased anion transport (indicated by

asterisk in A). P327A has preserved NLC and anion trans-

port, whereas remaining mutants eliminated (G324W) or

significantly decreased (L325A) NLC, while also

decreasing anion transport. (C) Confocal microscopy of

YFP fusions of prestin and individual mutants (G324W,

L325A, L326A, P327A, and P328A) shows membrane tar-

geting. Arrows indicate filopodia containing prestin-YFP

fluorescence. (D) Truncation of C-terminus at amino acid

709 (stop 709) that eliminates NLC shows preserved anion

transport. Mean [14C]formate uptake values for prestin,

stop 709, and vector-only control were 188 (�18),

197 (�28), and 100, respectively. The [14C]formate

uptakes in prestin and stop 709-transfected cells were

significantly greater than in controls (p < 0.05) (n ¼ 3).

Uptake is denoted in relative counts (see Methods).
modulator (8–10). In seeking to understand the action of

intracellular chloride, we identified one potential chloride-

binding motif in prestin, based on its homology with a proven

chloride-binding site (GXXXP) in the bacterial CLC channel

(27), where it is thought to bind chloride ions traversing

the channel’s pore. In prestin, this sequence, GLLPP (amino

acids 324–328), lies on the predicted intracellular surface of

the protein between transmembrane loops 6 and 7 of the

10-transmembrane model (13). We mutated individual

amino acids in this motif, and determined their effects on

NLC and anion transport. Four mutations (G324W, L325A,

L326A, and P328A) abolished prestin-induced anion trans-

port (p< 0.01, one-way ANOVA; Fig. 3 A). Correspondingly,

one mutation (G324W) abolished NLC, and another (L325A)

profoundly reduced NLC, whereas three mutations (L326A,

P327A, and P328A) had normal NLC (Fig. 3 B). Conse-

quently, two of our mutants (L326A and P328A) exerted

differential effects on NLC and anion transport, each

preserving the former and reducing the latter. As shown in

Fig. 3 C, confocal imaging confirmed that all these mutants

were targeted to the plasma membrane, even showing an

unequivocal fluorescence of filopodia, processes that lack

Biophysical Journal 96(8) 3179–3186
confounding intramembranous organelles. Of course, plasma-

lemmal targeting was expected for mutations showing NLC,

because NLC (or transport) was observed in these mutants,

and such functional activity could only have occurred if the

proteins were targeted to the membrane where they could

sense voltage or mediate the cellular transport of anions.

Although these data clearly show a divorce between trans-

port and NLC, we sought unequivocal corroboration. In

previous studies, we and others showed that serial trunca-

tions of prestin’s C-terminus reduce and then abolish NLC

(13,28). Truncation of the C-terminus at amino acid 709

results in a loss of NLC. We tested anion transport (Fig. 3 D)

in this mutant lacking NLC (stop 709), and found that it had

preserved anion transport, equivalent to normal prestin and

statistically greater than in cells transfected with control

YFP vector alone (p < 0.05). We previously demonstrated

via confocal microscopy and flow cytometry that this mutant

was targeted to the plasma membrane. These transport data

confirm the truncation’s proper membrane targeting. Clearly,

the demonstration of preserved anion transport with this

NLC-incompetent mutant confirms that anion transport can

be separated from NLC.
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FIGURE 4 Effects of single amino-acid substitutions of

charged residues that are within or in close proximity to

predicted membrane-spanning regions. (A) Effects on

unitary charge (z) are shown and plotted against amino-

acid position. Data include only those mutants that showed

nonlinear capacitance. Residues are grouped according to

how significantly different their z values were, compared

with wild-type prestin (red). Those residues are in blue

where p < 0.05 (R130Q, R211Q, K255Q, K359Q,

D269N, and D457N), and in green where p < 0.005

(E207Q, K276Q, E280Q, K364Q, K449Q, and R463Q).

(B) Average membrane resistance of prestin and prestin

mutants in A. These data confirm that changes in z were

independent of membrane resistance. (C) Normalized

examples of NLC of prestin and four mutants that showed

a reduction in z. Data points are fitted with Eq. 1. (D)

Normalized average fits of individual mutants are aligned

to wild-type prestin’s Vh, for a better demonstration of

decrease in voltage sensitivity evidenced by a broadening

of the functions.
Prestin has an intrinsic voltage sensor

Our results so far provide evidence that key components of

the extrinsic voltage-sensor hypothesis (i.e., that transport

is absent, along with the reasonable inference that NLC

arises from the loss of a full transport cycle) are untenable.

Although these results do not disprove the extrinsic-voltage

hypothesis, they warrant a reexploration of the model. More-

over, these results beget the question: is there an alternative

or additional mechanism whereby prestin senses voltage?

We sought to determine if charged residues in prestin’s

transmembrane domains contribute to its gating charge

movement. To do so, we neutralized 22 charged residues

that were predicted to lie in its transmembrane regions by

site-directed mutagenesis, and determined the effects on

the unitary charge movement, z. In contrast to findings by

Oliver et al. (8), all these residues were conserved between

prestin and its closest relative, SLC26a6. We relied on

measures of unitary charge derived from the traditional

two-state Boltzmann function as a metric of charge move-

ment within a single motor. It is our best (and only) estimate

of charge movement within a single motor. Moreover,

empirical data as they relate to prestin function (both charge

and electromotility) fit exceedingly well with the two-state

Boltzmann function (17–19). Of 22 mutated, charged resi-

dues, we found a subset of 12 tat significantly reduced z
(Fig. 4 A and Table 1). We were careful to exclude potential

alterations in membrane resistance characteristics in our

evaluations, because membrane resistance remained equiva-

lent to controls (Fig. 4 B). The reduced z, evidence of altered

voltage-sensing as reflected by reduced voltage sensitivity

(i.e., broader NLC functions), is most readily seen in the

normalized NLC traces in Fig. 4, C and D.

In Fig. S1 of the Supporting Material, we show represen-

tative C-V functions from all 12 mutants. These 12 residues

that affected z are located across the entire span of the
transmembrane core of prestin (Fig. 5, A and B). Of the

remaining 10 residues, mutations of five residues failed to

affect z (R150, K227, E284, E433, and D485); mutations

of four residues (D83, E293, E374, and E404) resulted in

absent NLC; and the mutation of one residue (R399) resulted

in a Vh shift to an extreme negative range, making the estima-

tion of z impossible. The mutations of the four residues that

showed absent NLC were likely attributable to poor

membrane-targeting, as evidenced by confocal imaging

(data not shown). Of the residues that affected z, four were

negatively charged (E207, E280, D370, and D457), and

eight residues were positively charged (R130, R211, K255,

K276, K359, K364, K449, and R463). The effects on z of

all these charged residues varied. These mutations also

affected the operating voltage of the protein (Vh), although

there was no relationship between z and Vh (Fig. 6). As

expected, there was a correlation between z and the total

TABLE 1 Z values (�SE) of individual mutations, p values

of a t-test compared with wild-type prestin, and number

of cells recorded

Amino acid position

z p

Number of

cells recorded

Wild-type prestin 0.73 � 0.02 19

R130Q 0.67 � 0.02 <0.05 11

E207Q 0.68 � 0.02 <0.05 10

R211Q 0.54 � 0.01 <0.00000001 15

K255Q 0.65 � 0.02 <0.01 8

K276Q 0.63 � 0.03 <0.001 9

E280Q 0.62 � 0.02 <0.0001 11

K359Q 0.65 � 0.03 <0.01 11

K364Q 0.60 � 0.02 <0.0001 9

D370N 0.69 � 0.01 <0.05 10

K449Q 0.64 � 0.01 <0.001 10

D457N 0.66 � 0.02 <0.01 9

R463Q 0.63 � 0.03 <0.005 9
Biophysical Journal 96(8) 3179–3186
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charge movement in prestin and all of its point mutations that

affected z (Fig. 7).

DISCUSSION

Here we unequivocally showed that prestin, in contrast to our

previous understanding, is an anion transporter, much like its

closest relative, SLC26a6. Moreover, our results are consis-

tent with the concept of prestin’s voltage sensitivity deriving

at least in part (and perhaps even entirely) from intrinsic

charged residues in the protein. Finally, we were able to

separate these two functional characteristics of prestin by

mutations to residues within a putative anion-binding site.

The widely accepted notion of an absence of intrinsic

voltage-sensing in prestin followed experiments by Oliver

et al. (8), who failed to find a change in unitary gating charge

after mutating charged residues in prestin that were absent in

SLC26a6 (the closest relative that does not exhibit gating

charge movement). They reasoned that the gating charge in

prestin was attributable to newly acquired charged residues in

prestin. In reviewing their mutagenesis experiments, we noted

that a significant number (10/21) of charged residues that were

different between the two proteins lay outside its predicted

transmembrane domain, and therefore could not have sensed

transmembrane voltage. Indeed, we mutated charged residues

in the intracellular C-terminus, and found that such mutations

did not alter the unitary charge relative to controls (29). To

test fully for intrinsic voltage-sensing, we mutated every

charged residue in prestin that lies within or in very close prox-

imity to the predicted transmembrane segments (of both the 10-

transmembrane and 12-transmembrane models; Fig. 5, A
and B), and determined the effect on unitary charge (z). We

identified a large number of charged residues (12 out of 22)

FIGURE 5 Residue locations. Placement of charge residue mutations in

12 (A) and 10 (B) transmembrane models of the protein. The residues and

their traces in Fig. S1 are correspondingly color-coded. Also indicated are

specific amino-acid numbers, which in turn are color-coded as in Fig. 4 A,

to indicate residues and their effects on z.
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within prestin’s transmembrane domains that are also

conserved in SLC26a6, and that contribute to the generation

of NLC. These data require a fundamental rethinking of how

prestin brings about electromotility.

Three features of the identified residues and their relation-

ship to voltage sensitivity are noteworthy. First, prestin

shows much less voltage sensitivity than conventional ion

channels. Thus, the unitary charge per motor in prestin

amounts to ~0.74 e, and contrasts with values of 13.6e for

Shaker potassium channels, 10e for sodium channels, and

2.6e for large-conductance, calcium-activated potassium

channels (30–33). Second, mutations that produced a reduc-

tion in z, although they were as low as 0.55, clustered around

a mode of 0.65e, indicating that these residues contributed

a similar amount of charge to the total gating-charge move-

ment. Third, all of these residues are conserved between

prestin and SLC26a6, which does not exhibit gating-charge

movement (8) (J.-P. Bai and D. Navaratnam, unpublished

observations).

FIGURE 6 Relationship between voltage of peak capacitance (Vh) and

unitary charge (z). There is no relationship between z values and Vh,

although most of the mutants caused a negative shift in Vh.

FIGURE 7 Relationship between unitary charge z and specific capaci-

tance. There is a positive trend between z and Qsp (Qmax/linear capacitance).
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Why should conserved residues generate a charge move-

ment in one family member but not the other? There are

parallels in ion channels where residues that contribute to

gating charge and voltage sensitivity in one protein are

conserved in a related orthologous protein, yet do not

contribute to gating charge or voltage sensitivity in the or-

thologous protein. For example, the Shab delayed rectifier

potassium channel and its mammalian homolog Kv2.1

have the same number of charged residues in their voltage

sensors, yet carry different gating charges (7.5e and 12.5e,

respectively) (34). Similarly, the gating charge in mSlo chan-

nels (2.6e) is fivefold less than that in Shaker channels (13e),

although mSlo contains three of the five residues most

important for gating charges (33). According to a widely

held consensus, these differences are likely attributable to

a smaller movement of these residues in both mSlo and

Shab (33–35). A similar mechanism could explain the

apparent discrepancy between prestin’s gating-charge move-

ment and its absence in SLC26a6, which has the same resi-

dues implicated in prestin’s charge movement. Alternatively,

there may be a movement of charged residues of opposite

polarity neutralizing their effects in SLC26a6. In any event,

the movement of charge through the voltage field in prestin

and the contribution from each of these residues to total

charge movement are small, when compared with voltage-

gated ion channels. In this respect, prestin differs from

voltage-gated ion channels, where a few charged residues

account for the majority of voltage sensitivity.

Perhaps more germane to the workings of prestin,

a member of a transporter family, is the observation that in

some transporters, when substrate is removed, presteady-

state currents are revealed (36–38). Transient, presteady-

state currents are equivalent to the gating-charge movements

or NLC measured in prestin, and represent voltage-sensor

activity. For example, in line with our determinations for

prestin, the voltage-sensing mechanisms in the Naþ-glucose

transporter were shown to involve intrinsic charge move-

ments of the protein, rather than only Naþ binding/unbinding

to sites within the protein’s membrane field (38,39). Interest-

ingly, the charge valence z of 1e is close to that of prestin.

Similarly, it is known that the GABA transporter’s charge

movement is derived from extrinsic (chloride) and intrinsic

charge (36). Indeed, even the chloride dependence of gating

in CLC channels is known to arise because of competition

with a glutamate gate charge, rather than functioning as

a mobile extrinsic voltage sensor (40). Thus, the use of

intrinsic charged residues is clearly a general mechanism

of voltage-sensing proteins, and prestin is no different (41).

Our data showing separated NLC and anion transport by

mammalian prestin contain several implications. First, our

data extend work showing that nonmammalian orthologs

of prestin are able to transport anions in an electrogenic

manner (6). In that study (6), electrophysiological method-

ology was used solely to assess electrogenic transport, and

the authors reasoned that electrogenic transport in mamma-
lian prestin does not occur. Interestingly, however, some

electrophysiological characteristics of mammalian prestin

were successfully modeled as a result of the exact type of

electrogenic transport found in nonmammalian orthologs

of prestin (25). Our data cannot resolve this controversy,

because the classic transport techniques that we used,

although thoroughly sufficient for the demonstration of

anion transport, cannot assess electrogenicity. Second, our

data suggest that the advent of NLC/electromotility occurs

independent of anion transport, and is not coincident with

its loss, as previously suggested. Indeed, an evolutionary

analysis suggests that SLC26a6, which lacks the ability to

generate NLC or electromotility, arose from SLC26a5

(Dr. Kirk Beisel, Creighton University, personal communi-

cation, 2008). Third, because each outer hair cell is estimated

to contain up to 10 million prestin motors (42,43), our data

imply the presence of a powerful homeostatic mechanism

for controlling anion concentration in these cells. This is

especially the case in light of ample data showing that pres-

tin’s operating voltage range is affected by intracellular

anion concentration (10,12,44). Fourth, our data showing

intrinsic voltage-sensor activity in prestin establish an alter-

native or additional molecular mechanism for voltage-

sensing in the outer hair cell motor. The original extrinsic

voltage-sensor or partial anion-transporter model of prestin

voltage-sensing, where monovalent chloride anions serve

as sources of voltage-sensor charge movement or NLC (8),

has received serious challenges. For example, whereas

sulfate anions were found to abolish NLC in prestin-trans-

fected cells (8), several groups showed that sulfate supports

NLC and electromotility in OHCs (10,11,25,26). Further-

more, anion-charge valence does not dictate gating-charge

valence, as would be expected in the extrinsic voltage-sensor

model (9). We suggested that anions serve as allosteric

modulators, because the conformational state of prestin

depends not only on the concentration of intracellular anions,

but on their structure as well (9). In this regard, it is inter-

esting that alkylsulfonic anions of differing hydrocarbon

chain lengths variably shift prestin’s operating voltage range,

conceivably because of interactions with the different

voltage-sensing residues that we identified here.

Finally, our data raise an important question. Because the

advent of the outer hair cell motor is thought to be a recent

evolutionary event, and because the residues in prestin

responsible for sensing voltage are also present in SLC26a6,

what additional features in prestin allow these charged resi-

dues to move in response to changes in transmembrane

voltage?
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prestin kinetics and corresponding 
frequency dependence augment 
during early development of the 
outer hair cell within the mouse 
organ of corti
Jun-ping Bai4, Dhasakumar navaratnam1,3,4 & Joseph Santos-Sacchi1,2,3*

Several studies have documented the early development of oHc electromechanical behavior. the 
mechanical response (electromotility, eM) and its electrical correlate (nonlinear capacitance, nLc), 
resulting from prestin’s voltage-sensor charge movement, increase over the course of several postnatal 
days in altricial animals. They increase until about p18, near the time of peripheral auditory maturity. 
the correspondence of auditory capabilities and prestin function indicates that mature activity of 
prestin occurs at this time. one of the major requirements of eM is its responsiveness across auditory 
frequencies. Here we evaluate the frequency response of prestin charge movement in mice over the 
course of development up to 8 months. We find that in apical turn OHCs prestin’s frequency response 
increases during postnatal development and stabilizes when mature hearing is established. the 
low frequency component of nLc, within in situ explants, agrees with previously reported results 
on isolated cells. if prestin activity is independent of cochlear place, as might be expected, then 
these observations suggest that prestin activity somehow influences cochlear amplification at high 
frequencies in spite of its low pass behavior.

The outer hair cell (OHC) enhances cochlear sensitivity up to 3 orders of magnitude, and the cellular basis of this 
feat resides within the OHCs that populate the organ of Corti. OHCs are electro-motile, responding to transmem-
brane current perturbations with changes in cell length, termed electromotility (eM)1,2. Though the pertinent 
electromechanical characteristics (e.g., voltage-dependence, and magnitude) of OHC eM had been studied since 
the mid-80s3,4, the identification of the membrane protein, SLC26a5 (prestin), driving this response required 
over a decade5. Various candidates were considered along the way, similar to the quest for the stereociliar MET 
channel6.

Prestin drives OHC electromotility (eM), known to be responsible for cochlear amplification (CA) in mam-
mals7. The electrical signature of eM is a bell-shaped nonlinear capacitance (NLC), the first derivative of pres-
tin sensor charge vs. membrane voltage (dQp/dVm), which peaks at a characteristic membrane voltage (Vh)8,9. 
We have previously studied the development of NLC in OHCs of the mouse10. Those studies demonstrated that 
increases in prestin charge (Qmax) continued after stabilization of linear capacitance (at p10), which corresponds 
to total membrane surface area (sum of membrane and embedded prestin surface area). Thus, though the number 
of prestin molecules appeared to stabilize, additional changes in NLC characteristics ensued, indicating some 
sort of maturational events. Here we study, in developing OHCs, the maturation of prestin kinetics, which has 
recently been shown to possess low pass characteristics in adult guinea pig OHCs11. We find that during develop-
ment the frequency response of NLC increases, stabilizing near 6 kHz in adults at the apical turn of the cochlea at 
room temperature. We also find that linear capacitance decreases with aging, and is indicative of reduced prestin 
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insertion in the membrane. Nevertheless, specific motor charge density (a metric for prestin density within the 
membrane) remains fairly constant.

Methods
C57/B6 pups aged postnatal days 6–18, and months 2 and 8 were used. All experimental protocols were approved 
by the Yale Animal Care and Use Committee, and were in accordance with relevant guidelines and regulations. 
Apical turns of the organ of Corti were dissected out and recorded with ionic current blocking solutions, thereby 
removing interference on measures of membrane capacitance. The extracellular solution contained (in mM): 
100 NaCl, 20 tetraethylammonium (TEA)-Cl, 20 CsCl, 2 CoCl2, 1 MgCl2, 1 CaCl2, 10 HEPES, pH 7.2. The intra-
cellular solution contained (in mM): 140 CsCl, 2 MgCl2, 10 HEPES, and 10 EGTA, pH 7.2. Pipettes were coated 
with M-coat to reduce stray capacitance, and had resistances of 3-5 MΩ. Gigohm seals were made and stray 
capacitance was balanced out with amplifier circuitry prior to establishing whole-cell conditions. A Nikon Eclipse 
E600-FN microscope with 40× water immersion lens was used to observe cells during voltage clamp. Whole cell 
voltage clamp recordings were performed from all rows of outer hair cells (OHCs) of whole mount organ of Corti. 
We limited the recording area within 1/4 turn. OHCs were recorded at room temperature using jClamp software 
and an Axopatch 200B amplifier. Data were low pass filtered at 10 kHz and digitized at 100 kHz with a Digidata 
1320 A.

Chirp voltage stimuli were delivered across frequency and analyzed within 300–7000 Hz, where stray capac-
itance was removed. The voltage chirps were generated in jClamp using the Matlab logarithmic “chirp” function 
(10 mV pk; pts = 4096; F0 = 24.4141 Hz; F1 = 50 kHz; t1 = 0.04095 s). Chirp responses were not averaged at each 
voltage step (−160 to +120 in 40 mV steps). Cell currents were either averaged for analysis (6–8 cells/group) 
for surface plot presentations or analyzed individually for statistical measures. Detailed analysis of Cm was per-
formed in Matlab. Capacitance was measured using dual-sine analysis at harmonic frequencies (Santos-Sacchi 
et al., 1998; Santos-Sacchi, 2004). Briefly, real and imaginary components of membrane current at harmonic 
frequencies were determined by FFT in jClamp, corrected for the roll-off of recording system admittance12 and 
residual stray capacitance13. Rs, Rm and Cm were extracted using the dual-sine, 3-parameter solution of the stand-
ard patch clamp model14,15, based on the original single sine solution16. In order to extract Boltzmann parameters, 
capacitance-voltage data were fit to the first derivative of a two-state Boltzmann function.
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Figure 1. High frequency measurement of OHC NLC in organ of Corti explants. (A) Light micrograph of an  
in situ patch clamped OHC. sc, stereocilia; n, nucleus; pip, patch pipette. (B) Whole cell currents induced by 
chirp voltage protocol. (C) Derived voltage-dependent capacitance (circles) at each frequency (see methods) 
was fit to extract NLC and its Boltzmann parameters. (D,E) Surface plots of raw Cm data before (D) and after  
(E) correction for residual stray capacitance effects on high frequency measures. Note frequency independence 
of Clin following correction.
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Qmax is the maximum nonlinear charge moved, Vh is voltage at peak capacitance or equivalently, at 
half-maximum charge transfer, Vm is Rs-corrected membrane potential, z is valence, Clin is linear membrane 
capacitance, e is electron charge, kB is Boltzmann’s constant, and T is absolute temperature. Csa is a component 
of capacitance that characterizes sigmoidal changes in specific membrane capacitance17. ΔCsa is the total sum of 
unitary changes per prestin motor protein. Qsp denotes charge density, namely Qmax/Clin.

A Lorentzian function (or the sum of two Lorentzians) (Gale and Ashmore, 1997; Santos-Sacchi and Tan, 
2018) was used to fit NLC across frequency.

π τ= +NLC f NLC f( ) /[1 (2 ) ] (2)0
2 1/2

where NLC0 is the zero frequency component, and τ = 1/Fc, the cut-off frequency. Additionally, a power fit of 
NLC across frequency was performed.

= + ∗NLC f NLC a f( ) (3)b
0

where NLC0 is the zero frequency component, and a and b control the frequency response.

Results
Figure 1 illustrates our methodology to measure NLC across frequency. With our Boltzmann fit (Eq. 1) we obtain 
the usual Boltzmann parameters while extracting NLC, and additionally determine Csa, a component of capac-
itance that we believe arises from changes in membrane surface area or membrane thickness as prestin alters its 
conformational state across voltage17–20.

Figure 2 shows mean (+/− se) NLC at 3 selected frequencies within our measurement bandwidth, as a func-
tion of postnatal age. As determined previously, NLC reaches maximal values at p17/18 in rodents10,21. Here we 
find the same pattern across frequencies. Clin increases until p12/13 as a result of surface area increase as the 
cells mature, lengthen and express increasing amounts of prestin within the membrane. However, Clin decreases 

Figure 2. NLC (mean+/− se) as a function of postnatal age at select stimulating frequencies. Peak NLC reaches 
maximal values at p17/18 across frequency. Clin increases until p12/13 as a result of surface area increase, but 
decreases thereafter. NLC also reduces following p17/18. By 8 months, Clin has markedly decreased. P6,7 n = 7; 
p8,9 n = 7; p12,13 n = 6; p17,18 n = 8; 2 month n = 8; 8 month n = 9.
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thereafter at all frequencies. By 8 months, Clin has decreased by more than 25%. NLC also reduces following 
p17/18. The plots also highlight a substantial roll-off of peak NLC across frequency, which we investigate in more 
detail further below.

Because we limited our recordings to a quarter turn of the apical coil of the cochlea, we determined whether 
the variability in hair cell length within that region could impact our Clin data. OHC lengths in different rows 
of the cochlear apex are indistinguishable22. In the mouse strain we used, they determined that OHC lengths 
from middle (17.3 μm) and apical (21.3 μm) turn regions differed by 4 μm. Assuming that this progression will 
translate into our quarter turn (as their plots suggest) we would maximally expect about a 1 μm length variability 
in our hair cell recordings. Given the cylindrical geometry of the OHC and its diameter in mice (~7 μm), we 
calculate an expected maximal variability in linear capacitance (based on surface area arising from our meas-
ured membrane specific capacitance of 0.08 pF/μm210 of 0.26 pF. This is well below our finding of −1.6 pF (25% 
reduction from p12/13) during aging. Utilizing a more stringent estimate of 0.05 pF/μm2 for specific membrane 
capacitance23, giving 0.165 pF variability, our results are even less likely to be influenced by sampling within the 
quarter turn. We conclude that the Clin changes during aging are real.

In Fig. 3 we show the NLC recorded between 0.39 and 7 kHz at 24 Hz resolution. The data show that NLC is 
maximal at low frequencies and decreases at higher frequencies, depending on the age of the animal. In Fig. 3A, 
the 3D plots on the left highlight the voltage dependence of NLC (mean +/− se of the data overlie the smooth 
Boltzmann fits), whereas those 2D plots on the right highlight the frequency response of NLC. In Fig. 3B, we plot 
NLC at Vh, illustrating the changing frequency dependence as animals age. The low pass nature of NLC at all ages 
is apparent. A quantification of this roll-off is supplied below. Nonetheless, the representations in Fig. 3 provide a 
rich picture of the magnitude, voltage-dependence and frequency extent of NLC across age.

Boltzmann parameters (mean +/− se) for three disparate bandwidths are plotted in Fig. 4 as a function of 
age. A comparison to our previous isolated cell mouse data10 obtained at low frequency (dotted lines) is made. 

Figure 3. (A) Left panels show full NLC spectrum (0.39–7 kHz) surface plots as a function of postnatal age, 
illustrating the bell-shaped NLC and its roll-off with increasing frequency. Black dots indicate means and pink 
dots are +se, which sit atop the Boltzmann fits. The panels on the right show the same data top-down, and 
provide a clearer view of the frequency response changes during aging. (B) NLCVh for each age group is log-log 
plotted to more clearly show the low-pass behavior that changes during aging. The colored points were used 
for fitting in Fig. 5. For the 2 youngest groups grey lines show regions omitted from fits because of noise at high 
frequencies.
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Quantification of Qmax and Clin confirms their initial rise between p6/7 to p12/13 as the cells increase in surface 
area, and mirror measures made in isolated cells. The development of Qsp in the low frequency region also corre-
sponds to measures from isolated cells. After p17/18, Qmax decreases, while Qsp appears to stabilize, due to simul-
taneous decrease in Clin. The additional frequency information provided by chirp analysis shows that both Qmax 
and Qsp following p17/18 depend on frequency, with higher frequencies showing reduced values. Interestingly, Vh 
within the explant differs from isolated cells during early development, and may result from forces that normally 
exist in the organ of Corti, e.g., membrane tension. It is well known that many factors can influence Vh, including 
membrane tension and intracellular Cl−,14,24–30. The Boltzmann parameter z, which characterizes the voltage sen-
sitivity of prestin or the distance sensor charge is moved within the membrane field, is variable in p6/7 animals, 
but clearly increases after this time period over age. Some frequency dependence of z in the adult is evident, and 
reduction in z at high frequencies in the adult guinea pig was originally noted by Gale and Ashmore31.

Finally, in Fig. 5 we explore the changes in frequency cut-off (Fc) of NLC at Vh. Since the reduction of NLCVh 
across frequency is clearly not a simple process, three methods of fitting were evaluated to estimate frequency 
roll-off (Fig. 5A). We provide fits to average data. Examples of the 3 fit types for p17/18 OHCs are shown, includ-
ing single Lorentzian, dual Lorentzian (sum of 2 Lorentzians) and power fits. The blue line depicts the fit and 
red lines show 95% confidence predictions of the fits (fitting performed in Sigmaplot). The poorest fit is with 
a single Lorentzian, followed by dual Lorentzian and power fits. In regard to the power fit, we have previously 
found evidence of multi/stretched exponential behavior in NLC32,33. The stretched exponential (known as 
the Kohlrausch-Williams-Watts [KWW] relaxation function), first devised by Kohlrausch (1854) to describe 
the behavior of capacitor discharge in a Leyden jar, is also applicable to the viscoelastic behavior of glasses34, 
and other systems where time-dependent behavior results from overcoming a multitude of energy barriers. 
Interestingly, cytoskeletal dynamics is one such system35. The KWW function has a related counterpart in the 
frequency domain36, termed the Havriliak-Negami [HN] relaxation function. Fitting our data with that counter-
part, we obtain similar quality fits to the power functions (for example, at p17,18 the fit R2 is 0.9975 and 0.9974 
for power and HN). Since the power function fit has fewer parameters (one less) than HN, we have chosen to 

Figure 4. Boltzmann characteristics (mean +/− se) for selected bandwidths. The dashed line denotes NLC 
measured at low frequencies from isolated OHCs (Abe et al., 2010). Note abrupt decline of Clin, while Csa 
remains steady. Vh is initially at a more positive potential than isolated cells. Qmax (pC) and Qsp (pC/pF) 
increase rapidly during development. Qmax decreases after p17/18, with a clear difference between low and high 
frequencies, but Qsp stabilizes because of the Clin drop. Following some variability at p6/7, z increases with age, 
and also tends to be smaller at higher frequencies. P6,7 n = 7; p8,9 n = 7; p12,13 n = 6; p17,18 n = 8; 2 month 
n = 8; 8 month n = 9.
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illustrate power fits. The usage of the term low-pass for the power function should not be construed in a strict 
engineering sense, but here denotes domination of low pass components whose slope changes over maturation. 
Figure 5B shows that regardless of the utilized fitting function, each provides evidence for increases in frequency 
responsiveness during development, as indicated by the bar plots. The dual Lorentzian gives dubious Fc2 cut-offs 

Figure 5. Changes in frequency response of NLC during aging. (A) Three types of fits to mean NLCVh were 
performed to estimate frequency roll-off. Examples of the 3 fits for p17/18 OHCs are shown. Blue line is fit 
and red lines are 95% confidence predictions of the fits (done in Sigmaplot). The poorest fit is with a single 
Lorentzian, followed by dual Lorentzian and power fits (f in kHz). Nevertheless, each provides evidence 
for increases in frequency responsiveness during development. The <a> parameter, as all others, was not 
constrained, but was not age –dependent and similar for all fits [p6,7 - m8: −1.4055, −1.3548, −1.5980, 
−1.1960, −1.1552, −1.5031; mean +/− se −1.369 (0.07)]. The small se indicates little variability. (B) Bar plots 
of frequency cut-off parameters of the fits. (C) Another metric of frequency response roll-off was to determine 
the −3dB magnitude of NLCVh relative to 350 Hz values, denoted here with circles. It should be noted that 
the Fc’s simply reflect the relative roll-off during aging, and their absolute values will differ depending on the 
reference frequency. During the life span, Fc increases. The se indicates the variability at the cut-off frequencies. 
(D) The Fc data were fit to a power law function in Matlab (grey line; Fc = a.*(1-b.^pDay), where a = 5.867 and 
b = 0.9065; R2 = 0.849), and indicates a stabilization near 6 kHz. P6,7 n = 7; p8,9 n = 7; p12,13 n = 6; p17,18 
n = 8; 2 month n = 8; 8 month n = 9.
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since they are above the sampled frequency. In Fig. 5C, we provide another metric of frequency response roll-off 
by finding the −3dB magnitude of NLCVh relative to 350 Hz. During the life span, Fc increases and appears to 
stabilize near 6 kHz in our older animals. Interestingly, the cut-offs roughly correspond to those of the single 
Lorentzian fits. We are cognizant that these cut-off estimates cannot be considered true cut-off frequencies, but 
only indicate that the NLC response has lost much of its steady state magnitude even at low frequencies. That is, 
the Fc’s simply reflect the relative roll-off among aging groups, and their absolute values will differ depending on 
the reference frequency. Thus, all methods to quantify roll-off indicate that frequency responsiveness increases 
with age. Possible reasons for this are discussed below.

Discussion
Studying the development of OHC function can reveal important determinants of adult auditory function. A 
variety of OHC characteristics mature during the course of post-natal development in altricial animals, includ-
ing stereociliar transduction and eM. By using such animals, these characteristics can be conveniently studied 
in isolated cells or explants following birth. The development of eM and its corresponding electrical correlate, 
nonlinear membrane capacitance (NLC), have been found to reach maturity near p18 in the rodent10,21,37, close 
to the onset of hearing. These studies did not include an assessment of prestin frequency dependence during 
development, a likely important factor for OHC performance in the adult animal’s acoustic environment. Here 
we evaluated the development of NLC frequency response in the in situ mouse cochlea, and find that its frequency 
cut-off (Fc) increases from p6 to p18, thereafter stabilizing out to 8 months at about 6 kHz at room temperature. 
Assuming that the frequency response is solely limited by the kinetics of prestin (however, see below) and given 
a Q10 of 238, the Fc would approach 15 kHz. The data indicate that the Fc is lower pass in nature than the full audi-
tory capabilities of the mouse, since prestin’s intrinsic kinetics is likely place independent. That is, prestin’s molec-
ular structure, molecular interactions, and especially molecular behavior have yet to show significant differences 
among OHCs from various turns of the cochlea39,40.

Importantly, most developmental prestin characteristics measurable within the in situ organ of Corti corre-
spond to those measures obtained in isolated cells10,21, i.e., at low measurement frequencies. However, we find 
that Vh in young animals differs from isolated cell studies, and this may be due, for example, to changes in turgor 
pressure or membrane tension upon isolation. It is notable that for a simple two-state voltage-dependent protein, 
Vh is determined by the ratio of forward and backward transition rates of conformational change. Thus, Vh alter-
ations may inform on changes in prestin kinetics. Considering the differences of Vh in situ vs. in isolated cells, 
it may be desirable to analyze the effects of prestin mutations, e.g. the “499” knock-in mutation7 in the explant, 
rather than isolated cells.

We find that Clin decreases following the attainment of mature NLC. The decrease corresponds to a decrease in 
Qmax, indicating that the absolute number of prestin motors in OHCs decreases with age. This result implies that 
the surface area of the cells decrease because prestin occupies less surface area, and this is expected since in the 
prestin KO OHC surface area/length is markedly reduced41. The reduction of surface area and prestin in OHCs 
may have influential effects on the mechanical properties of the cochlear partition. Indeed, in the prestin KO 
mouse, Mellado Lagarde et al. have found that frequency tuning of the partition changes42. Thus, we might expect 
altered hearing in the aging mouse based on the reduction of prestin content that we find.

Why does the frequency response of prestin change during aging? Several possibilities exist. Prestin func-
tion itself could change during maturation due to changes in 1) phosphorylation or glycosylation43,44; 2) mul-
timerization45–47; or 3) molecular crowding within the lateral membrane. Extrinsic influences may also change; 
for example, during the development of the spaces of Nuel supporting cell rearrangements may occur, and less 
cell-cell contact could reduce interactive mechanical constraints. Certainly, such types of interactions can affect 
auditory performance48. Finally, cytoskeletal influences on prestin49,50 may change during development. We 
recently, determined that MAP1S, a small microtubule binding protein interacts with both actin and prestin, and 
co-expression in heterologous cells promotes targeting and alteration in prestin characteristics51. Cytoskeletal 
forces acting on prestin may work to influence conformational switching by the well-known piezoelectric nature 
of the protein27,28,30, which has been extensively modelled52–54. Thus, there may well be mechanical filtering of 
prestin performance depending on whole-cell mechanics that simultaneously impacts the Fc of both NLC and 
eM, as the two are well coupled55,56. In any case, whatever mechanisms that enhance prestin’s frequency response 
during the developmental likely limits its frequency response in adults. Interestingly, quite low pass estimates (Fc 
~1.5 kHz) of adult OHC eM frequency response have been found in the high frequency region of the living gerbil 
using optical coherence microscopy (OCT) vibrometry57. Thus, at this point, the mechanism whereby OHC eM 
influences very high frequency hearing is under question.
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Prestin is a member of the SLC26 family of anion transporters
that is responsible for outer hair cell (OHC) electromotility.
Measures of voltage-evoked charge density (Qsp) of prestin indi-
cated that the protein is highly expressed in OHCs, with single
cells expressing up to 10 million molecules within the lateral
membrane. In contrast, charge density measures in transfected
cells indicated that they express, at best, only a fifth as many
proteins on their surface. We sought to determine whether asso-
ciations with other OHC-specific proteins could account for this
difference. Using a yeast two-hybrid technique, we found micro-
tubule-associated protein 1S (MAP1S) bound to prestin. The
interaction was limited to the STAS domain of prestin and the
region connecting the heavy and light chain of MAP1S. Using
reciprocal immunoprecipitation and Forster resonance energy
transfer, we confirmed these interactions. Furthermore, co-ex-
pression of prestin with MAP1S resulted in a 2.7-fold increase in
Qsp in single cells that was paralleled by a 2.8-fold increase in
protein surface expression, indicating that the interactions are
physiological. Quantitative PCR data showed gradients in the
expression of prestin and MAP1S across the tonotopic axis that
may partially contribute to a previously observed 6-fold increase
in Qsp in high frequency hair cells. These data highlight the
importance of protein partner effects on prestin.

Prestin is a member of the SLC26 family of anion transport-
ers that is responsible for outer hair cell (OHC)3 electromotil-
ity, the basis of mammalian cochlear amplification (1– 4). Pres-
tin is found in the lateral membrane of the OHC (5, 6) and has
piezoelectric properties, deriving from reciprocal voltage and
mechanical sensitivity (7–10). The voltage sensor of the pro-
tein, which is integral to electromotility, generates charge
movement that can be detected as a nonlinear capacitance
(NLC) (11, 12). NLC parallels electromotility and has been
established as an excellent surrogate marker for electromotility
(11). There are three commonly described attributes of NLC as

follows: Vh, the voltage of peak capacitance; z, an estimate of
charge carried by a single motor; and Qsp the charge moved
across a unit of membrane. Vh reflects the steady state energy
profile of the protein, and Qsp provides an estimate of the den-
sity of the protein in the plasma membrane.

Prestin in OHCs exists in very high density. It is estimated
that OHCs contain up to 10 million of these molecules in the
lateral membrane of a given cell (13, 14). Measures of NLC in
transfected cells, however, have not yielded this high density of
prestin. Measures of Qsp can reach 5 fC/pF in transiently trans-
fected CHO cells (15) but contrasts with a Qsp of 220 fC/pF in
the mature OHC (16). Although differences in transcription
could account for this change, we have been unable to induce
OHC-like prestin expression levels in the membrane in trans-
fected cells using the best available promoters, including cyto-
megalovirus and the tetracycline-inducible promoter. More-
over, mRNA expression in OHCs is not as robust as would be
expected for a protein with such high levels of expression (17),
indicating low turnover of prestin that is stable in the mem-
brane. In contrast, exogenous expression of prestin using a
cytomegalovirus promoter in chick hair cells results in NLC
measures that were significantly increased compared with
CHO cells.4 These data have led us to speculate on the existence
of post-translational mechanisms or protein associations in
hair cells that are absent in transfected cells. We have other
reasons to hypothesize post-translational mechanisms or asso-
ciations that modulate prestin activity. For instance, whereas
prestin possesses many of the major features of the OHC
motor, there were notable discrepancies in the behavior of the
OHC motor and that of prestin in transfected cells. For exam-
ple, the magnitude of the effects of prior (prepulse) voltage and
membrane tension is somewhat less than found with the native
OHC motor (18). These data prompted us to seek other addi-
tional mechanisms that would modify prestin activity.

It is evident over the last 15 years that many membrane pro-
teins, including ion channels and receptors, interact with other
proteins to form large complexes. The components of these
complexes affect the delivery of these proteins to the surface as
well as their function. For instance, there is substantial litera-
ture showing the effect of ancillary proteins on ion channels and
receptors (19 –21). In view of these findings, we sought to find
proteins that interacted with prestin. We used the yeast two-
hybrid technique to identify proteins that interacted with pres-
tin. We used the intracellular C terminus of prestin in a Gal-4-
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based yeast two-hybrid technique to probe a brain cDNA
library. We identified several proteins that interacted with pres-
tin. Here, we describe the interaction between one of these pro-
teins, microtubule-associated protein 1-S (MAP1S), and pres-
tin, and we explore its physiological consequences.

EXPERIMENTAL PROCEDURES

Yeast Two-hybrid Experiments—Yeast two-hybrid experi-
ments were done as described previously (49). Briefly, the C
terminus of prestin (amino acids 491–744) was subcloned into
pGBKT7 and used as bait to interrogate a rat brain cDNA
library in pGAD T7 (Clontech). AH109 cells were serially trans-
fected with both constructs and plated on drop out medium
lacking histidine, adenine, tryptophan, and leucine. Single col-
onies were isolated and serially re-plated in similar conditions
on plates containing 5-bromo-4-chloro-3-indolyl-�-D-galacto-
pyranoside (X-gal). Cultures from single isolated colonies were
used for yeast mini preps. Plasmid was electroporated into
DH101 Escherichia coli, grown in ampicillin and plasmid DNA
isolated for sequencing.

DNA Constructs and Transfection—Gerbil prestin and
MAP1S sequences used were as described previously (1, 38).
For NLC recording, transient co-transfection of prestin (0.8 �g
per well of 24-well plate) and MAP1S-CFP (or CFP) (0.8 �g per
well of 24-well plate) into CHO cells was achieved with Lipo-
fectamine (Invitrogen) in accordance with the manufacturer’s
recommendations. We identified MAP1S-CFP (or CFP)-trans-
fected cells with CFP fluorescence for electrophysiological
recording, and only cells that showed NLC were analyzed. We
were thus able to determine with certainty that these cells con-
tained both plasmids. For co-immunoprecipitation, FLAG-
MAP1S-CFP was transfected into a prestin-Myc stable line in
human embryonic kidney (HEK) cells established in our labo-
ratory5 or HEK cells with Lipofectamine.

Prestin Surface Expression and Western Blots—Surface
expression of prestin alone or with MAP1S was determined
using a surface biotinylation assay (Thermo Scientific/Pierce,
Rockford, IL). Transiently transfected CHO cells were washed
with PBS and incubated in the presence of sulfo-NHS-biotin
(sulfosuccinimidyl-2-(biotinamido) ethyl-1,3-dithiopropi-
onate) for 30 min at 4 °C. Free sulfo-NHS-biotin was quenched
by washing cells in 140 mM Tris-Cl, and the cells were lysed in
lysis buffer containing the following (in mM): 20 Tris, pH 8.0,
137 NaCl, 5 NaEDTA, 5 NaEGTA, 10% glycerol, 0.5% Triton
X-100, 0.2 phenylmethylsulfonyl fluoride, 50 NaF, 20 benzami-
dine. The lysates were cleared by centrifugation, and its protein
concentration was assayed (Bio-Rad) and equalized with sam-
ple buffer. Streptavidin-agarose was added, and the mixtures
were incubated for 1 h at room temperature with constant agi-
tation. After centrifugation at 1000 � g, the beads were washed
with washing buffer. The bound surface proteins were released
by the addition of 50 mM dithiothreitol and analyzed by SDS-
PAGE and Western blotting. Lysates or eluates of surface-la-
beled proteins were separated on a precast 4 –15% Tris-HCl
SDS-polyacrylamide gel (Bio-Rad). Proteins were transferred
by wet transfer to polyvinylidene fluoride membrane (Roche

Applied Science). Western blots were probed with anti-prestin
N20 (Santa Cruz Biotechnology, Santa Cruz, CA) at a 1:500
dilution and then with horseradish peroxidase-conjugated
bovine anti-goat secondary antibody (Santa Cruz Biotechnol-
ogy) at 1:5000 dilution with five washes in TBST between each
step. The presence of horseradish peroxidase-conjugated anti-
body was detected using SuperSignal� West Dura extended
duration Substrate (Thermo Scientific/Pierce).

Co-immunoprecipitation—Reciprocal immunoprecipitation
was done with anti-FLAG (MAP1S-CFP) antibody and anti-
Myc (prestin-YFP) antibody using immunoprecipitation kits
purchased from Sigma. In brief, membrane-enriched protein
lysates were generated 48 h after transfection. 60 �l of anti-
FLAG M2-agarose or 60 �l of anti-c-Myc-agarose was added to
the lysates. The mixtures were incubated with constant agita-
tion for 2 h at 4 °C. Following this binding step, the beads were
washed seven times with washing buffer. To elute the FLAG
fusion protein (MAP1S) or Myc fusion protein (prestin), 100 �l
of 5 �g/ml FLAG peptide or c-Myc peptide (Sigma) was added
to the resin. The samples were incubated with constant agita-
tion for 30 min at 4 °C and then eluted by centrifugation. The
eluted samples were boiled with loading buffer and 6% �-mer-
captoethanol for 5 min and then were separated on a precast
4 –15% Tris-HCl SDS-polyacrylamide gel (Bio-Rad). Proteins
were transferred by wet transfer to polyvinylidene fluoride
membrane (Roche Applied Science). Western blots were
probed with anti-c-Myc antibody-peroxidase conjugate
(1:3000) or anti-FLAG M2 antibody-peroxidase conju-
gate (1:4000) (Sigma) for 1 h at room temperature. Immunore-
active proteins were detected using SuperSignal� West Dura
extended duration substrate (Thermo Scientific/Pierce).

Isolation of Individual OHCs from Guinea Pig Cochlea—
Hartley albino guinea pigs (�200 g) were sacrificed with halo-
thane (2-bromo-2-chloro-1,1,1-trifluoroethane, Halocarbon
Labs, River Edge, NJ), and the temporal bones were dissected in
PBS. Four turns of the cochleae were separated and hair cells
dislodged by mechanical trituration in PBS and dispersed in
Petri dishes to allow cells to settle.

Individual OHCs were captured using a pipette (�30-�m
tip) attached to a micro-manipulator (Scientifica, Uckfield, UK)
with the cells visualized using a Nikon Eclipse 600 FN micro-
scope (Nikon, Melville, NY). The tips were silanized with trim-
ethylchlorosilane (Fluka, St. Louis, MO) to prevent cell adhe-
sion to the pipette wall. Cells were aspirated into the pipette
using gentle suction. Isolated cells were expelled into Eppen-
dorf tubes and stored in a �80 °C freezer.

Quantitative Immunofluorescence—Quantitative immuno-
fluorescence was done as described previously (50), with modi-
fications. In particular, we used a confocal microscope to obtain
images and used the attendant Zeiss LSM software to analyze
and extract data. Cochlea were isolated from mice euthanized
by CO2 asphyxiation. Cochlea were dissected from these ani-
mals and fixed in 4% paraformaldehyde, PBS for 1 h. The
cochlea were washed in PBS (three times) and placed in block-
ing solution (PBS, 1% bovine serum albumin, 5% horse serum,
0.1% Tween 20). Tissue was incubated in 1:500 anti-prestin
antibody in blocking solution overnight (N20 prestin) (Santa
Cruz Biotechnology) at 4 °C. After washing in PBS, 0.1% Tween5 S. Bian, manuscript in preparation.

MAP1S Interacts with Prestin

JULY 2, 2010 • VOLUME 285 • NUMBER 27 JOURNAL OF BIOLOGICAL CHEMISTRY 20835

 at Y
ale U

niversity, on F
ebruary 23, 2012

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org/


20 (three times), the tissue was incubated with Alexa 648-con-
jugated horse anti-goat antibody (1:1000) for 1 h at room tem-
perature. The tissue was washed again in wash buffer (three
times) and incubated with a 1:50 dilution of mouse anti-MAP1S
antibody (Abnova, 00055201B01) for 1 h at room temperature.
Alexa 488 goat anti-mouse antibody (1:1000) was added after
washing the tissue. The tissue was dissected, and the three turns
of the cochlea were separated after a further three washes. Tis-
sue was then mounted using Vectorshield, and viewed using a
Zeiss 510 meta confocal microscope. Sixteen bit images were
acquired using a 40� water immersion lens (N.A. 1.2), with
fixed laser settings, a scan rate of 6.4 �s/pixel, a pinhole aper-
ture of 1.0 Airy units, and fixed detector gain. Regions of inter-
est identified as horizontal sections of circumscribed hair cells
in the most basal and apical ends of the cochlea were identified,
and fluorescence data were extracted. We established that the
fluorescence intensity was within the linear range and used
mean fluorescence density as a measure of protein concentra-
tion. Surrounding supporting cells, where there is minimal
prestin and MAP1S expression, were used to subtract back-
ground fluorescence. Cells from four individual cochlea were
used for these analyses. The specificity of the antibodies was
established by Western blots of cell lysates from cells with the
respective constructs. Both antibodies identified bands of the
expected size with minimal additional bands.

Single Cell Nested PCR from OHC—cDNAs from each cell
were synthesized as described previously in a total volume of 20
�l (51). Nested PCR was performed in two steps. 35 cycles of
PCR amplification were performed (94 °C for 30 s, 55 °C for 1
min, and 68 °C for 3 min) using 5 �l of cDNA and MAP1S outer
primers (MAP1SOUTF, AACTTCTTCCTGCGTGTGCG;
MAP1SOUTR, ATGCGTCTCCTCATACCACCTGTG). A
second nested PCR amplification was then done using 5 �l of
the initial PCR as template. This second PCR step involved 30
cycles of amplification using MAP1S inner primers as follows:
MAP1SINF, GTGTGCGTGCACTCTGCTAT; MAP1SINR,
TCACTGCAGAGTCGAAGGTG. Both steps used Expand
High Fidelity PCR enzyme (Roche Applied Science). PCR frag-
ments were analyzed on a 1% agarose gel. These primers
spanned an intron of 501 bp. Control PCRs included aliquots
from isolated cells to which no reverse transcriptase was added
(no cDNA).

Quantitative (q) PCR—Organs of Corti were peeled off of
each turn of the cochlea, and total RNA was isolated using the
RNAqueous kit (Ambion, Austin, TX) following the manufac-
turer’s instructions. cDNAs was synthesized using oligo(dT)
primers and random hexamers as described previously (51).
Triplicate qPCR amplifications using 1 �l of cDNA from each
turn of the cochlea were performed using the IQ SYBR Green
super mix (Bio-Rad). The reaction mixtures were set up in
96-well thin wall plates (Bio-Rad) and run on either C1000 ther-
mal cycler with a CFX96 optical reaction module (Bio-Rad) or
Mx3000P QPCR system (Stratagene, La Jolla, CA). The param-
eters were 95 °C for 30 s, 55 °C for 1 min, and 72 °C for 30 s for
35 cycles. Amplification data were analyzed using CFX Man-
ager software (Bio-Rad) and normalized to 18 S RNA.

The primer sequences were as follows: prestin, PRQ96F, CAG-
CAGTTGACTGCCCTGTA, and PRQ276R, ACGTGGTAC-

TTCTGGGTTGC; MAP1S, MAP1Q2945F, GAGTTCTAGC-
CCCACACTGC, and MAP1Q3105R, TCTGCCTCTCCAAC-
CTGAGT; and 18 S, 18 S344F, AGAAACGGCTCCACATCC-
AAG, and 18 S493R, TCAAAGTCCCTCCAATGGTCC.

Electrophysiological Recording—Whole-cell patch clamp
recordings were performed at room temperature using an Axon
200B amplifier (Axon Instruments) as described previously
(15). Cells were recorded 48 h after transfection to allow for
stable measurement of nonlinear capacitance. Ionic blocking
solutions were used to isolate capacitive currents. The bath
solution contained the following (in mM): tetraethyl ammo-
nium 20, CsCl 20, CoCl2 2, MgCl2 1.47, Hepes 10, NaCl 99.2,
CaCl2�2H2O 2, pH 7.2, and the pipette solution contained the
following (in mM): CsCl 140, EGTA 10, MgCl2 2, Hepes 10, pH
7.2. Osmolarity was adjusted to 300 � 2 mosM with dextrose.
Command delivery and data collections were carried out with a
Windows-based whole-cell voltage clamp program, jClamp
(Scisoft, CT), using a Digidata 1322A interface (Axon Instru-
ments). Capacitance was evaluated with a continuous high res-
olution 2-sine wave technique fully described elsewhere (52,
53). Capacitance data were fitted to the first derivative of a
two-state Boltzmann function to extract Boltzmann parame-
ters (11); a two-state Boltzmann model adequately describes
charge movement of prestin (54, 55) as shown in Equations 1
and 2,

Cm � Qmax

ze

kT

b

�1 � b�2 � Clin (Eq. 1)

where

b � exp��ze�Vm � Vh�

kT � (Eq. 2)

where Qmax is the maximum nonlinear charge transfer; Vh is the
voltage at peak capacitance or half-maximal nonlinear charge
transfer; Vm is the membrane potential; Clin is linear capaci-
tance; z is the unitary charge movement or valence (also a met-
ric of voltage sensitivity); e is electron charge; k is the Boltz-
mann constant, and T is absolute temperature. Qmax is reported
as Qsp, the specific charge density, i.e. total charge moved nor-
malized to linear capacitance. A Student’s t test was used to
evaluate the effects of mutants on the different parameters of
NLC.

RESULTS

Yeast Two-hybrid Results Show That Prestin Interacts with
MAP1S—In seeking to find binding partners to prestin, we used
the C terminus of prestin as bait in a Gal-4-based yeast two-
hybrid screen. The Gal-4-based method requires soluble (non-
membrane-bound) protein, and we used the intracellular
hydrophilic C terminus of prestin for this experiment. We sub-
cloned cDNA encoding amino acids 488 –744 of prestin into
the pGBK-T7 vector and screened a rat brain cDNA library. Of
several clones identified, one encoded the C terminus of
MAP1S from amino acids 720 –972. The interaction was
detectable even in the most stringent conditions. Thus, yeast
containing both of these constructs grew in the absence of his-
tidine and adenine and expressed �-galactosidase.
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Interactions between MAP1S and Prestin Is Limited to Spe-
cific Regions—We attempted to isolate the regions of MAP1S
that interacted with prestin (Fig. 1A). We divided the MAP1S
amino acid sequence from 720 to 972 into approximately three
equal segments and used these three segments (encoding

amino acids 720 – 802, 803– 886,
and 887–972) to test if they inter-
acted with prestin using the yeast
two-hybrid assay. In this instance,
MAP1S cDNA fragments were sub-
cloned into pGADT7 and used in a
complementation assay with the C
terminus of prestin (amino acids
488 –744) in pGBK-T7. Interactions
were detected using the middle seg-
ment encoding amino acids 802–
886. This region was further subdi-
vided into five segments of �16
amino acids each, and interactions
with the C terminus of prestin were
assayed using the yeast two-hybrid
assay. This third more focused
complementation assay (again using
MAP1S fragments in pGAD-T7 and
amino acids 488 –744 of prestin in
pGBK-T7) revealed that MAP1S
interacted with a short segment lim-
ited to amino acids 819 – 835. These
17 residues are not predicted to
contain a specific secondary struc-
ture, but rather they contain a large
number of proline residues. More-
over, these 17 amino acids lie in a
region between the purported heavy
and light chains of the protein. The
heavy and light chains of the better
studied MAP1B has been defined as
extending from residues 1 to 2185
and 2210 to 2459, respectively. The
corresponding residues in MAP1S

are 1– 821 and 840 –972. A search using the FingerPRINTScan
revealed two other proteins containing a similar sequence,
Kv3.3 and Atrophin.

We next attempted to determine the interacting sites within
prestin responsible for binding to MAP1S (Fig. 1B). Here too we
used a similar strategy of using the yeast two-hybrid assay to
ascertain interactions of three equal regions of the C terminus
of prestin with amino acids 720 –972 of MAP1S. In these exper-
iments, these smaller fragments of cDNA were subcloned into
pGBKT7. As shown in Fig. 1B, regions of prestin that are impor-
tant for interacting with MAP1S extended across amino acids
491– 660. This region includes parts of the STAS domain (525–
712) and encompasses almost the entirety of the IVS region of
the STAS domain.

MAP1S Is Expressed in OHC and Shows a Tonotopic
Gradient—To determine whether the interaction between
MAP1S and prestin is physiologically significant, we sought to
ascertain if MAP1S existed in OHCs from guinea pig cochlea
(the species in which there is the most amount of physiological
data). A schematic of the guinea pig cochlea along with the
tonotopic axis is shown in Fig. 2. We isolated individual OHCs
and performed single cell PCRs from these cells. As evident in
Fig. 3, OHCs contained MAP1S. Single cell nested PCR from

FIGURE 1. Yeast two-hybrid experiments detect interactions between prestin and MAP1S, which is
restricted to specific domains. Initial yeast two-hybrid screening using the C terminus of prestin as bait
revealed MAP1S as a binding partner. This clone extended from residues 720 to 972. Subsequently, we used
several truncations of these constructs in a yeast two-hybrid assay to clarify the specific domains involved in
this interaction. A, initial screening using three equal parts of the protein revealed the interacting domain to lie
within the middle fragment (amino acids (AA) 803– 886). Subsequent yeast two-hybrid assays (data not shown)
using 15–16-amino acid fragments within this region confirmed that the interaction with prestin was mediated
by amino acids 819 – 835 in MAP1S, which lacks predicted secondary structure, contains a large number of
proline residues, and lies between the heavy (HC) and light chains (LC) of the protein. Also indicated are the
heavy chain (red) and light chain (green) regions of MAP1S relative to the region in MAP1S identified in the yeast
two-hybrid screen. B, in a similar approach, we used three equal fragments of the C terminus of prestin in a
yeast two-hybrid assay to determine areas that were important in interactions with MAP1S(720 –972). We
determined that the interacting domains in prestin extended across residues 491– 655, which includes parts of
the STAS domain and included the entire IVS subdomain within it. We have also shown in schematic form the
transmembrane region (blue) of the prestin, its C terminus (black), and the STAS domain (orange) within the C
terminus.

FIGURE 2. Anatomy of the cochlea. OHCs are arranged tonotopically along
the three turns of the cochlea. A, schematic of the external appearance of the
cochlea shows its three turns. Hair cells in these turns are arranged tonotopi-
cally with cells at the base responding to high frequency (Freq) sounds and
cells at the apex responding to low frequency sound. Notably, hair cells in the
1st, 2nd, and 3rd turns of the cochlea respond to sound of decreasing fre-
quency. B, section across the cochlea reveals the organ of Corti to be com-
partmentalized. An expanded view of the organ of Corti reveals it to contain
three rows of OHCs and one row of inner hair cells. TM, transmembrane; IHC,
inner hair cell; BM, basilar membrane.
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OHCs from the three turns of the cochlea all revealed MAP1S.
We then attempted to quantify the expression of MAP1S and
prestin across the tonotopic axis using qPCR. As shown in Fig.
3, prestin mRNA expression is increased 1.2-fold in the middle
turn compared with the 3rd turn and 2.8-fold in the basal turn

compared with the 3rd turn. In
contrast, MAP1S expression is
increased 7-fold in the middle turn
compared with the third turn and
13-fold in the basal turn compared
with the third turn.

We attempted to confirm our
protein data using antibodies to
these proteins in the guinea pig.
However, because of poor antibody
recognition of MAP1S in this spe-
cies, we were unable to confirm or
refute our qPCR data. We were able,
however, to use mouse cochlea to
confirm our PCR data from the
guinea pig cochlea. As shown in Fig.
4, mouse OHCs demonstrate co-lo-
calization of these two proteins.
Moreover, there is an apical to basal
gradient in the expression of prestin
and MAP1S. Thus, prestin showed a
7-fold increase in expression in the
most basal hair cells, whereas
MAP1S increased 3.5-fold in these
cells compared with those from the
apex.

In Vivo Interactions between
MAP1S Are Confirmed by Immu-
noprecipitation—Although the in-
teraction between prestin and
MAP1S was suggested by the yeast
two-hybrid experiments done
under stringent conditions, it is
widely believed that the yeast two-
hybrid assay can be erroneous,
yielding false positives from non-
specific interactions. To confirm
interactions between prestin and
MAP1S, we performed a reciprocal
immunoprecipitation using prestin
and MAP1S in its entirety tagged
with c-Myc and FLAG tags, respec-
tively. FLAG-MAP1S was trans-
fected into cells constitutively
expressing prestin-YFP-c-Myc. Im-
munoprecipitation and wash steps
were stringent and included high
salt and detergent (0.05% Triton
X-100). As shown in Fig. 5, prestin
and MAP1S could reciprocally
immunoprecipitate the other pro-
tein. Together with our data show-
ing interactions between prestin

and MAP1S using the yeast two-hybrid system, these data argue
for a robust interaction between the two proteins. Interestingly,
the form of MAP1S that was immunoprecipitated by prestin
was the entire coding sequence and not the heavy chain,
although there was evidence of the protein being cleaved into

FIGURE 3. MAP1S is expressed in individual hair cells, and its mRNA shows a marked gradient in expres-
sion across the tonotopic axis. A, MAP1S was detected in 12 individual OHCs by nested PCR using cDNA from
single cells. The product of 147 bp is the expected product of the inner primer pair. The products were sepa-
rated on a 2% agarose gel. Also included are DNA size markers (M); a positive control (�, using plasmid
containing MAP1S cDNA as template), and negative control (�, no reverse transcriptase). The sizes of the
markers indicated in blue are 506, 398, 356, 298, 220, 203, 154, and 134 bp. B, shown in graph form are the fold
change of prestin and MAP1S mRNA determined by qPCR across the organ of Corti from the three turns of the
cochlea compared with the 3rd turn of the cochlea. The expression of each mRNA species was normalized to
the expression of the 18 S subunit of ribosomal RNA. As is evident, although prestin shows an almost 3-fold
increase in expression from the third to the basal (first) turn of the cochlea, MAP1S shows a more dramatic
13-fold increase in expression from the third to the basal (first) turn of the cochlea. The error bars are � S.E., n �
4.

FIGURE 4. MAP1S co-localizes with prestin in mouse OHC and, along with prestin, shows a gradient in
expression across the tonotopic axis. A, prestin co-localizes with MAP1S. Shown are mouse OHCs labeled
consecutively with antibodies against MAP1S (left) and prestin (middle). There is co-localization of the two
proteins in these cells (right). B, OHCs from the most apical (left) and basal (right) portions of the mouse cochlea
were labeled with antibodies to prestin (upper) and MAP1S (lower). As is evident, these two proteins are
abundant in OHCs of the basal turn. Contrast in the right panel was increased post hoc to better show the
expression of MAP1S and prestin. C, these findings were confirmed using quantitative immunofluorescence.
OHCs from the most basal and apical portions of the mouse cochlea together with cells from the midpoint
between these two extremes were tested for the expression of prestin and MAP1S. The mean fluorescence
density (� S.E.) of MAP1S in the apical, mid, and basal hair cells are 88 (�14, n � 6), 183 (�28, n � 12), and 371
(�48, n � 6). Similarly, values for prestin are 257 (�53, n � 6), 744 (�60, n � 12), and 1723 (�130, n � 6). These
quantitative data confirm a 7-fold increase in prestin expression and a 3.5-fold increase in MAP1S expression
from the most apical to basal ends of the mouse cochlea.
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heavy and light chains in these cells. Consistent with these data,
our yeast two-hybrid assay identified the interacting domain
within MAP1S as restricted to an area between the heavy and
light chains of the protein.

Physiological Interaction between MAP1S Confirmed by For-
ster Resonance Energy Transfer (FRET)—Our immunoprecipi-
tation data strongly argue for an interaction between prestin
and MAP1S. We next sought to determine that such an inter-
action took place in vivo (and prior to cell lysis in the immuno-
precipitation assay). We chose to use FRET to demonstrate
these interactions. Prestin and MAP1S were tagged at their C
termini with YFP and cyan fluorescent protein (CFP). cDNA
encoding these two fused proteins were inserted into an inter-
nal ribosome entry site vector and expressed in CHO cells. As
evident in Fig. 6, cells transfected with this construct and
expressing both these fused proteins show FRET. FRET effi-
ciency was measured after acceptor photobleaching and
showed values similar to what we have previously found in pres-
tin-prestin interactions (15). FRET efficiency after photo-
bleaching in Prestin-YFP/MAP1S-CFP was 2.8 (�0.9 S.E.) and
contrasts with �36 (�11 S.E.) in prestin-YFP/CFP. In contrast,
the FRET efficiency of a construct in which CFP and YFP were
in tandem separated by three amino acids was 35 (�10 S.E.).
These results argue that the distance between MAP1S and pres-
tin is proximate to that between two molecules of prestin.
These results also argue that interactions between prestin and
MAP1S are likely physiological.

MAP1S Increases NLC—Having established a likely physio-
logical interaction between prestin and MAP1S, we sought to
ascertain if MAP1S affected prestin function. CHO cells were
transfected with 0.8 �g of prestin and 0.8 �g of MAP1S fused to
CFP per well in a 24-well plate. The control group was trans-
fected with 0.8 �g of prestin and 0.8 �g of CFP. We assayed the
physiological function of prestin by determining NLC in cells
from these two groups. As shown in Fig. 7, cells transfected with
prestin and MAP1S showed a 2.7-fold excess in NLC compared
with cells that were transfected with prestin and CFP together.
Prestin and MAP1S-transfected cells showed Qsp of 6.38 fC/pF,
which compared with 2.34 fC/pF in cells transfected with pres-
tin and CFP alone (Table 1). In contrast, MAP1S did not affect
other aspects of NLC function. Thus, cells transfected with
prestin and MAP1S had mean Vh and z values of �120 mV and
0.63e and contrasted with values of �119 mV and 0.6e in cells
transfected with prestin and CFP alone (Table 1). It should be
noted that the Qsp values obtained in these experiments were
50% of those that we normally achieve in CHO cells. Most
likely, this results from the use of half the relative amount of
prestin plasmid in each transfection that we normally use,
necessitated by the need to co-transfect MAP1S at the same
time.

MAP1S Increases Surface Expression of Prestin—Our data
showing increased charge movement in the membrane of cells
expressing MAP1S and prestin could be due to an increased
number of molecules delivered to the membrane or as a result
of an allosteric effect on each molecule at the surface of the cell.
Our estimates of z, the charge carried by individual motors,
were unchanged in cells transfected with prestin and MAP1S
and argue against an allosteric effect. Rather our electrophysi-
ological data argue for an increased number of motors delivered
to the surface of the cell. To test this possibility, we assayed
prestin expression in the membrane using a surface biotinyla-
tion assay. As shown in Fig. 8, there was a 2.8-fold increase in
surface expression of prestin induced by MAP1S. This increase
corresponded well with our electrophysiological findings that
showed a 2.7-fold increase in specific charge, Qsp. Because
MAP1S binds tubulin, and because there is evidence that
microtubule-associated mechanisms are important for surface
expression of cell surface proteins, we sought to determine
whether tubulin disruption affected prestin surface expression.
In several experiments, cells were treated with and without 10
�M colchicine soon after transfection with prestin-YFP and 10
�M colchicine maintained in culture for 48 h. NLC in these cells
was assayed at 48 h and showed no difference in the two groups
(Table 2).

DISCUSSION

Our data show for the first time an interaction between pres-
tin and MAP1S and evinces a physiological role for this inter-
action. The initial yeast two-hybrid data showing an interaction
between these proteins are substantiated by the immunopre-
cipitation data. Subsequently, we demonstrate that the interac-
tion is physiological with FRET, and electrophysiological
recordings show an enhanced amount of prestin on the surface
of the cell in the presence of MAP1S. The latter finding is fur-
ther confirmed by biochemical means. Finally, we show that

FIGURE 5. Reciprocal immunoprecipitations confirm the interaction
between prestin and MAP1S. A permanent cell line expressing prestin-
YFP-myc was transfected with FLAG-MAP1S-CFP. A, immunoprecipita-
tions were performed with anti-FLAG (MAP1S) antibody and the presence
of prestin in the immunoprecipitate detected on Western blots with anti-
Myc antibody. Lanes 1–3 are control crude lysates of untransfected HEK
cells, cells expressing prestin-YFP-myc, and cells expressing prestin-YFP-
myc and FLAG-MAP1S-CFP, respectively. Lane 4 is an immunoprecipitate
with FLAG antibody of lysates from HEK cells expressing prestin-YFP-myc
together with FLAG-MAP1S-CFP. Prestin-YFP-myc is indicated by the thick
arrow. Lane 5 is an anti-FLAG immunoprecipitate of HEK cells expressing
prestin-YFP-myc. The absence of prestin in this lane confirms the specific-
ity of the immunoprecipitating antibody. B, reciprocal experiment was
performed to further confirm the interactions. Immunoprecipitation of
cell lysates was done using anti-Myc antibody, and the presence of MAP1S
in the immunoprecipitate was detected by Western blotting using anti-
FLAG antibody. Lanes 1 and 2 are crude cell lysates of HEK cells expressing
FLAG-MAP1S-CFP and HEK cells expressing prestin-YFP-myc together
with FLAG-MAP1S-CFP, respectively. Lane 3 is the Myc immunoprecipitate
of cells expressing prestin-YFP-myc and FLAG-MAP1S-CFP. FLAG-MAP1S-
CFP is indicated by the thin arrow. Lane 4 is a Myc immunoprecipitate of
cells expressing FLAG-MAP1S-CFP alone. The absence of prestin in lane 4
confirms the specificity of the immunoprecipitating Myc antibody.
Although lanes 1– 4 were separated on a single gel and transferred to the
same blot, lanes 1 and 2 have been separated from lanes 3 and 4 in the
figure for reasons of clarity. Lanes 1 and 2 are a shorter exposure and lanes
3 and 4 a longer exposure of the same blot. The experiments were
repeated three times.
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there is a gradient in the expression
of prestin and MAP1S along the
tonotopic axis. This gradient may
partially explain the increase in
charge density in high frequency
OHCs.

Interaction between MAP1S and
Prestin Is Restricted to Specific
Regions of the Proteins—The inter-
action between these two proteins
occurs in the region between the
heavy and light chain in MAP1S and
the proximal portion of the STAS
domain in prestin. Although it is
possible that interactions with
prestin may extend into the loops
connecting consecutive transmem-
brane domains, our current ap-
proaches limit our exploration of
this possibility. To date there has
been no evidence that the region
between the heavy and light chain of
MAP1S is involved in interactions
with other proteins (22). Consistent
with these results, our immunopre-
cipitation data show that prestin
interacts with the holoprotein and
not its component heavy and light
chains. The cleavage site between
the heavy and light chains of
MAP1S lies in the region between
them and coincides with the pres-
tin-binding site (22). The light and
heavy chains of the molecule have
been shown to bind different ele-
ments of the cytoskeleton (22).
Thus, the N terminus of the light
chain binds tubulin, and the more
C-terminally placed MH3 domain
binds actin. In contrast, the heavy
chain interferes with the interaction
between the light chain and tubulin.
In this respect, our data that show
no effect on surface expression of
prestin by colchicine is consistent
with the result that prestin surface
expression is mediated by the holo-

protein, which does not interact with tubulin.
Other data from the yeast two-hybrid experiments show that

amino acids involving the STAS domain of prestin are involved
in the interaction with MAP1S. Specifically, the sequence
extends across the first three �-strands, the first �-helix, and
the intervening IVS region of the purported STAS domain in
prestin determined by molecular modeling (22, 23). The STAS
domain resembles the bacterial SPOIIAA transcription factor,
the crystal and NMR structure of which has been determined
(24, 25). The SPOIIAA transcription factor is involved in pro-
tein-protein interactions with the anti-� factor SPOIIAB. Bind-

FIGURE 6. FRET experiments using acceptor photobleaching confirm in vivo interactions between pres-
tin and MAP1S. A, photomicrographs of a CHO cell expressing prestin-YFP and MAP1S-CFP in an internal
ribosome entry site vector are shown. The cell was excited with an argon laser at 458 nm, and the CFP emission
in the bandwidth from 476 to 485 nm was recorded with a meta detector (upper two panels). The cell was also
excited at 514 nm, and YFP emission at 536 –545 nm was recorded (lower two panels). YFP was photobleached
by continuous excitation at 514 nm for 1 min. Emission of CFP after photobleaching (right upper panel) shows
an increase compared with CFP emission before photobleaching (left upper panel). In contrast, YFP emission
(left lower panel) shows a decrease after photobleaching (right lower panel) compared with YFP emission before
photobleaching (left lower panel). B, CFP FRET efficiency was measured after photobleaching as described
previously (15). The MAP1S-CFP and prestin-YFP pair shows an increase in FRET efficiency after photobleach-
ing (mean 11.02 � 2.0 S.E., n � 8) and contrasts with MAP1S-CFP and YFP pair that shows a decrease in
FRET efficiency (mean �40.0 � 4.6 S.E., n � 7). Also included is a positive control that has CFP and YFP in
tandem separated by one amino acid and fused to the C terminus of the membrane-spanning voltage-
sensing phosphatase from Nematostella vectensis. This construct yielded higher FRET efficiency (mean
37.87 � 6.26 S.E., n � 4).

FIGURE 7. MAP1S increases Qsp. A, CHO cells transiently transfected with prestin and MAP1S-CFP showed a
statistically significant (p 	 0.05, t test) increase in Qsp (mean 6.38 � 1.89 S.E.) compared with cells transfected
with prestin and CFP (mean 2.34 � 0.47 S.E.). B, shown are two representative NLCsp (defined as NLC (pF)/linear
capacitance (pF) to correct for effects of cell size) traces from two comparable cells transfected with the
combination of plasmids prestin/CFP and prestin/MAP1S-CFP. There is a notable increase in peak NLCsp in
the cell transfected with the plasmid combination prestin/MAP1S-CFP compared with the cell transfected with
the plasmid combination prestin/CFP.

TABLE 1
MAP1S increases Qsp but does not affect other measures of NLC (Vh
and z)
Shown are values of NLC in cells transfected with the combination of plasmids
prestin/MAP1S-CFP or prestin/CFP. Although Qsp is significantly increased, both
the voltage of peak capacitance (Vh) and estimates of the charge carried by a single
motor z are comparable.

Qsp Vh z n

fC/pF mV
0.8 �g of normal prestin �

0.8 �g of CFP
2.34 � 0.47 �119.29 � 3.17 0.60 � 0.02 11

0.8 �g of normal prestin �
0.8 �g of MAP1S-CFP

6.38 � 1.89 �120.47 � 3.61 0.63 � 0.04 10
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ing of these two proteins results in � factor release from
SPOIIAB, which in turn triggers transcription (26 –28). Muta-
tions within the STAS domain of SLC26A2, SLC26A3, and
SLC26A4 and the Arabidopsis thaliana sulfate transporter
Sultr 1.2 have been shown to alter anion transport function
(29 –34). Moreover, the STAS domain in SLC26A3 also inter-
acts with cystic fibrosis transmembrane regulator, and this
interaction reciprocally modulates cystic fibrosis transmem-
brane regulator channel function as well as SLC26A3 trans-
porter function (35). In contrast, cystic fibrosis transmembrane
regulator interacts with the STAS domain of SLC26A9 and
inhibits Cl� currents as well as its Cl�-HCO3

� exchange (36).
Given these data, it was our expectation that MAP1S would
modulate NLC. However, we did not note an alteration in
measures of prestin “kinetics.” Both Vh and z, reflecting the
steady state energy profile and unitary charge movement, were
unchanged in cells co-transfected with MAP1S. In contrast, we
noted increased delivery of prestin to the surface of the cell.
Several mutations in the STAS domain resulted in altered deliv-
ery of SLC26A3, a related protein, to the surface of the cell (32).
Taken together, these data suggest that modulation of the

STAS domain may affect surface delivery of SLC26 proteins
(prestin), in addition to affecting the kinetics of the protein
(SLC26A3). Efforts are currently underway in our laboratory to
determine how MAP1S affects prestin anion transport (37),
especially given the data that mutations in the STAS domain
have been shown to affect anion transport in members of the
SLC26 family of proteins. Furthermore, given the sequence
homology in this region between the different members of the
SLC26 family of proteins, and the ubiquitous distribution of
MAP1S, we would anticipate that these anion transporters also
will interact with MAP1S (38). In this regard, the yeast two-
hybrid experiments identifying residues 491–572, which is con-
served between prestin and other SLC26 members, could sug-
gest homologous regions from other SLC26 members as also
interacting with MAP1S. In contrast, it is possible that residues
573– 660, which has little homology in other SLC26 family
members, confers specificity to the interactions with prestin.

Increase in Qsp Is Likely Brought About by Increased Amounts
of Prestin on the Surface of the Cell—As noted above, our data
on measures of NLC show that MAP1S affects Qsp but not other
measures of NLC, including z and Vh. Theoretically, Qsp could
be increased by increasing the number of functional motors in
the membrane or by increasing the net charge carried by each
motor. However, given that z, our best estimate of charge car-
ried by an individual motor, was unchanged in the presence of
MAP1S, it is most likely that the number of motors delivered to
the surface is increased. This conclusion is borne out by our
determination of surface expression of prestin in the presence
and absence of MAP1S. The biotinylation assay revealed a 2.8-
fold increase in surface expression of prestin that compared
with a 2.7-fold increase in Qsp. Thus, there was good concord-
ance between our biochemical assays of surface expression and
electrophysiological determination of surface expression. How
is this increase in surface expression brought about? Three pos-
sibilities are suggested as follows: increased delivery of newly
synthesized protein to the surface, decreased degradation of the
protein, or increased recycling of the protein that is endocy-
tosed from the surface. Although we have no experimental data
to discern these possibilities at present, we expect that MAP1S
will likely deliver more newly synthesized protein to the surface.
Previous experiments in our laboratory indicate that turnover
rates of prestin may be slow; in the presence of brefeldin A, a
blocker of newly synthesized protein delivery into the surface
membrane, OHCs in culture maintained robust NLC for up to
7 days.6

MAP1S has been shown to interact with the NR3A N-meth-
yl-D-aspartic acid receptor subunit, the fibroblast growth fac-
tor-associated protein LRPPRC, the tumor suppressor protein
RASSF1A, and the sperm protein VCY2 that has been impli-
cated in azoospermia (39 – 43). However, in all these instances
there were no clearly observed consequences of the interac-
tions. Thus, the functional effect of MAP1S on prestin expres-
sion appears to be the first direct demonstration of any func-
tional effect by MAP1S. In the case of the NR3A receptor and
MAP1S, there was sharp co-localization of the two proteins in

6 E. Navarrete and J. Santos-Sacchi, unpublished data.

FIGURE 8. MAP1S increases surface expression of prestin. CHO cells were
transfected with prestin/MAP1S CFP and separately prestin/CFP plasmids.
Proteins on the surface of the cell were labeled with sulfosuccinimidyl-2-(bi-
otinamido)ethyl-1,3-dithiopropionate and isolated using a Neutravidin resin.
The surface proteins were eluted using 50 mM dithiothreitol and separated by
SDS-PAGE, and the presence of prestin was detected by Western blotting (left
two lanes). The amount of surface protein loaded in each lane has been nor-
malized to the total protein in the cell lysate. As is evident, cells expressing
prestin and MAP1S-CFP (A) demonstrate an increase (2.8-fold �0.9 S.E., n � 4)
in surface expression of prestin when compared with cells expressing prestin
and CFP (B). The comparable expressions of prestin in the corresponding cell
lysates are shown in the two right lanes confirming that the total amounts of
prestin in these cells were equivalent. The prestin band is shown by an arrow.
The numerous other bands in the lysates (for example, the band at 39 kDa) are
nonspecific and detected in untransfected HEK cells probed with the second-
ary antibody alone (data not shown). ELU, eluate; LYS, lysate.

TABLE 2
Colchicine has no effect on the Qsp

The table shows the effects of treating cells with 10 �M colchicine for 48 h after
transfection. Measures of NLC, including Qsp, Vh, and z, were unchanged by treat-
ment with this drug. It should be noted that because treatment with this drug is
cytotoxic, we incorporated in our data analysis only those cells that showed good
seal resistance, using it as a surrogate marker for the well being of cells.

Qsp Vh z n

fC/pF mV
Prestin 7.35 � 0.42 �110.03 � 3.00 0.71 � 0.02 5
Prestin � 10 �M

colchicine
7.33 � 1.88 �107.70 � 10.24 0.69 � 0.03 5
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dendritic spines that led the authors to speculate that MAP1S
was important for localizing NR3A receptors to dendritic
spines (41). However, there were no direct tests of this possibil-
ity. In the related MAP1B protein, early data suggested that
MAP1B was important for targeting �-aminobutyric acid type
C receptors to specific subcellular locales (44). These two pro-
teins co-localize in retinal bipolar cells (44). Heterologous
expression of the two proteins in COS cells resulted in an
altered distribution of the �-aminobutyric acid type C receptor.
However, subsequent MAP1B knock-out experiments were
confounding with normal �-aminobutyric acid type C cluster-
ing in bipolar cells (45).

There are a number of reports suggesting a role for the
microtubule-associated motors in directing organelles and pro-
teins to subcellular sites, including dendritic shafts (46 – 48).
Given the known associations between MAP1S and tubulin, an
obvious mechanism for prestin delivery to the surface of the cell
would be through its association via MAP1S with microtubules
and their motors. However, we show that continued disruption
of microtubules (after transfection) with 10 �M colchicine had
no effect on Qsp.

Interactions between Prestin and MAP1S Likely Has Physio-
logical Significance—Our data showing a graded tonotopic
expression of prestin and MAP1S have bearing on physiological
findings in the cochlea. Prior work has compared Qsp in guinea
pig OHCs isolated from regions along the tonotopic axis and
found an �5– 6-fold increase in Qsp in the lateral membrane of
OHC responding to high frequency sound compared with OHC
responding to low frequency sound (13). However, prestin
mRNA expression increases 1.2-fold from the 3rd turn to the
2nd turn and 2.8-fold from the third turn to the basal turn.
Thus, the prestin expression increase in high frequency cells is
less than the increase in Qsp. Whether the even greater increase
in MAP1S expression that we find contributes to the excess
increase in Qsp remains to be investigated. In the mouse where
physiological data are unavailable, but antibodies to MAP1S
and prestin are available, there is a 7-fold increase in prestin
protein expression from the most apical to the most basal hair
cells. Similarly, there is also a smaller 3.5-fold increase in pro-
tein expression of MAP1S. This is an important issue, because
the increase in Qsp in high frequency cells has been proposed to
be a mechanism that provides a constant electrical energy to
these cells, which may help circumvent the low pass filter
effects of the cell membrane (13).

In conclusion, we show for the first time an interaction
between prestin and the microtubule-associated protein
MAP1S. The interaction is confirmed by immunoprecipitation
and FRET. Our data from FRET suggest that the relative dis-
tance between MAP1S and prestin is proximate to the distances
between two molecules of prestin. The interaction results in an
increased amount of prestin on the surface of the cell that
accounts for the increase in Qsp brought about by MAP1S. We
demonstrate the presence of MAP1S in individual OHCs and
confirm a gradient in the expression of prestin and MAP1S
along the tonotopic axis. This gradient of both proteins could
explain the increase in charge movement density (Qsp) seen in
OHCs from higher frequencies.
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Combinatorial Cysteine Mutagenesis Reveals a Critical Intramonomer Role
for Cysteines in Prestin Voltage Sensing
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ABSTRACT Prestin is a member of the SLC26 family of anion transporters and is responsible for electromotility in outer hair
cells, the basis of cochlear amplification in mammals. It is an anion transporting transmembrane protein, possessing nine
cysteine residues, which generates voltage-dependent charge movement. We determine the role these cysteine residues
play in the voltage sensing capabilities of prestin. Mutations of any single cysteine residue had little or no effect on charge move-
ment. However, using combinatorial substitution mutants, we identified a cysteine residue pair (C415 and either C192 or C196)
whose mutation reduced or eliminated charge movement. Furthermore, we show biochemically that surface expression of
mutants with markedly reduced functionality can be near normal; however, we identify two monomers of the protein on the
surface of the cell, the larger of which correlates with surface charge movement. Because we showed previously by Förster reso-
nance energy transfer that monomer interactions are required for charge movement, we tested whether disulfide interactions
were required for dimerization. Using Western blots to detect oligomerization of the protein in which variable numbers of cyste-
ines up to and including all nine cysteine residues were mutated, we show that disulfide bond formation is not essential for dimer
formation. Taken together, we believe these data indicate that intramembranous cysteines are constrained, possibly via disulfide
bond formation, to ensure structural features of prestin required for normal voltage sensing and mechanical activity.
INTRODUCTION
Prestin (SLC26A5) is a member of the SLC26 family of

anion transporters (1). It is now well established that this

protein is responsible for electromotility in mammalian outer

hair cells (OHC), which are believed to be responsible for

cochlear amplification (2–5). Prestin is a membrane protein

of 744 amino acids (1). A large central core of the protein

is predicted to traverse the membrane multiple times based

on hydrophobicity analysis (1,6). The number of predicted

transmembrane regions varies (10 or 12), and is dependent

on the different prediction paradigms (1,6–8). It also has

a small N-terminus and a larger C-terminus that are thought

to be intracellular (6,9). Prestin has piezoelectric properties;

membrane voltage controls its conformation (10–13). Its

voltage sensitivity arises from voltage sensor charge move-

ment within the membrane that can be measured as a

nonlinear capacitance (NLC) (14–16).

Prestin contains nine cysteine residues (1). Of these nine

residues, six (C192, C196, C260, C381, C395, and C415)

lie in areas that are potential transmembrane regions (1,6,7).

Of the remaining three, two (C52 and C679) are located in

the intracellular N- and C-termini, respectively, whereas

the remaining cysteine (C124) residue lies in a loop connect-

ing two potential transmembrane regions (Fig. 1). Cysteine

residues, because of their ability to form disulfide bonds,

can play a number of roles in a protein’s function (17,18).
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Disulfide bond formation is a covalent posttranslational

modification that occurs concurrent with translation. Disul-

fide bonds can be structural, catalytic, or allosteric (17–19).

Structural bonds stabilize the structure of the protein by

decreasing the entropy of the unfolded (denatured) protein

(18). Catalytic disulfide bonds help in catalyzing enzyme

reactions. The best known of these is found in oxidoreduc-

tases where a catalytic disulfide bond is found in its

thioredoxin-like fold. Allosteric disulfide bonds, in contrast,

modulate a protein’s function (19). Cleavage of allosteric

disulfide bonds results in a change in the protein’s tertiary

or quaternary structure and its function (19).

Tests for disulfide bond formation often involve func-

tional assays of proteins, for example, membrane transport

(20). In native OHCs, measures of NLC or mechanical

activity have been used (21,22). Preliminary exploration of

disulfide bonds in the structure and function of prestin has

provided a number of insights. It has been reported that

mutation of individual cysteine residues did not adversely

affect its charge movement (23,24). Other work has impli-

cated disulfide bonds formed by one or more cysteine resi-

dues in the transmembrane regions of prestin as important

for dimerization of the protein (25). Here, we systematically

mutated cysteine residues individually and in combination,

and then determined how mutations affect characteristics

of NLC (see Materials and Methods). These characteristics

include the density of voltage sensor charge (Qsp), the

voltage at peak capacitance (Vh), and unitary charge valence

(z). Qsp is an estimate of functional motors within a unit

membrane surface area, Vh is a metric of the steady-state
doi: 10.1016/j.bpj.2010.03.066
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FIGURE 1 Nine cysteine residues are distributed

throughout the protein. A cartoon of the two dif-

ferent transmembrane models are shown along

with the position of individual cysteine resides in

these two models. (A) Ten transmembrane model.

(B) Twelve transmembrane model. Six of these

residues (C192, C196, C260, C381, C395, C415)

lie within hydrophobic transmembrane regions of

the protein. Two residues (C52 and C679) lie in

the predicted intracellular amino and carboxy

termini of the protein, respectively, and the last

residue (C124) lies in a loop connecting two trans-

membrane regions in the 10 transmembrane model.
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energy profile, and z is an estimate of charge moved within

an individual motor. We also explored the role of these

cysteine residues in the formation of prestin multimers.

Our data show that mutation of individual cysteine residues

has little or no effect on the function of prestin. However, our

combinatorial data show profound changes in the function of

prestin, providing evidence that cysteine residues (namely,

C415 and either C192 or C196) in prestin potentially form

disulfide bonds. Finally, we show that disulfide bond forma-

tion is not necessary for the formation of prestin multimers.
MATERIALS AND METHODS

cDNA constructs and generation of mutants

Single or multiple amino acid substitutions were generated using Quick-

Change II or QuickChange II Multi site-directed mutagenesis kits (Strata-

gene, La Jolla, CA) with a gerbil prestin-YFP in pEYFPN1 vector (Clontech,

Mountain View, CA) as a template. All mutations were confirmed by DNA

sequencing, including the entire coding region.
Transient transfections in Chinese hamster
ovary cells

For electrophysiological recordings 100,000 Chinese hamster ovary (CHO)

cells were transfected in 24-well plates with the cysteine mutants using

Lipofectamine (Invitrogen, Carlsbad, CA) as described previously (7).
Electrophysiological recording

Cells were recorded by whole-cell patch clamp configuration at room

temperature using an Axon 200B amplifier (Axon Instruments, Sunnyvale,
Biophysical Journal 99(1) 85–94
CA), as described previously (7). Cells were recorded 24–48 h after transfec-

tion to allow for stable measurement of NLC. Ionic blocking solutions were

used to isolate capacitive currents. The bath solution contained (in mM):

TEA 20, CsCl 20, CoCl2 2, MgCl2 1.47, Hepes 10, NaCl 99.2, CaCl2$2H2O

2, pH 7.2, and the pipette solution contained (in mM): CsCl 140, EGTA 10,

MgCl2 2, Hepes 10, pH 7.2. Osmolarity was adjusted to 300 5 2 mOsm

with dextrose. Command delivery and data collections were carried out

with a Windows-based whole-cell voltage clamp program, jClamp (Scisoft,

Ridgefield, CT), using a Digidata 1322A interface (Axon Instruments).

Capacitance was evaluated using a continuous high-resolution 2-sine

wave technique, fully described elsewhere (26,27). Capacitance data were

fitted to the first derivative of a two-state Boltzmann function (16):

Cm ¼ Qmax

ze

kT

b

ð1 þ bÞ2
þ Clin;

where

b ¼ exp

��ze
�
V � VpkCm

�

kT

�
:

Qmax is the maximum nonlinear charge transfer, Vh the voltage at peak

capacitance or half-maximal nonlinear charge transfer, Vm the membrane

potential, Clin linear capacitance, z the valence (a metric of voltage sensi-

tivity), e the electron charge, k the Boltzmann constant, and T the absolute

temperature. Qmax is reported as Qsp the specific charge density, i.e., total

charge moved normalized to linear capacitance. Where necessary we

increased the range of voltage commands to test mutants in which Vh was

extreme. A Student’s t-test was used to evaluate the effects of mutants on

the different parameters of NLC. In mutants where Qsp was immeasurable,

namely zero, we state, for presentation purposes, that the significance of

differences with prestin that had NLC was <0.01, although the probability

of a difference between these data would be infinitely small.

It should be noted that measures of Qsp, Vh, and z in CHO cells are in line

with our previous work. Measures of Qsp in CHO cells are in the lower range



TABLE 1 Mean NLC parameters of single cysteine to serine

mutations and number of cells recorded for each mutant

NLC parameter
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of that recorded in HEK cells. However, Vh in CHO cells (�120 to

�100 mV) is significantly negative compared to prestin expressed in HEK

cells (�50 to �70 mV).
Single mutants nQsp Vh z

Wild-type

prestin

7.88 5 1.26 �111.30 5 2.94 0.72 5 0.01 25

C52S 6.49 5 0.92 �111.03 5 4.31 0.70 5 0.05 5

C124S 10.18 5 4.03 �111.05 5 4.30 0.68 5 0.03 6

C192S 5.87 5 0.74 �109.72 5 6.41 0.70 5 0.02 6

C196S 6.50 5 1.00 �130.14 5 3.22* 0.68 5 0.01 8

C260S 4.16 5 0.49 �110.11 5 5.43 0.68 5 0.05 4

C381S 8.72 5 1.06 �97.07 5 7.39 0.66 5 0.03 5

C395S 5.37 5 0.82 �58.51 5 4.68* 0.66 5 0.03 7

C415S 2.45 5 0.81* �117.11 5 9.47 0.71 5 0.06 7

C679S 7.64 5 1.54 �107.78 5 9.57 0.73 5 0.03 5

Values that show statistically significant differences from wild-type prestin

are indicated.

*p < 0.05.
Western blots

Crude lysates were generated from transiently transfected CHO cells after

24–48 h. Lysates were separated on a precast 4–15% Tris-HCl SDS-

PAGE gel (Bio-Rad, Hercules, CA) or a 5–8% urea-SDS PAGE containing

6 M urea. Samples were incubated with and without reducing agents where

indicated. Two reducing agents, b-mercaptoethanol and ethanedithiol

(EDT), were added to the samples at final concentrations of 200 mM and

600 mM, respectively. Proteins were transferred by wet transfer to polyviny-

lidene fluoride membrane (Roche, Indianapolis, IN). Western blots were

probed with anti-prestin-N20 (Santa Cruz, Santa Cruz, CA) at a 1:500 dilu-

tion and then with horseradish peroxidase (HRP) conjugated bovine anti-

goat secondary antibody (Santa Cruz) at 1:5000 dilution with TBST washing

(�5) in between. The presence of HRP conjugated antibody was detected

using SuperSignal West Dura Extended Duration Substrate (Thermoscien-

tific/Pierce, Rockford, IL). Where indicated, the blots were stripped using

Restore plus Western stripping buffer and reprobed with prestin C-16 anti-

body (Santa Cruz) at a 1:500 dilution and HRP conjugated bovine anti-goat

secondary antibody at a 1:5000 dilution.
Prestin surface expression

Surface expression of prestin was determined using a surface biotinylation

assay (Thermoscientific/Pierce). Transiently transfected CHO cells were

analyzed 24 h after transfection. These cells were washed with PBS, and

incubated in the presence of sulfo-NHS-biotin for 30 min at 4�C. Free

sulfo-NHS-biotin was quenched by washing cells in 140 mM Tris-Cl, and

the cells lysed in lysis buffer containing (mM): Tris 20, pH 8.0, NaCl

137, NaEDTA 5, NaEGTA 5, 10% glycerol, 0.5% Triton X-100, PMSF

0.2, NaF 50, benzamidine 20. The lysates were cleared by centrifugation,

and its protein concentration assayed (Bio-Rad) and equalized. Streptavidin

agarose was added in the mixtures, incubated 1 h at room temperature with

constant agitation. After centrifugation at 1000 � g the beads were washed

with washing buffer. The bound surface proteins were released by addition

of 50 mM dithiothreitol and analyzed by SDS-PAGE and Western blotting

as described above. In several experiments we also sorted cells by fluores-

cent activated cell sorting and determined that there was no consistent differ-

ence in transfection efficiency between different mutants. Similarly, there

was no difference in the ratio between the upper to lower monomer within

a given mutant irrespective of whether or not cells were sorted before

labeling of cell surface proteins.
RESULTS

Substitution of single cysteine residues did not
abolish NLC

To ascertain which cysteine residues are important for the

structure and function of prestin, we substituted each of the

nine individual cysteine residues with a serine residue. We

reasoned that substituting cysteine with a serine residue,

which has the identical side chain length (thereby minimizing

confounding effects from side chain interactions), was a good

method to determine the role of disulfide bonds in the function

of the protein. NLC characteristics of three single point

cysteine mutations differed significantly from wild-type

prestin (Table 1). These were C415S which had a significant

change in Qsp (2.45 5 0.81 fC/pF vs. 7.88 5 1.26 fC/pF),
and C196S and C395S that had changes in Vh (�130.14 5

3.22 mV and �58.51 5 4.68 mV, respectively, versus

�111.30 5 2.94 mV in control).
Substitution of two or more cysteine residues
does not alter prestin surface expression,
but rather folding of monomers with adverse
affects on Qsp

Our data that mutations of individual cysteine residues do not

eliminate NLC suggest several possibilities. First, there may

be no disulfide bonds. Second, disulfide bonds are not crucial

for the generation of NLC. Third, one disulfide bond is able to

compensate for the loss of another disulfide bond. Our

experiments thus far are unable to rule out the first two possi-

bilities. Attempts in our lab to purify adequate amounts of

prestin expressed in mammalian expression systems for

analysis by mass spectrometry have not been successful. To

test the third possibility, we mutated cysteine residues in

varying combinations and determined their effects on NLC

(Fig. 2 and Table 2). These data show that mutation of more

than one cysteine residue in the nontransmembrane regions

had no effect on NLC. Thus, the combination of mutations

C52S, C124S, and C679S has preserved NLC (namely, no

significant changes in Qsp, and z, although there were some

significant effects on Vh). In contrast, several combinations

of two or more transmembrane cysteine mutations could

abolish NLC.

Two opposing transmembrane models for prestin exist for

which structural data are of insufficient resolution to choose

between (6–8,28). Interestingly, our observations on trans-

membrane cysteine mutations might help to choose between

models, because the 10- and 12-transmembrane models pre-

dict potential physical approximations of different cysteine

residues, with the implication that they could more likely

form disulfide bonds (Fig. 1). An attempt to rationalize our
Biophysical Journal 99(1) 85–94
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FIGURE 2 Representative NLC traces of wild-type prestin and several

combinatorial cysteine mutants. These individual combinations are repre-

sentative of the variable effects on different aspects of NLC produced by

these mutants. Only select combinations were able to markedly reduce

NLC (see text and Table 2 for details).
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data given the constraints of either model was not definitive,

however, and we expect that higher resolution structural

studies will be needed to answer this question.

We also used our mutational data to model the formation

of disulfide bonds removed from the spatial constraints of

the two transmembrane models. Thus, the combinations

C260S/C415S and C192S–C196S/C395S that both lost

NLC raised the possibility that residue C260 could form

a disulfide bond with C192–C196 or C395, and C415 form

a second disulfide bond with the remaining cysteine residue

(either C192–C196 or C395). To test this hypothesis we

made the following combination of mutants: C260S/C395S,

C395S/C415S, C192S–C196S/C260S and C192S–196S/

C415S. Of these combinations, only the latter abolished

NLC. This result is consistent with the possible formation

of disulfide bonds between C415 and C395, and separately

C192–C196 and C260. However, the preserved NLC in

C260S/C395S (and reduced NLC in C192S–C196S/260S,

and separately, C395S/C415S) rules out this possibility.

We reasoned that the loss of NLC in prestin mutants could

result from inadequate surface expression of the mutated

protein, subtle alterations in structure in a protein adequately

expressed on the surface of the cell, or a combination thereof.

We used a surface biotinylation assay to determine surface

expression of prestin in wt prestin and several mutants that

showed variation in Qsp. In this procedure, prestin or indi-

vidual mutants of prestin were expressed transiently in CHO

cells, and surface proteins labeled using Sulfo-NHS-SS-

Biotin, a cell impermeable cleavable biotinylation reagent.

Surface labeled proteins were isolated from the lysed cells

and the presence of prestin detected by Western blot (Fig. 3).

Wild-type prestin contained dimeric protein and two forms

of monomeric protein with the larger form of the monomer

dominating. In contrast, all the mutants that had reduced Qsp
Biophysical Journal 99(1) 85–94
showed both monomers with the smaller form dominating in

those mutants where Qsp was most decreased. Indeed, in

mutants that lacked NLC there was a profound decrease in

the larger monomeric form. Moreover, there was a linear rela-

tionship between Qsp of individual mutants and their respec-

tive ratios of the upper monomeric form to the lower mono-

meric form (Fig. 3). Both monomers were detected with

antibodies to the N-terminus of prestin and after stripping

and reprobing with antibodies to the C-terminus of prestin

(data not shown), suggesting that the smaller form of the

protein was misfolded, not truncated. Importantly, when we

used fluorescence activated cell sorting to isolate transfected

cells we noted no difference in prestin expression determined

by YFP fluorescence between mutants with reduced or absent

NLC and wt-prestin (data not shown). Moreover, there were

similar levels of prestin expression on the membrane of

mutants with reduced NLC (Fig. 3). The remarkable difference

in these mutants, as noted above, was that they predominantly

expressed the smaller monomer. Together these data suggest

a subtle misfolding of the protein, but not inadequate surface

expression, as a cause for reduced Qsp in these mutants.

Line scan maps suggest the presence of three dimers

(potentially from upper monomer–upper monomer, upper

monomer–lower monomer, and lower monomer–lower

monomer). However, although there was an impression that

the ratio of the three different dimers in the different mutants

related to that of the two monomers, the gels had insufficient

resolution to consistently separate the different bands with

three distinct peaks. We are therefore unable to quantify the

expression of different prestin dimers and their relationship

to Qsp. This is unfortunate because other work indicates that

dimers form the functional motor subunit of the protein (7,29).
Cysteine 192 substitutes for cysteine 196,
suggesting the formation of disulfide bonds

The two residues C192 and C196 lie in an a helix and would

therefore be predicted to lie in close proximity to one another

in 3D space. We therefore hypothesized that C192 could

substitute for C196 (and vice-versa) in forming disulfide

bonds. NLC in C192S/C395S and C196S/C395S mutants

(as pointed out above C192S–C196S/C395S lacked NLC)

was assayed. As shown in Fig. 4, mutation of C395S with

either C192S or C196S resulted in a recovery in NLC. Simi-

larly, there was recovery of NLC when C381S was mutated

with either C192S or C196S; in contrast, C381S/C192S–

C196S had severely decreased NLC (Table 2). In keeping

with this pattern, two other combinations of mutants

(C192S–C196S/C260S and C192S–C196S/C415S) that

had reduced or absent NLC, showed recovery in Qsp when

mutated with either C192 or C196, alone. Thus C192S/

C260S, C196S/C260S, C192S/C415S, C196S/C415S all

restored Qsp (Fig. 4). We interpret these data to signify the

formation of disulfide bonds by either C192 or C196.

C192S–C196S was the only mutant that showed significant



TABLE 2 Mean NLC parameters of the different combinatorial cysteine mutants and number of cells recorded for each mutant

Mutants

NLC parameter

nQsp Vh z

Wild-type prestin 7.88 5 1.26 �111.30 5 2.94 0.72 5 0.01 25

C192/196/395S 0 20

C192/196/415S 0 11

C260/415S 0 18

C381/415S 0 15

C192/196S 1.97 5 0.22* �127.58 5 3.49* 0.60 5 0.03* 6

C192/196/381S 0.89 5 0.09* �123.36 5 12.48 0.69 5 0.08 4 (18)

C192/381S 5.11 5 1.16 �118.12 5 7.34 0.65 5 0.04 6

C196/381S 3.49 5 0.66 �119.37 5 7.27 0.69 5 0.04 7

C192/395S 1.98 5 0.58* �77.94 5 9.63y 0.68 5 0.04 7

C196/395S 3.35 5 0.73 �90.29 5 6.01* 0.67 5 0.04 7

C192/196/260S 1.55 5 0.32* �119.20 5 2.91 0.62 5 0.04* 6 (16)

C192/260S 3.78 5 0.58 �107.03 5 4.15 0.70 5 0.02 7

C196/260S 4.14 5 0.75 �119.35 5 3.26 0.67 5 0.02 7

C192/415S 1.00 5 0.26* �141.90 5 5.72y 0.63 5 0.05* 5 (16)

C196/415S 1.24 5 0.47* �125.59 5 8.08 0.63 5 0.02y 6 (21)

C192/196/124S 1.20 5 0.24* �124.29 5 1.62* 0.66 5 0.04 6

C381S/C415A 5.78 5 1.56 �90.24 5 6.87y 0.76 5 0.03 6

C395/415S 0.86 5 0.16* �56.46 5 3.36y 0.70 5 0.02 5 (20)

C395S/C415A 3.67 5 0.66 �31.99 5 8.03y 0.62 5 0.02y 8

C192S/C196S/C415A 1.83 5 0.46* �100.06 5 4.1 0.69 5 0.04 5

C52/124/679S 5.21 5 1.38 �136.00 5 7.28* 0.65 5 0.02 5

C260/381/395S 1.62 5 0.20* �102.85 5 9.52 0.50 5 0.02y 7

C260/381S 3.36 5 0.44 �115.18 5 7.44 0.64 5 0.03 6

C260/395S 5.44 5 1.25 �53.04 5 4.38y 0.70 5 0.03 12

C260S/C415A 4.22 5 0.80 �86.47 5 5.18y 0.72 5 0.04 6

C124/260S 6.99 5 1.20 �110.82 5 6.12 0.72 5 0.03 6

C124/381S 3.21 5 0.75 �115.88 5 9.27 0.67 5 0.06 7

C124/395S 6.33 5 1.54 �66.10 5 4.59y 0.66 5 0.03 5

In mutants where the percentage of transfected cells that showed NLC was <90%, the fraction of cells with demonstrable NLC is shown. Values that show

statistically significant differences from wild-type prestin are indicated. Because z the estimated charge carried by a single motor is not significantly changed,

the reduction in Qsp (representing the total charge carried by all the motors per unit area of membrane) suggests that the total number of functional motors on the

surface is reduced.

*p < 0.05.
yp < 0.01).
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alteration in Qsp, Vh, and z. Moreover, any combinatorial

mutation that included C192S–C196S showed absent or

significantly reduced Qsp. These data reinforce our conclu-

sion that either residue C192 or C196 forms a disulfide bond.
Cysteine 415 likely forms a disulfide bond

The only single cysteine mutation that resulted in a signifi-

cant reduction in Qsp was C415S. In this regard, C415S

was similar to the single mutation equivalent of C192S–

C196S, and suggested that C415 should be as influential as

the C192–C196 pair. As suspected, mutation of C415S in

combination with another cysteine residue posited to lie

within the transmembrane segments also resulted in a loss

or near loss of NLC. These include C192S–C196S/C415S,

C260S/C415S, C381S/C415S (abolished NLC), and C395S/

C415S (greatly reduced NLC). One possibility was that

C415 formed a disulfide bond that was critical in maintaining

tertiary structure of the protein important for generating

NLC. Alternatively, because disulfide bonded cysteine resi-
dues are sterically constrained by the bond, in contrast to the

side chain of an unbonded serine residue, we hypothesized

that changes in NLC were because the more freely mobile

serine residue interfered with prestin function. To test this

possibility we mutated C415 to alanine, which has a shorter

side chain and would be predicted to minimally disrupt

secondary structure, and tested NLC of this mutant. Addi-

tionally, C415A was mutated in combination with each of

the following substitutions: C192S–C196S, C260S, C381S,

and C395S. The C415A mutant alone or in combination with

the other cysteine mutations resulted in significant NLC

(Fig. 5). Taken together these data argue that C415 forms

a disulfide bond.
Substitution of all nine cysteine residues did not
hinder dimerization of the protein

Our data suggest that cysteine residues are important for the

generation of NLC. In addition, there is compelling indirect

evidence that cysteine residues in prestin form disulfide
Biophysical Journal 99(1) 85–94



FIGURE 3 Prestin and nonfunctional cysteine mutants of prestin are ex-

pressed on the surface of the cell. (A) To ascertain if mutations in cysteine

residues allowed surface expression, we assayed prestin expressed on the

surface of the cell using a surface biotinylation assay. CHO cells were tran-

siently transfected with prestin-YFP constructs. Plasma membrane proteins

in these cells were labeled using the cell impermeable amino reactive agent,

Sulfo-NHS-SS-Biotin. Surface proteins were isolated using avidin Sephar-

ose beads and the avidin bound protein released by cleavage with dithio-

threitol. The released surface proteins were separated by SDS-PAGE and

the presence of prestin detected by Western blots using an antibody to an

epitope in prestin’s N-terminus (and separately to its C-terminus; data not

shown). The total protein loaded on each column was the same. The lanes

from left to right along with their respective Qsp values and ratios of upper

to lower monomer intensities 5 SE (n ¼ 3) are: 1), wt-prestin (7.88 fC/pF;

1.62 5 0.09); 2), C192S/C381S (5.11 fC/pF; 0.67 5 0.12); 3), C192S/

C196S (1.97 fC/pF, 0.66 5 0.04); 4), C260S/C381S (3.36 fC/pF, 1.01 5

0.14); 5), C192S/ C260S (3.78 fC/pF, 0.94 5 0.1); 6), C260S/C395S

(5.44 fC/pF, 1.51 5 0.22); 7), C395S/C415S (0.86 fC/pF, 0.37 5 0.13);

8), C395S/C415A (3.67 fC/pF, 1.28 5 0.23), and 9), C192S/C196S/

C260S (1.5 fC/pF, 0.447 5 0.09). The positions of the molecular weight

markers are indicated on the right. As is evident, there are two monomeric

forms of prestin-YFP at ~120 kD in wild-type prestin and the multiple

cysteine mutants, although the relative proportions between the two mono-

meric forms varied in the different cysteine mutants. The upper functional

monomer is indicated by a green arrow, whereas the lower nonfunctional

monomer is indicated by the red arrow. Prestin dimers shown in black (at

~250 kD) were present in all the mutants. Furthermore, the total amount

of prestin monomers and dimers on the surface of the cell were similar, sug-

gesting that there were no deficiencies in trafficking to the surface. (B) Plot

of the relationship between Qsp of individual mutants and the ratio between

the upper and lower monomers. The intensities of the different bands were

quantified using a BioRad ChemiDoc XRS imaging system. The ratios

represent the average of three experiments.
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bonds. Given the importance of multimerization in prestin

function (7), we then sought to determine if any of these

cysteine residues were important in multimerization of the

protein. Work by Zheng et al. (25) showed that the addition
Biophysical Journal 99(1) 85–94
of the hydrophobic reducing agent EDT resulted in a reduction

in the amount of dimeric prestin relative to its monomeric

form. Data hitherto mutating several cysteine residues in

combination had no effect on dimerization (Fig. 3). We also

assayed dimerization in prestin-YFP in which all nine

cysteine residues were mutated to serine (ALL9). Cell lysates

from this mutant and from wt-prestin-YFP were separated by

SDS-PAGE. Prestin was detected by Western blotting using

an antibody to its N terminus (Fig. 6). Two features of the

mutant were evident. First, dimers of prestin were evident in

both wt-prestin as well as prestin in which all nine cysteine

residues were mutated. Second, removal of all nine cysteine

residues resulted in a notable apparent reduction in molecular

weight of prestin monomers (and dimers). Because disulfide

bonds were not necessary for prestin dimerization we then

separated the protein using Urea-SDS gels, attempting to

disrupt potential hydrophobic interactions between mono-

mers of the protein. As is evident in Fig. 6 this approach

also failed to disrupt dimer formation. Unexpectedly, mono-

mers of prestin were seen to separate into several closely

interspersed discrete bands. These bands were detected on

Western blots using antibodies to the N-terminus of prestin,

and after stripping and reprobing with antibodies to YFP

(because YFP was fused to the C-terminus of prestin), sug-

gesting that the smaller forms of prestin were not due to signif-

icant proteolytic cleavage (data not shown). Finally, we note

that higher multimers of prestin are likely not detected

because we did not boil our preparations before running gels.
DISCUSSION

Prestin is a protein that underlies cochlea amplification, in

turn responsible for the high sensitivity of mammalian

hearing (2,4). It is an anion transporter (SLC26a5) that is

voltage-dependent, as well (14). Intrinsic charged residues

are displaced during membrane voltage perturbations to

effect conformational changes that drive a robust somatic

motility that provides a boost in signal to the sensory inner

hair cells within the cochlea (16,31). We showed previously

that monomer interactions determined by FRET were

required for normal voltage sensing, because very short trun-

cations of the N-terminus, but not the C-terminus, abolished

FRET and NLC, the electrical signature of OHC electromo-

tility (7). Additionally, sulfhydryl reagents have been shown

to significantly alter NLC and mechanical activity in native

OHCs (21,22). These data raised the possibility that voltage

sensing and multimerization in prestin require disulfide bond

formation.
Combinatorial cysteine substitutions reveal
critical residues for voltage sensing and are
likely involved in disulfide bond formation

We have attempted to discern the role of cysteine residues in

prestin by mutating these residues both individually and in
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together markedly decreases Qsp compared to control. Moreover, mutating them in combination with other transmembrane cysteine to serine residues reduces

Qsp even further (blue). Separate back mutation, either S192C or S196C (red), recovers Qsp, suggesting that C192 and C196 are able to compensate for each

other. For instance, C192S–C196S/C395S and C192S–C196S/C415S (blue) fully abolish NLC. Nevertheless, C395S (or C415S) in combination with either
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combination, and then determining their effects on NLC.

Earlier work had shown that individual mutations only

slightly affected measures of NLC, in line with our results.

However, Zheng et al. (25) raised the possibility that disul-

fide bonds between cysteine residues in the transmembrane

domains were important for oligomer formation. Disulfide

bond prediction programs, which use a host of algorithms,

largely predict an absence of cysteine bonding (A. Surgu-

chev and D. S. Navaratnam, unpublished observation).

However, two caveats apply to these programs; they are

based largely on soluble proteins, and a number of them

rely on empirically established cysteine residue interactions

in homologous proteins (17). Thus, the use of these algo-

rithms for prestin analysis is limited, because six of the

nine cysteine residues reside in predicted hydrophobic trans-

membrane regions. Moreover, there is scarce literature on

cysteine residue interactions in prestin homologs.

Our data provide indirect evidence that residues C415 and

either C192 or C196 are involved in disulfide bond forma-

tion. Our reasoning for imputing the formation of disulfide

bonds for each differs. In the case of C192–C196, the forma-

tion of disulfide bonds by one of these residues is indicated

by the two residues being able to substitute for one another.

In the case of C415, bond formation is indicated based on the

ability of alanine substitution to rescue effects produced by

C415S. We hypothesize that that the unconstrained side

chain of the serine residue interferes with prestin function.
In contrast, the naturally occurring cysteine residue, with

an identical side chain length, is disulfide bonded and there-

fore sterically constrained. We reason that this sterically

constrained side chain is unable to interfere with NLC. Simi-

larly, we reason that the shortened side chain in C415A is

incapable of interfering with prestin function.

It might be argued that differences in hydrophobicity of

alanine, cysteine, and serine, rather than disulfide bond

formation promote NLC generation. However, it is not

clear that hydrophobicity differences between cysteine and

the two substitutes are significant. In fact, the differences

between the hydrophobicity of serine, cysteine, and alanine

are small (32). Of the >30 tabulations of hydrophobicity

the placement of these residues by relative hydrophobicity

are interchangeable. In part, this is because cysteine residues

form disulfide bonds and are prone to lie on the internal

surface of the protein. Some tabulations use position of the

residue on 3D structure as a measure of hydrophobicity.

However, others that use only the physical/chemical proper-

ties of the amino acid find it to be less hydrophobic. Further-

more, the relevance of an amino acid’s hydrophobicity to

structure is questionable (33). To reiterate, we suggest that

disulfide bond formation constrains C415 and allows for

NLC generation.

An obvious pairing would be for C415 to form a disulfide

bond with C192 or C196. However, individual mutations of

these residues do not produce mirror effects on measures of
Biophysical Journal 99(1) 85–94
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FIGURE 5 C415S plays a key role in generating NLC. (A) Qsp values of C415S related mutants are shown. C415S (blue) alone markedly decreases Qsp. In

addition, C415S in combination with other transmembrane cysteine mutants reduces Qsp even further. In contrast, the back mutation C415A alone or in combi-

nation with other cysteine mutants evidenced recovery of Qsp (red). Thus, C192S–C196S/C415S, C260S/C415S, and C381S/C415S completely eliminate
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recorded. (B) Representative NLC traces from wild-type prestin and mutants.
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NLC (Vh, Qsp, and z), as might be expected. The reason for

this could be due to C192 substituting for C196, with muta-

tion of both residues (C192 and C196) producing additional

effects on measures of NLC. Should there be formation of

disulfide bonds between C415 and C192 or C196, we would

anticipate a physical approximation of the two residues,

a feature not especially obvious in the current transmem-

brane models of the protein. Other data indicate that a disul-

fide bond between C415 and C192 (or C196) is unlikely. For

instance, Qsp was significantly decreased when C415S (or

C192S–C196S) was combined with other transmembrane

cysteine residues, but not when combined with nontrans-

membrane cysteine residues (C52S, C124S, and C679S).

Thus, given that intra membranous disulfide bonds are

formed in these cases, the occurrence of a bond between

C415 and C192 or C196 is unfeasible.
Evolutionarily new cysteine residues are among
those residues critical for NLC generation

Of the nine cysteine residues four, C52, C381, C395, and

C679, are conserved between nonmammalian vertebrates

and eutherian mammals (34). In contrast, cysteines in posi-

tions 124, 192, 196, 260, and 415 are not conserved.

Cysteine residues could be important for determining elec-

tromotility, a feature of mammalian prestin but not its non-

mammalian counterparts (35,36). It could be reasoned that

these nonconserved, and evolutionarily newly acquired,
Biophysical Journal 99(1) 85–94
cysteine residues would be more important than cysteine

residues that are conserved between prestin from mammals

and nonmammalian vertebrates. It is interesting that both

C415 and C192–C196 are not found in prestin from

nonmammalian vertebrates, reinforcing the view that these

newly acquired cysteine residues are important for the

structural features in prestin responsible for generating char-

acteristics of gating charge movement that underlie electro-

motility. The data suggesting that these residues are involved

in disulfide bond formation lead us to predict that these disul-

fide bonds are structural (instead of allosteric or catalytic

disulfide bonds). The increased amounts of misfolded

protein on the surface of the cell where these cysteines

have been modified corroborate this prediction. It should

be noted that the removal of cysteines does not predicate

misfolding of the protein but rather increases the probability

of misfolding suggested by a fraction of wt-prestin that is

also misfolded (albeit to a smaller degree).
Alterations in Qsp produced by different cysteine
mutants is due to subtle alteration in folding
and not due to reduced surface expression

The effects of cysteine mutations on prestin could be due to

inadequate surface expression, changes in tertiary/quaternary

structure or a combination of the two. There was no relation-

ship between transfection and expression efficiencies of the

different mutants and its effects on Qsp. Both the expression
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cysteine residues. Cell lysates of CHO cells tran-

siently transfected with prestin-YFP or prestin-

YFP where all nine cysteine residues were mutated

to serine (ALL9) were separated by SDS-PAGE

and prestin was detected by Western blotting using

an antibody to its N-terminus. The position of

molecular weight markers is shown. (A) The

absence of all nine cysteine residues does not influ-

ence the formation of prestin dimers (~250 kD) in

lysates separated by standard SDS-PAGE in the

presence or absence of 5% b-mercaptoethanol.

Prestin monomers and dimers were apparently

smaller in the ALL9 cysteine mutants. (B) Separa-

tion on SDS-PAGE gels containing 6 M urea

before Western blotting did not alter the identifica-

tion of dimers. Prestin dimers in both wild-type

prestin and ALL9 mutants were still detectable in the presence of 6 M urea (and 600 mM EDT), signifying that the formation of dimers did not require disulfide

bonds and resulted from strong hydrophobic bonds. Moreover, the smaller prestin monomers and dimers in the ALL9 mutant were resolved into several

discrete bands. These bands were also detected after stripping and reprobing the blots with antibodies to tagged YFP (data not shown) indicating that altered

folding rather than proteolytic cleavage was responsible for the observed difference in molecular weight between prestin and the ALL9 mutant.
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of YFP tagged protein in the cell determined by fluorescent

activated cell sorting and the total expression of prestin on

the surface of the cell determined by surface biotinylation

had no relationship to Qsp, the electrophysiological measure

of functional prestin on the surface of the cell. Rather, a linear

correlation between the ratio of the upper monomer to lower

monomer and Qsp suggests that the cell expresses a functional

monomer and that Qsp is a measure of this functional mono-

mer. Why does the ratio of upper to lower monomer band

correlate with Qsp? We reason that the misfolded lower

band interferes with prestin function, in a dominant negative

manner, possibly during dimerization of the two forms. In

this way, the absolute amount of upper band monomer

may not necessarily correlate with prestin function.

Although it is known that SLC26A3 can be cleaved at its

N-terminus to produce two bands detectable with C-terminal

antibodies on Western blotting (17), we conclude that the

observed differences in prestin monomers are due to changes

in folding because the two monomers are detected with anti-

bodies to both the N- and C-terminus of prestin. An alternate

possibility that the lower molecular form represents a nongly-

cosylated protein is unlikely. For one, both forms of the

protein would have been exposed to the glycosylation

machinery before insertion into the plasma membrane. For

another, prior experiments have shown absent glycosylation

of prestin in CHO cells (7). Moreover, removal of glycosyl-

ation results in a functional protein. Importantly, these data

question the use of prestin surface expression determined

by fluorescence as a measure of adequate surface delivery,

as has been done by many groups including ours. Our data

suggest an alternative and more accurate test—adequate

surface delivery of properly folded protein. Conversely, we

believe the data in this study substantiate the idea that Qsp,

in the absence of significant changes in z, to be a good

measure of functional protein on the surface of the cell.
Dimer formation is a result of strong van der Waals
forces and does not require disulfide bonds

Previous experiments by Zheng et al. (25) suggested that

disulfide bonds were important in the formation of prestin

dimers. However, the formation of prestin dimers in the

absence of all nine cysteine residues leads us to conclude

that disulfide bonds are not essential for the formation of pres-

tin dimers, in line with another recent study (29). The presence

of prestin dimers in multiple cysteine mutations involving

different cysteine residues further validates our reasoning.

We think it unlikely the alternative explanation that mutation

of all nine cysteines resulted in a misfolding of the protein that

then led to dimerization of this misfolded protein through

interactions of novel exposed hydrophobic surfaces. On the

other hand, although not essential for dimer formation, we

are unable to confirm if disulfide bonds contribute to prestin

dimer maintenance. For instance, disulfide bonds stabilize

dimers in the enzyme acetylcholinesterase, but are not

required for their formation (37). In any case, the presence

of dimers in 6 M urea in mutants lacking all nine cysteine resi-

dues implies very strong hydrophobic interactions between

prestin monomers. In the absence of evidence showing inter-

molecular disulfide bond formation in prestin, we posit that

cysteine residues are constrained by intramolecular disulfide

bonds that are important for normal voltage sensing and

mechanical activity in prestin.
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Current carried by the Slc26 family 
member prestin does not flow 
through the transporter pathway
Jun-Ping Bai1, Iman Moeini-Naghani1, Sheng Zhong2, Fang-Yong Li3, Shumin Bian1, 
Fred J. Sigworth4, Joseph Santos-Sacchi2,4,5 & Dhasakumar Navaratnam1,2,5

Prestin in the lateral membrane of outer hair cells, is responsible for electromotility (EM) and a 
corresponding nonlinear capacitance (NLC). Prestin’s voltage sensitivity is influenced by intracellular 
chloride. A regulator of intracellular chloride is a stretch-sensitive, non-selective conductance within the 
lateral membrane, GmetL. We determine that prestin itself possesses a stretch-sensitive, non-selective 
conductance that is largest in the presence of thiocyanate ions. This conductance is independent of 
the anion transporter mechanism. Prestin has been modeled, based on structural data from related 
anion transporters (SLC26Dg and UraA), to have a 7 + 7 inverted repeat structure with anion transport 
initiated by chloride binding at the intracellular cleft. Mutation of residues that bind intracellular 
chloride, and salicylate treatment which prevents chloride binding, have no effect on thiocyanate 
conductance. In contrast, other mutations reduce the conductance while preserving NLC. When 
superimposed on prestin’s structure, the location of these mutations indicates that the ion permeation 
pathway lies between the core and gate ring of helices, distinct from the transporter pathway. The 
uncoupled current is reminiscent of an omega current in voltage-gated ion channels. We suggest that 
prestin itself is the main regulator of intracellular chloride concentration via a route distinct from its 
transporter pathway.

Outer hair cell (OHC) electromotility is at the heart of cochlear amplification, a mechanism responsible for the 
mammal’s ability to hear sounds of extremely low intensity1,2. Prestin is a member of the SLC26 anion transporter 
family that now includes 10 members, and was initially identified in a search for the OHC lateral membrane 
motor3–5. Subsequent experiments have confirmed that prestin (SLC26a5) is required for electromotility and 
has all the properties including electromotility (EM) and non-linear capacitance (NLC) of the voltage-driven 
motor in OHCs6–9, expanding and contracting up to several thousand Hz10. Recent modeling and experimental 
data have established that it most likely has a structure similar to the distantly related bacterial uracil transporter 
UraA11,12, and this is now corroborated by the crystal structure of the more closely related bacterial homologue 
SLC26Dg13. This modeling experiment, that shows prestin with a 7 +  7 inverted repeat structure, supersedes 
previous models suggesting similarity of the SLC26 family to the ClC bacterial chloride transporter/ion channel 
family12,14,15.

Intracellular chloride anions play a critical role in prestin’s function16, setting, in an allosteric-like manner, its 
operating voltage range and affecting transition rates between expanded and contracted states17,18. How intracel-
lular chloride levels are regulated in OHCs remains largely unknown. A dominant stretch-sensitive, non-selective 
conductance, GmetL, has been observed in the lateral membrane of OHCs, and awaits molecular identification19. 
An obvious candidate would be prestin itself, although its ability to transport anions has been controversial. An 
initial model suggested a complete absence of transmembrane ion flux; instead, chloride movement in a truncated 
cycle of transport was hypothesized to act as the protein’s voltage sensor16. Many subsequent observations have 
challenged this hypothesis17,19–24. Additionally, experiments have shown formate and oxalate uptake based on 
isotopic flux20 (although one report failed to do so25), and HCO3

−/Cl− exchange at a 2:1 ratio generating small 
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transporter currents26. Interestingly, large currents associated with prestin expression arise in the presence of the 
pseudohalide thiocyanate, similar to uncoupled currents in SLC26a6 and SLC26a314,15,27. In this paper we show 
that prestin itself has a tension-sensitive, non-selective leakage conductance similar to GmetL that operates inde-
pendently of its putative transporter pathway.

Results
Schänzler and Fahlke27 demonstrated an uncoupled conductance for SCN− ions that correlates with the expres-
sion of prestin. We find that expression of prestin induces currents in the absence of SCN−, as well. In the pres-
ence of Cl−, we observed a current in tet-inducible, prestin expressing HEK cells28, which is significantly larger 
than currents in untransfected or uninduced HEK cells (Fig. 1A,B). The current, several hundred pA per cell 
in symmetrical chloride solutions, shows a non-linear voltage dependence, similar to the non-selective current 
(ImetL) observed within the lateral membrane of OHCs29. The size of the current correlates with the magnitude 
of prestin-associated, voltage-dependent NLC, the electrical signature of OHC mechanical activity, indicating 
that the current is associated with prestin successfully expressed on the surface of the HEK cell (Fig. 1C). Further 
evidence that prestin carries this current is shown by the parallel increases of current and NLC magnitudes upon 

Figure 1. Prestin expression induces a current. (A) Voltage dependence of gating charge (NLC) and current, 
recorded in the presence of Cl− after tetracycline induction of prestin expression in a HEK cell. There is a 
large non-linear capacitance (left axis, with a Qmax of 302 fC, z of 0.81e) accompanied by a voltage dependent 
current (right axis, current, in red, of 0.64 nA for voltage range of − 160 mV to 110 mV. In blue is the current 
of a control cell). (B) I-V relationship of average currents of cells after tetracycline induced prestin expression 
(n =  16) is compared to native HEK cells (n =  10). Prestin expression is associated with a significant increase 
in voltage dependent current (p <  0.001, mixed model analysis for correlated measures). Pipette solution 
contained 100 mM KCl, 20 mM TEACl, 20 mM CsCl, 2 mM CoCl2, 2 mM MgCl2, 5 mM Hepes, pH 7.2 and the 
bath solution contained 100 mM NaCl, 20 mM CsCl, 5 mM EGTA, 2 mM MgCl2, 10 mM Hepes, pH 7.2. Error 
bars are standard error. (C) There is a linear relationship between size of prestin induced currents and NLC. 
The difference in current at 110 mV and − 150 mV is plotted against total charge movement (Qmax) of individual 
cells. Green triangles are cells after tetracycline induction (n =  27), red triangles are from cells stably expressing 
high levels of prestin (n =  5) and circles are currents from untransfected HEK cells (n =  6). The line represents 
a simple linear regression in tetracycline induced cells (R =  0.78, n =  27). D. Increased surface expression 
of prestin after Golgi release is temporally associated with an increase in current. Inducible cell lines were 
maintained at 22 °C for 24 hours to allow accumulation of prestin in the Golgi immediately after tetracycline 
induction. Cells were then continuously recorded using a two-sine protocol and the bath temperature raised to 
37 °C. There is increasing prestin expression on the surface of the cell evidenced by time dependent increase in 
NLC (upper left, single cell; upper right, four cells) that is correlated with increasing currents (lower left, single 
cell; lower right, four cells).
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delivery of prestin to the plasma membrane after release of low-temperature Golgi block (Fig. 1D)30. This effect 
was clearly demonstrated in 8 cells (four cells are shown in Fig. 1D).

Absence of ion selectivity of the conductance was shown by substitution of anions and cations in both the intra-
cellular and extracellular solutions; no substitutions resulted in clear change in the size of these currents, except 
for the large cation NMDG+ (Fig. 2A, B). Moreover, there was no change in the I-V relationships (Fig. 2A, B).  
The anion substitution data also suggest that the current was uncoupled: extracellular substitution of Cl− with the 
anion malate did not affect the size of the current or its reversal potential (Fig. 2A). A similar effect was seen with 
oxalate, IO3, and methanesulfonate (data not shown). Each of these ion replacements is known to cause a shift of 
up to 50 mV in the NLC voltage operating range17. Similarly, substitutions of intracellular and extracellular K+ 
and Na+ with other ions (Na+, K+ or Tris+) did not affect the size of the current or its reversal potential (Fig. 2B). 
In contrast, when extracellular Na+ was replaced with NMDG+, we note a significant decrease in the size of the 
current (Fig. 2B). NMDG+ substitution affected both outward and inward currents, as might be expected from a 
pore-block mechanism. Further confirming the non-selective nature of the conductance, we observed a decrease 
in the size of the current at both depolarizing and hyperpolarizing voltages when extracellular KCl was decreased 
from 140 to 14 mM (the pipette solution contained 140 mM KCl, setting the intracellular concentrations) while 
300 mOsm extracellular osmolarity was maintained with sucrose. The reversal potential shifted by − 15 mV + 
/−  2 mV with 14 mM extracellular KCl, and is consistent with a calculated permeability ratio of 0.45 for Cl− rel-
ative to K+ (2C,D). Consistent with the current being carried by a non-selective “open pore”, we note that cells 
expressing prestin show significant depolarization, relative to controls, in resting membrane potential, deter-
mined immediately after establishing the whole cell configuration under current clamp (Fig. 2E).

Similar to the Schänzler and Fahlke observation27, we find larger uncoupled currents (nA magnitude) in 
prestin-expressing cells in the presence of thiocyanate (Fig. 2F), also akin to the effect observed in Slc26a3 and 
Slc26a614,15,27. As expected for a current predominantly carried by SCN−, the current was directed outward with 
extracellular thiocyanate and inward with intracellular thiocyanate. The reversal potential with extracellular 
SCN− (in millimolar: 100 SCN− and 44 Cl− in the bath; 122 Cl− in the pipette with Na+ as the counterion in the 
pipette and bath solutions), was − 29 ±  2 mV. We calculate a permeability ratio of 0.27 for Na+ and 0.11 for Cl− 
relative to SCN−. These permeability ratios are underestimates, and most probably they are discordant due to the 
background conductances that are also seen in control HEK cells (Fig. 2).

In the presence of thiocyanate, voltage step-induced currents were instantaneous in onset and showed no 
deactivation (Fig. 2F, inset). We observe a similar instantaneous onset with no deactivation with Cl− substitution 
(data not shown). The shape of the I-V relationship is similar to that observed with Cl− as the dominant intra and 
extracellular anion, with increasing slope upon both depolarization and hyperpolarization. This I-V relationship 
would be expected from a channel having a large central energy barrier and whose currents are sufficiently small 
to exclude diffusion limitation. A symmetrical, single-barrier channel model, which yields a hyperbolic sine I-V 
relationship, fits the data well (Fig. 3) but with a reduced voltage dependence, obtained by setting the valence to 
0.75 instead of unity. This effect could arise from a broadened central barrier, or from the presence of barriers 
at slightly different locations for different ion species and polarities. According to the fitted model with external 
SCN− and internal Cl− the ratio of permeabilities P ≈  6.

As shown in Figs 2 and 4, a similar but smaller whole-cell current was observed when cyanate replaced thio-
cyanate. These anion substitutions were notable for effects on the Boltzmann parameter Vh of NLC: while small 
shifts in Vh were noted when switching from chloride to thiocyanate, much larger effects on Vh were found with 
cyanate; on the other hand, significant effects on Qmax were found with both anions (Fig. 4B, Table 1).

Notably, currents in the presence of thiocyanate and extracellular Cl- were unaffected by application of salic-
ylate that, however, eliminated NLC (Fig. 4C,D, and Supplementary Figure 1). These data argue against a trans-
porter mechanism as the origin of the current since salicylate binds to the intracellular Cl- binding site and has 
been shown to reduce transporter currents31 and inhibit NLC32,33. Consistent with this observation, the use of 
1 mM DIDS, the well-established blocker of anion transport34–36, did not affect the size of these currents in the 
presence of thiocyanate, nor did it affect NLC (Fig. 4C,D). Application of membrane tension by exposing the cell 
to a fluid jet of extracellular solution resulted in a decrease in the size of the current in the presence of thiocyanate 
and an increase in the size of the current in the presence of chloride and cyanate (Fig. 4E,F, for comparison see 
Supplementary Figure 2 for the size of effects of pressure on currents of HEK cells not expressing prestin). We 
observed a similar effect in guinea pig OHCs with large outward currents in the presence of extracellular thiocy-
anate that decreased in size in the presence of fluid jet stimulation (data not shown).

An estimate of the unitary current of a prestin-associated channel can be obtained as the whole-cell current 
normalized by the number of prestin molecules. This number can be derived from the magnitude of NLC37. In 
this way we estimate that at + 50 mV the unitary currents are 0.010 fA and 0.062 fA with extracellular Cl- and 
thiocyanate, respectively.

Another approach to determining the size of unitary currents is fluctuation analysis. Schänzler and Fahlke27 
observed fluctuations in thiocyanate currents having a 1/f spectral density in whole-cell recordings. Because, 
however, the variance of the fluctuations had no clear relationship to the mean current, they concluded that 
the unitary currents were too small to be estimated with any reliability. We chose instead to record currents in 
excised patches to obtain higher sensitivity. Individual patch experiments (with patches of 1–2 mm2) from prestin 
expressing cells demonstrate an increase in average current of + 11.94 pA (+ 50 mV) and − 12.56 pA (− 50 mV), 
and + 7.73 pA (+ 50 mV) and − 10.36 pA (+ 50 mV) over HEK cells in the presence of thiocyanate and chloride, 
respectively.

In the presence of Cl− and SCN− we also observed fluctuations with a power-law frequency dependence, 
approximately 1/f, whose magnitude clearly depended on membrane potential (Fig. 5A,C). The variance of the 
fluctuations was computed in two steps. First, the spectral density at 0 mV applied potential was taken to be 
the background spectrum, and was subtracted from spectra obtained at + 50 mV or − 50 mV (Fig. 5B,D). The 
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Figure 2. Prestin expression is associated with a non-selective current that is augmented with thiocyanate. 
(A) Substitution of extracellular NaCl with NaMalate did not affect the size of the current (P >  0.05, n =  7) or 
affect the reversal potential. (B) Extracellular substitution of Na+ with NMDG+ significantly reduced the size 
of the currents (P <  0.001, n =  10). In contrast, substitution with Tris+ did not affect the current size or shift 
reversal potential. (C) Prestin associated currents are non-selective. In prestin expressing cells the substitution 
of 14 mM extracellular KCL with 140 mM KCL, while maintaining pipette (intracellular) KCL at 140 mM, results 
in an increase in the size of the whole-cell current at both depolarizing and hyperpolarizing voltages (p <  0.05, 
n =  7; + /− SEM). In induced cells the reversal potential is 1.2 mV (+ /− 3.6, n =  7) with symmetrical 140 mM 
KCl and − 14.7 mV (+ /− 3.9, n =  7) with 14 mM extracellular KCl. These data are consistent with permeability 
ratios for K+: Cl− of 1: 0.45. (D) Subtraction of baseline currents in uninduced cells from currents after prestin 
induction confirms the non-selective nature of the prestin associated current. (E) Resting membrane potentials 
recorded in current clamp mode immediately after achieving the whole cell configuration show significant 
depolarization in prestin expressing cells to − 15.4 mV (+ /− 2.9 SE, n =  11) compared to − 26 mV (+ /− 4.8 
SE n =  7) in uninduced HEK cells (p <  0.05, students t test). (F) I-V relationships show a non-linear voltage 
dependent current with cyanate and thiocyanate. Average currents corrected for the size of the cell after 
induced expression of prestin in HEK cells are compared with currents in uninduced HEK cells before and 
after perfusion with 100 mM NaOCN, and 100 mM NaSCN (+ /− SE). Currents increase significantly in prestin 
expressing cells compared to HEK cells in the presence of extracellular Cl− (P <  0.001, n =  16 prestin, n =  5 
HEK), OCN− (p <  0.001, n =  3 prestin, n =  5 HEK) and SCN− (p <  0.001, n =  17 prestin, n =  5 HEK) with the 
largest effects seen with SCN−. Inset: Thiocyanate current activates instantaneously and shows no deactivation. 
Prestin currents were recorded in a cell perfused with 100 mM NaSCN (holding at 0 mV, − 150 to + 150 mV with 
20 mV steps of 50 ms duration).
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variance was then calculated as the integral of the subtracted spectrum over the frequency bandwidth of 0.1 to 
1000 Hz. Very rough estimates of the unitary current can be made from the ratio of the variance to the mean 
current, yielding values of about ± 2 fA at ± 50 mV driving force in chloride solutions, and about 5 fA for outward 
current carried by SCN− at + 50 mV (Table 2).

This simple estimation of the elementary current magnitude is very approximate because it is based on sev-
eral assumptions. First, it assumes switching between open and closed states, with a low probability of the open 
state. Second it is assumed that the fluctuations are approximately confined to the 0.1 to 1000 Hz frequency band. 
Finally, the use of the spectral density at 0 mV as the background estimate is not strictly correct for currents hav-
ing a nonzero reversal potential. However, as the variance depends quadratically on the current, which is small at 
0 mV, the error from this approximation is probably smaller than the errors arising from the other assumptions.

The power spectrum of current fluctuations in well-behaved transporters and gated ion channels typically 
shows one or more Lorentzian components38–43. A power-law decay, like the one observed here over a range 
of four orders of magnitude in frequency, is instead consistent with fluctuations having a broad distribution of 
relaxation times. The estimated unitary currents are far too small to be visible in patch recordings, and consistent 
with this, no channel events were visible in the traces recorded at ± 50 mV. However, at large voltages such as + 
120 mV, channel-like activity could be seen (Fig. 5E). We assume that these very large currents arise from different 
channels than those under study here.

To date there are scant structural data on eukaryotic Slc26 transporters. However, recently, prestin was mod-
eled, with confirmatory molecular dynamics simulations and experimental evidence, to closely fit the crystal 
structure of a bacterial uracil transporter, UraA, that is distantly related to the SLC26 family11,12. A recent paper 
has observed an almost identical 7 +  7 inverted repeat structure in the more closely related bacterial homologue 
SLC26Dg, a facilitator of proton-coupled fumarate symport from Deinococcus geothermalis13. For our analyses, 
we use the 3D crystal structure of UraA as the template (see Supplementary Figure 3 for the sequence alignment 
using HHpred), as there are better structure-function correlates in UraA than in SLC26Dg. Several key residues 
in UraA that bind to uracil and are critical for transport are conserved in prestin, including S398 and F137 based 
on hidden Markov model homology (HHpred). Of these residues E290 in UraA, corresponding to S398 in pres-
tin, is modeled to bind to uracil close to its intracellular cleft. Similarly, F73 in UraA, corresponding to F137 in 
prestin, binds to uracil and acts as a barrier for its escape to the periplasmic surface12. We reasoned that mutation 
of these residues in prestin would reduce the easily measurable thiocyanate currents if prestin were to mediate 

Figure 3. Single-barrier model I-V fits. Plotted is whole-cell current density in prestin-induced cells (n =  19) 
after subtraction of the corresponding current in control HEK cells (n =  19) in (A) symmetrical 140 mM KCl− 
or (B) with extracellular SCN− replacing Cl− (+ /− SEM). Curves are fitted with a single-barrier current-voltage 
relationship.
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these currents via its transporter pathway. However, mutation of these residues to alanine had little effect on the 
size of thiocyanate currents but they did shift Vh of NLC (F137A did not have detectable NLC likely since Vh was 
so shifted; membrane targeting was confirmed by confocal microscopy (Supplementary Figure 4)). We interpret 

Figure 4. Currents and NLC associated with prestin are separable. (A,B). Shown are NLC (A) and currents 
(B) in a single cell perfused with extracellular Cl−, OCN− and SCN−. SCN− increases current significantly and 
affects gating charge, while OCN− causes a slight increase in current while causing a hyperpolarizing shift in 
Vh. (C,D) Extracellular salicylate (20 mM) has no effect on currents (C) in the presence of extracellular SCN−, 
while reducing NLC (D). 1 mM DIDS does not affect NLC or SCN− current. Shown are average tracings from 
three cells (+ /− SEM). (E,F) The effects of fluid-jet pressure on the size of the current are dependent on the 
conducting anion. With Cl− in the bath solution there is an increase in the size of the current with exposure of 
the cell to a fluid jet (E). In contrast, in the presence of extracellular SCN−, the size of the current decreases with 
exposure to a fluid jet (F). Shown are average tracings from 10 cells (+ /− SEM).
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these data as consistent with a model of Na+, Cl− and thiocyanate movement through the protein independent of 
its transporter pathway (Fig. 6A). We note that mutation of F137A did produce a positive shift in SCN− reversal 
potential, although an increase SCN− conductance is not borne out in the size of SCN− currents at − 130 mV. One 
possible explanation for the shift in reversal potential is of a decrease in cation conductance in the presence of 
thiocyanate.

In contrast to the absence of effects on thiocyanate or chloride currents from mutation of residues correspond-
ing to those in the UraA binding pocket, we note marked reductions in SCN− currents with charge neutralizing 
mutations of several charged residues in prestin’s transmembrane domains (Fig. 6B). The side chains of these 
residues reside at the interface between the core and gate domain (Fig. 6D–F). These mutations (K227Q, K359Q 
and D485N) in three widely separated alpha helical transmembrane domains 5, 8 and 14, preserved NLC (Table 3, 
Fig. 6C), thus confirming surface expression of functional molecules. Examining the modeled structure of prestin 
reveals a potential accessory pathway, which links these widely separated residues that lie in physical proximity 
in its tertiary structure, independent of the suspected substrate binding site between the alpha-helical regions 
of TM3 and 10. Indeed, this pathway allows access to the inner membrane surface while access to the external 
surface is partially obstructed by a loop linking transmembrane domains 3 and 4. Significantly, an additional 
mutation, R463Q, that also reduced SCN− currents, lies in an unstructured loop linking transmembrane domains 
12 and 13. It lies at the intracellular cleft of the transporter and is in a potential pathway linking the extracellular 
medium and the envisaged accessory pathway. Note however, that our model is based on the structure of UraA 
and SLC26dg both of which capture a single state, namely an inside open conformation. Determining the exact 
pathway of the non-selective conductance will require more structural data particularly of the outside open and 
other intermediary conformations.

Discussion
Prestin has evolved to facilitate hearing in mammals by enhancing auditory thresholds by up to 1000 fold, through 
cochlear amplification1,2. Since it is a member of the SLC26 anion transporter family, it is no surprise that anions, 
chiefly intracellular chloride, control many of its biophysical characteristics16–18. It is paramount that intracellular 
chloride homeostasis be understood, since chloride manipulations have been shown to reversibly abolish coch-
lear amplification44. Here we present evidence that prestin, itself, provides a stretch-sensitive leakage pathway for 
anions that is independent of its transporter pathway, thereby providing a potential feedback system driven by the 
protein’s voltage-induced mechanical activity. A similar non-selective current, GmetL, has been observed along 
the lateral wall of outer hair cells19. Initially, we believed these currents were independent of prestin since the 
current in outer hair cells had different voltage sensitivity than NLC17,29. However, our new data require that we 
reexamine the role of prestin in the non-selective currents observed along the lateral wall of outer hair cells19,29.

Previous studies have characterized an ionic conductance in the SLC26 transporter family in the presence of 
SCN−. In prestin, we find that this conductance is also demonstrable in the presence of Cl− as the main anion. 
Our major findings can be summarized as follows. First, there is clear evidence to associate this conductance with 
prestin: 1) in individual cells the conductance increases with prestin expression and is proportional to NLC. 2) the 
conductance appears with the same time course as NLC upon release of Golgi block. 3) Mutations in prestin affect 
the current. An alternative possibility that a prestin associated protein contributes to the current could account 
for the first two observations. However, the third observation strongly suggests that the current is carried by 
prestin itself. Moreover, two other SLC26 family members have been demonstrated to have an uncoupled current 
in the presence of SCN− 14,15.

Our second major finding is that the conductance is carried by a pathway different from the Cl− transport 
pathway in prestin. Evidence for this is: 1) mutation of residues that are modeled to bind intracellular Cl−, the first 
essential step in the transporter cycle, do not affect the size of the current. 2) salicylate, which in non-mammalian 
homologs has been shown to block the transporter current while simultaneously blocking NLC, has no effect on 
the size of the current. 3) single point mutations have effects on the size of the current or on NLC but not both. 
Since mutation of F137, that we speculate based on homology to UraA to be involved in the transporter cycle, 
changed the reversal potential in the presence of SCN-, it is possible that the alternative leakage pathway shares 
some commonality with the transporter pathway. In this context, owing to data that prestin and many similar 
transporter proteins form dimers and since the charge mutations that affected current are in proximity to its 
dimer interface, it is possible that the leakage pathway may in fact lie within the dimer interface45–50.

The unusual current-voltage relationship can be explained by a channel having a high central energy barrier 
to ion transport. Consistent with this possibility we note small unitary currents in the fA range. We conclude 
that prestin forms at least part of an independent pathway for ions to cross the membrane. Mutations suggest 
that the pathway is located between the core and gate domains of the 7 +  7 inverted repeat structure. In this way 

Prestin stable line Qsp (fC/pF) Vh (mV) z n

extracellular Cl− 20.32+ /− 2.21 − 96.26+ /− 3.37 0.74+ /− 0.02 19

extracellular SCN− 15.32+ /− 1.68 − 101.34+ /− 2.49 0.81+ /− 0.02 19

extracellular OCN− 9.08+ /− 1.74 − 141.72+ /− 3.94 0.76+ /− 0.02 6

Table 1.  Effects of extracellular substitution with the pseudohalides OCN− and SCN− on parameters of 
NLC in tetracycline inducible HEK cell line. Specific capacitance was reduced by both extracellular OCN− 
and SCN− with Vh shifted to more hyperpolarizing voltages. The effects were more pronounced with OCN−. 
Additionally, SCN− also increased estimates of single charge movement (z).
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the pathway is reminiscent of the omega current pathway in voltage gated channels. There a nonselective cation 
current is carried by voltage-sensor domains, in a structure entirely separate from the ion-selective pore of these 
channels.

Our whole cell and patch analyses provide disparate estimates of unitary currents. One explanation could be 
that only a fraction of prestin molecules show a leakage conductance, as our whole-cell estimates are based on 
normalization with the total population of prestin molecules derived from NLC. By contrast, the noise analysis 
provides estimates solely from active channels within a patch (without normalization to NLC as above). We also 
note that the relative conductances for Cl− and SCN− differed between whole cell recordings and excised patches. 
These discrepancies between recording approaches could very well be explained by the effects of an increase in 
membrane tension in excised patches, given the conductance’s tension dependence (Fig. 4E and F).

The non-selective nature of the prestin associated currents and its small size is somewhat at odds given our 
current understanding of the selectivity filters in ion channels. Perhaps the mechanical model gleaned from struc-
tural data of the unrelated EAAT transporter that has a similar leakage conductance (albeit limited to anions) has 

Figure 5. Noise analysis of currents in prestin expressing cells. (A) Currents in inside-out patches from 
prestin-expressing cells were recorded in symmetrical 140 mM Cl− solutions at − 50 mV (red line), 0 mV and + 
50 mV (blue line) for 10 seconds. Spectra from 11 patches were averaged. Spectra are plotted after subtraction of 
the 0 mV background spectrum. The frequency dependence is well described by a power-law decay plus a shot-
noise (constant, green dotted lines) component with no apparent Lorentzian components. (B) Corresponding 
averaged, subtracted spectra obtained from same inside-out patches with 100 mM NaSCN on the intracellular 
side. As expected, noise is larger for currents at + 50 mV where, by convention, the movement of SCN− current 
is inward, although the size of the mean patch current at + 50 mV (Table 2) is similar to that at − 50 mV 
(Table 2). Reference lines of 1/f and 1/f2 slopes accompany data plots as visual aids. (C) Consistent with the 
small unitary currents estimated from the noise variance, no ion-channel events were visible except at extreme 
potentials such as + 120 mV. Representative recordings are shown from excised inside out patches of HEK cells 
(left) and HEK cells with prestin expression (right) held at 0, 50 and120 mV in the presence of 140 mM Cl− and 
100 mM SCN−/40mMCl−.

Variance, σ2 
(A2)

Mean patch current, 
<I> (pA)

Estimate of single channel 
current σ2/<I> (fA) n

− 50 mV Cl−/Cl− 1.66e-26 − 11.9+ /− 5.5 − 1.40 11

+ 50 mV Cl−/Cl− 2.40e-26 12.6+ /− 5.6 1.91 11

− 50 mV Cl−/SCN− 1.58e-26 − 16.3+ /− 5.4 − 0.97 11

+ 50 mV Cl−/SCN− 7.19e-26 14.8+ /− 5.3 4.87 11

Table 2.  Noise analysis of inside out patches demonstrate increased variance with SCN− during 
depolarization. Inside out patches from induced HEK cells expressing prestin were recorded for 10 seconds in 
each condition. The table lists variance of currents, σ 2 (A2) with symmetrical Cl− and after perfusing with SCN− 
(with Cl− inside the electrode) at − 50 mV and + 50 mV. Also shown are mean currents, < I>  (re: 0 mV), and 
estimates (σ 2/< I> ) of single channel currents in each of the conditions.
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Figure 6. SCN− currents in prestin suggest an ancillary pathway independent of the transporter pathway. 
(A) Mutation of residues critical for Cl− binding, the first step in transport, has no effects on SCN− currents. 
Average currents of CHO cells expressing prestin (n =  5), F137A (n =  4) and S398A (n =  7) show no differences 
(+ /− SEM). Currents, after correction for background currents, were divided by linear capacitance to correct 
for differences in cell size and plotted against voltage (F137A did not have easily measurable NLC, so the 
more rigorous normalization to NLC was not possible). Cells show large inward currents in the presence 
of intracellular SCN− (100 mM) at depolarizing voltages. Intracellular SCN− was used since the residue 
corresponding to S398 lies closer to the inner cleft of the transporter pathway and binds to intracellular uracil 
in UraA; the residue corresponding to F137 acts as a barrier to the diffusion of uracil to the exterior surface. 
(B) Neutralization of charged residues lying outside the transporter pathway reduce SCN− currents. Average 
currents of CHO cells expressing K227Q (n =  7), K359Q (n =  7), R463Q (n =  9), and D485N (n =  18) show 
significantly reduced currents in the presence of extracellular SCN− (p <  0.001). To account for variations in 
expression, current averages for each mutant construct, after correction of average background currents, were 
normalized by the NLC charge Qmax, and plotted against voltage. (C) NLC traces from residues (K227Q, K359Q 
R463Q and D485N) where mutation affected SCN− currents but had measurable NLC, and of mutations in the 
transporter pathway (F137A and S398A). (D–F) The location of residues that line a potential accessory pathway 
are shown on the structure of prestin modeled on the crystal structure of the bacterial uracil transporter UraA 
rendered with Chimera11,12. The core domains are colored blue and the gate domains colored in pink. (D–F) 
are the molecule viewed from above, the side and below respectively. In the potential accessory pathway lined 
by alpha helices 5, 8 and 14, the contained amino acids K227, K359 and D485, and R463, that lies in the loop 
connecting helices 12 and 13, are colored purple. Residues modeled to bind intracellular chloride (F137 and 
S398) are colored orange.



www.nature.com/scientificreports/

1 0Scientific RepoRts | 7:46619 | DOI: 10.1038/srep46619

bearing51. In this transporter, the anion leakage pathway is not evident in the crystal structures of the many per-
mutations of the transporter cycle including inside open, outside open and several intermediate states. Molecular 
dynamics simulations, however, show a conductance pathway that opens several 100 s of nanoseconds after appli-
cation of voltage. Experimental observations confirm such a pathway. The absence of an anion leakage pathway in 
the many conformations of the transporter cycle of EAAT crystal structures suggests that the pathway is a tran-
sient opening. In prestin, as well, the even smaller size of unitary currents may represent much briefer openings 
in the leakage pathway. In this respect, the block of the non-selective current in prestin by charge neutralization 
of both positive and negatively charged residues may result from reduced hydrophilicity, preventing water move-
ment that is modeled to precede ionic movements in EAAT.

Our data suggest that currents carried by prestin’s leakage conductance could affect Cl− in OHCs. A sim-
ilar conductance in the lateral membrane of OHCs has been demonstrated, and Cl− ions have been shown to 
affect the voltage sensitivity and affect the speed of transitions from expanded to contracted states of prestin. 
Although the current carried by individual molecules of prestin is small, the presence of large numbers of prestin 
in the lateral membrane of OHCs (estimated to be upwards of 106 per OHC) likely makes this current important. 
Consistent with this possibility, expression of prestin at high levels in HEK cells has a major effect on its resting 
potential. A similar role has been established in the leakage conductance of EAAT1/2 in glial cells in the cerebel-
lum, that show developmental expression, reducing intracellular chloride52.

Methods
Cell culture. Chinese hamster ovary (CHO) cells were cultured in Hams-F12 medium (high glucose), con-
taining 50 U/ml each of penicillin and streptomycin, 10% fetal bovine serum, 2 mM L-glutamine at 37 °C in a CO2 
incubator (5%).

HEK293 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, high glucose) containing 50 U/
ml each of penicillin and streptomycin, 10% fetal bovine serum at 37 °C in a CO2 incubator (5%).

The tetracycline-inducible, highly-expressing monoclonal prestin HEK 293 cell lines were reported previ-
ously28. Cells were cultured in modified DMEM mentioned above. In addition, 4 μ g/ml of blasticidin and 130 μ 
g/ml of zeocin were supplemented in the growth media to maintain prestin expression. Tetracycline (1 μ g/ml) 
was added to the cell growth medium to induce prestin expression. Cells were recorded after 24 to 72 h after 
tetracycline-induction.

Mutagenesis. Single amino acid substitutions were generated using QuickChange II site-directed mutagen-
esis kit (Stratagene, La Jolla, CA) with a gerbil prestin (genbank AF2303763)-YFP in pEYFPN1 vector (Clontech, 
Mountain View, CA) as a template. All mutations were confirmed by DNA sequencing.

Transient transfection in CHO cells. Transfection of constructs into CHO cells (CHO-K1.ATCC®  CCL-
61™ ) was done using Fugene 6 (Promega, Madison, WI) according to the manufacturer’s instructions, in 24-well 
plates. Cells were recorded 24–72 h after transfection.

Electrophysiological Recording. Prestin stably expressed in a tetracycline inducible HEK line or tran-
siently transfected into CHO cells were recorded using a whole-cell configuration at room temperature using an 
Axon 200B amplifier (Molecular Devices, Sunnyvale, CA), as described previously28. Cells were recorded 24–72 h 
after tetracycline induction or transfection to allow for stable measurement of current and NLC. A series of bath 
solutions with different anions/cations were used. The standard base solution components were (in mM): TEACl 
20, CsCl 20, CoCl2 2, MgCl2 2, Hepes 5, pH 7.2. In addition, for anion substitutions the following were added 
(separately) to the base solution (in mM): NaCl 100, NaSCN 100, NaOCN 100, NaIO3 100, Na Methanesulfonate 
100, Na2Malate 60, or Na2Oxalate 60. Similarly, for cation substitutions the following were added separately to the 
base solution (in mM): KCl 100, NMDG-Cl 100, or Tris-Cl 100, separately. The pipette solution contains (in mM): 
NaCl 100/NaSCN 100, CsCl 20, EGTA 5, MgCl2 2, Hepes 10, pH 7.2. Osmolarity was adjusted to 300 ±  2 mOsm 
with dextrose. After whole cell configuration was achieved in extracellular NaCl and a ramp protocol recorded to 
confirm baseline NLC and currents. Extracellular anion and cation substitutions were then made by local extra-
cellular perfusion of each individual cell followed by recording a ramp protocol.

Command delivery and data collections were carried out with a Windows-based whole-cell voltage clamp 
program, jClamp (Scisoft, Ridgefield, CT), using a Digidata 1322A (Axon Instruments).

Qsp (fC/pF) Vh (mV) z n

Prestin (wt) 8.79+ /− 2.28 − 127.69+ /− 6.31 0.70+ /− 0.02 8

S398A 4.99+ /− 0.90 − 107.73+ /− 2.21 0.71+ /− 0.008 9

F137A — — — 5

K227Q 13.08+ /− 5.32 − 146.12+ /− 6.27 0.67+ /− 0.03 7

K359Q 5.76+ /− 0.47 − 98.01+ /− 3.71 0.57+ /− 0.02 7

R463Q 7.61+ /− 1.50 − 114.32+ /− 5.62 0.70+ /− 0.03 9

D485N 6.3+ /− 1.4 − 63.06+ /− 7.6 1.00+ /− 0.06 21

Table 3.  Effects of neutralizing charge substitutions along a potential accessory pathway on gating charge 
parameters on transiently transfected CHO cells. Almost all these mutations decreased Qsp (except K227Q) 
and affected the direction of Vh variably. Effects on unitary z were variable and consistent with previous data20.
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A continuous high-resolution 2-sine voltage command was used, cell capacitance and current being extracted 
synchronously. Capacitance data were fitted to the first derivative of a two-state Boltzmann function:
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Qmax is the maximum nonlinear charge transfer, Vh the voltage at peak capacitance or half-maximal nonlinear 
charge transfer, Vm the membrane potential, Clin linear capacitance, z the unitary charge (a metric of voltage sen-
sitivity), e the electron charge, k the Boltzmann constant, and T the absolute temperature. Qsp the specific charge 
density, is the total charge moved (Qmax) normalized to linear capacitance. Capacitive currents (Icap) generated by 
our ramp protocol were removed to reveal ionic currents. In order to estimate Icap (from both linear and NLC), 
we modelled the patch clamp-cell in Matlab and extracted membrane capacitive currents arising from averaged 
values of linear capacitance and NLC. In all figures, individual I-V plots were corrected based on averages from 
the inclusive cells. Reversal potentials, thus, arise from ionic current contributions only. Separately, in specific 
experiments currents were also determined after voltage steps (50 ms duration) from − 150 mV to 150 mV, with 
20 mV step increments. Where cations and anions were substituted, local perfusion of the cells were estimated 
to give rise to small junctional potentials (JPCalc function in pClampEx). These varied from + 1.1 mV (SCN-) 
to − 5.4 mV (Methanesulfonate) with anion substitutions. Cation substitutions also were estimated to give rise 
to small junctional potentials varying from − 0.8 mV (KCl) to + 6.8 mV (NMDG+ ). Since these numbers were 
small no corrections were made to the IV plots. For fluid jet experiments we used a QMM perfusion system (ALA 
Scientific,Instruments, Westbury, NY). The manifold’s output tip was 200 μ m placed 1 mm from the cell, and the 
flow rate increased by an applied pressure of approximately 20 kPa. Significance of the size of currents at different 
voltage steps from experimental perturbations were determined using a mixed model analysis of correlated meas-
ures (MMACM). Statistical analysis was done with SAS software (SAS Institute Inc, NC).

Inside-out patch recording (noise analysis). Thick wall glass pipettes were pulled using same puller 
as described above, and coated with sylgard. The initial resistances of the pipettes are 13–15 mOhm. Pipette 
solution contains (in mM): NaCl 100, CsCl 20, EGTA 5, MgCl2 2, Hepes 10, pH 7.2. Bath solution con-
tains (in mM):): NaCl/NaSCN 100, TEACl 20, CsCl 20, CoCl2 2, MgCl2 2, Hepes 5, pH 7.2. Osmolarity was 
adjusted to 300 ±  2 mOsm with dextrose. Inside-out patches were obtained from control HEK cells or the 
tetracycline-induced prestin stable line. Data acquisition was done with the same interface and amplifier 
described above. Continuous 10 second commands at desired holding potentials were delivered during recording.

Noise analysis. PSD analyses of excised patch currents from prestin transfected cells, filtered with a 10 kHz, 
4 pole Bessel filter and Hamming windowed, were derived from 10 second recordings held at − 50, 0, and + 50 mV 
potentials. In some cases, voltages up to + /− 120 mV were analyzed. Some patch records were excluded because 
of seal loss during recording. Number of patches from separate cells: 11 for symmetrical chloride condition; and 
11 for chloride/SCN− conditions 5 for symmetrical chloride of HEK cells and 5 for chloride/SCN− conditions 
in HEK cells. Spectra were taken for each individual patch recording (1,061,306 pts at 10 μ s sampling, with a 
frequency resolution of 0.095 Hz), averaged and plotted out to 3 kHz. Data are presented following subtraction 
of baseline spectra at 0 mV. Variance was determined by integration of spectra between 0.1 Hz and 1 kHz after 
subtraction of calculated shot noise (2ie0). Analyses were made with a custom written MATLAB application.
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where g is the slope conductance at E =  0, q is the apparent charge, is the electrical distance of the barrier, and P 
is the relative permeability of ions carrying outward current compared to those carrying inward current; if the 
current were entirely anion selective P would be the permeability ratio PSCN/PCl. For Cl− as the external anion the 
values were P =  1, δ  =  0.467, q (e0) =  0.75 and g (pS/pF) =  46.3. For SCN− as the anion the values were P =  6.18, 
δ  =  0.339, q (e0) =  0.75 and g (pS/pF) =  92.8. The values that differ for the two anion species, and the value of q 
smaller than the elementary charge, are consistent with a distribution of barrier locations, for example distinct 
barrier locations for anions and cations.
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bstract

Prestin, the transmembrane motor protein is a novel protein underlying the motility of the outer hair cells. Nonlinear capacitance (NLC) or gating
harge current, which can be observed in both auditory and transfected non-auditory cells, is the electrical signature of prestin’s electromechanical
ctivity. To test the functional role of the C-terminus of prestin, several charged residue clusters were reversed en-block by site-directed mutagenesis.
hey are D/E to K at 516, 518, 522, 524, 527, 528 and 531 (cluster a); R/K to D at 571, 572, 573, 576, 577 and 580 (cluster b); R to D at 571;
nd E/D to K at 608, 609, 610, 611, 612 and 613 (cluster c). These constructs were transfected into Chinese hamster ovary cells (CHO) and
LC recordings were performed to evaluate the effects of these charge substitutions. All of the mutants showed NLC. Charge cluster a reversal
ignificantly reduced the maximum charge movement (Qmax). All but one mutation (charge cluster c reversal) shifted Vh, indicative of the operating
oltage range, in the depolarizing direction. None of the mutations affected unitary charge movement (z). These data suggest that the C-terminus
f prestin lies outside the membrane voltage field, and may play an important role in controlling the operating voltage range through control of the
rotein’s conformational energy profile via allosteric means.

2006 Elsevier Ireland Ltd. All rights reserved.

t
w
l
b
i
t
i
s
i
t
f
p
S
m

eywords: Capacitance; Outer hair cell; Prestin; SLC26

wo types of receptor cells populate the mammalian organ
f Corti, the inner hair cell (IHC) and the outer hair cell
OHC). IHCs serve only as sensory receptors by transducing
asilar membrane vibrations into electrical signals. However,
HCs function both as receptors and effectors, possessing both

lectro-mechanical and mechano-electrical activities, thereby
nabling amplification of the auditory stimulus to the IHCs
2,5,21]. Voltage-dependent mechanical activity of the OHC
s detectable by whole-cell patch clamp recording as a nonlin-
ar capacitance (NLC), or equivalently, a gating charge current
3,25]. Recently, the motor protein, prestin, which resides in
he OHC lateral membrane [4], was found to underlie OHC
lectro-mechanical activity and mammalian cochlear amplifi-
ation [12,31,24]. Transfection of the gene into non-auditory

ells results in electro-mechanical characteristics similar to that
bserved in the native outer hair cell [15,26,31]. Topology stud-
es of this 744 amino acid protein, a member of the anion

∗ Corresponding author. Tel.: +1 203 785 5407; fax: +1 203 737 2502.
E-mail address: joseph.santos-sacchi@yale.edu (J. Santos-Sacchi).
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ransporter family SLC26, show that its C- and N-termini reside
ithin the cytoplasm [6,15,16,18,30]. Interestingly, intracellu-

ar chloride was found to play a key role in influencing NLC in
oth OHCs and prestin-transfected cells, but whether chloride
tself is an intrinsic voltage sensor or an allosteric modula-
or is still debated [18,20]. We have found that removal of
ntracellular chloride by substitution with other anions causes
hifts in prestin’s operating voltage range, in addition to alter-
ng the protein’s nonlinear charge transfer or NLC, indicating
hat anions modulate energy barriers controlling prestin’s con-
ormational state [20,27]. Additionally, we recently observed
restin–prestin interactions via their intracellular termini [17].
uch results may indicate that charged residues within prestin
ay interact with intracellular anions or influence interactions
ith other proteins. Many charged residues within the putative

ransmembrane regions of prestin have been manipulated [18];
owever, little data are available on the role played by charged

esidues found within the cytoplasmic termini, structures which
re unlikely to house the molecule’s voltage sensor. Here we
valuate the effects of several C-terminal charge cluster rever-
als on prestin’s electromechanical activity in order to gauge

mailto:joseph.santos-sacchi@yale.edu
dx.doi.org/10.1016/j.neulet.2006.05.062
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Fig. 1. C-terminal cartoon of gerbil prestin. Indicated are the charged clusters (a–c) which were mutated to residues of opposite polarity (large circles). The final
transmembrane domain from the topology model of Navaratnam et al. [18] is shown along with the intracellular residues that were not captured in the model based on
3D structure of the sequence of c1vc1B, the putative anti-sigma factor antagonist tm1442. The model gives an excellent prediction of prestin’s C-terminal structure,
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ut nearly all of the charged clusters we mutated reside in regions with no clea
1vc1B. Parameters of the model fit: 19% i.d., 100% precision and a 6.4e-7 E v
loss in NLC [18].

he C-terminal contribution to allosteric modulation of motor
unction.

The gerbil prestin sequence [31] was submitted to Quick
hyre (http://www.sbg.bio.ic.ac.uk/∼phyre/) fold facility for 3D
tructural modeling and the C-terminal region of prestin was
est fit with the structure encoded by the putative anti-sigma
actor antagonist tm1442 (PDBcode: 1vc1 B; characteristic of
he STAS domain [1]), at 19% i.d., 100% precision and a 6.4e-7

value. The structure is shown in Fig. 1 along with noted muta-
ions that we made in the prestin sequence. Though the STAS
omain stretches from 525–711, the model is more limited.

We changed two negatively charged clusters to positive
residues 516–531 and 608–613; designated as charge clusters
and c, respectively), and changed one positively charged clus-

er to negative (571–580; cluster b). Additionally, a single site
harge substitution was made at residue 571, denoted by “*”

n Fig. 1. Charged amino acids were mutated en-block using
he megaprimer PCR amplification method. Amplification by
CR was done using Hi-Fidelity DNA polymerase (Roche). The
arameters were: 10 cycles of 94 ◦C for 40 s, 55 ◦C for 2 min,

y
f
T
C

ndary structure. The residues 569–617 though present in prestin, are absent in
he stop indicates the position (709) of the C-terminal truncation that results in

8 ◦C for 6 min; 30 cycles of 94 ◦C for 40 s, 55 ◦C for 2 min,
8 ◦C for 6 min with 20 s extension for every cycle. A clone
f gerbil prestin served as the template (courtesy of Zheng et
l. [31]). Amplified products were purified, and ligated into
CDNA 3.1. Each of the clones generated were sequenced

o exclude the possibility of PCR generated errors. Transient
o-transfection with EGFP into Chinese hamster ovary cells
CHO) was achieved with Lipofectamine in accordance with the
anufacturer’s recommendations. The ratio of prestin to EGFP

lasmid (2:1) was kept constant in all the experimental groups.
ll cells showing NLC were included in our analyses.
Cells were recorded by whole-cell patch clamp configura-

ion at room temperature using an Axon 200A amplifier (Axon
nstruments, CA, USA), as described previously [25]. Expres-
ion levels, as evidenced by NLC measures, were stable from
4–72 h after transfection in control group. All statistical anal-

ses of the mutants were performed at the 48 h time period
ollowing transfection. The bath solution contained (in mM):
EA 20, CsCl 20, CoCl2 2, MgCl2 1.47, Hepes 10, NaCl 99.2,
aCl2·2H2O 2, pH 7.2, and the pipette solution contained (in

http://www.sbg.bio.ic.ac.uk/~phyre/
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Fig. 2. NLC traces from prestin transfected CHO cells. CHO cells were trans-
fected with constructs containing normal prestin (control) or the reversal of
charge cluster a as indicated in Fig. 1. The solid traces are fitted curves. Vh of
the reversal mutation shifts in the depolarizing direction along the voltage axis,
and Qmax significantly decreases.

Table 1
Average fitted Boltzmann parameters

Qsp (fC/pF) ± S.E. z ± S.E. Vh (mV) ± S.E.

Control (n = 15) 6.15 ± 0.71 0.58 ± 0.03 −99.85 ± 2.51
Cluster a (n = 5) 2.90 ± 0.58 0.53 ± 0.04 −57.41 ± 5.51
C
C
R

c
b
expected, do not serve as charge carriers through the membrane.
Some substitutions significantly affected Vh, with opposite
charge substitutions changing Vh in the same depolarizing direc-
tion. For example, a change of negative charge in cluster a to

Fig. 3. C-terminal charge reversals predominately alter prestin’s operating volt-
age range. For visual clarity, we averaged fitted parameters from each muta-
72 J.-P. Bai et al. / Neuroscien

M): CsCl 140, EGTA 10, MgCl2 2, Hepes 10, pH 7.2. These
onditions ensured that prestin-chloride interactions were max-
mal [18,20]. Osmolarity was adjusted to 300 ± 2 mOsm with
extrose. Command delivery and data collections were carried
ut with a Windows-based whole-cell voltage clamp program,
Clamp (Scisoft, CT, USA), using a NI PCI 6052E interface
National Instruments Co., USA).

Capacitance was evaluated with a continuous high-resolution
-sine wave technique fully described elsewhere [22,25]. Capac-
tance data were fitted to the first derivative of a two-state
oltzmann function:

m = Qmax
ze

kT

b

(1 + b)2 + Clin (1)

here

= exp

(−ze(Vm − Vh)

kT

)

max is the maximum nonlinear charge transfer, Vh the voltage at
eak capacitance or half-maximal nonlinear charge transfer, Vm
he membrane potential, Clin linear capacitance, z the valence (a

etric of voltage sensitivity), e the electron charge, k the Boltz-
ann’s constant and T the absolute temperature. Qmax is reported

s Qsp the specific charge density, i.e. total charge moved normal-
zed to linear capacitance. A students t-test was used to evaluate
he effects of mutations on the different parameters of NLC.

FACS analysis of the different mutants and prestin were done
o determine levels of surface expression exclusively [17]. Two
ntibodies to prestin peptides (aa 274–290 and 359–375) that
e model to lie on the outer surface of the membrane were used

o live stain transfected CHO cells [17]. Staining was performed
s previously described except that the secondary antibody used
as an Alexa 488 labeled goat anti-rabbit antibody. There was
ood concordance between the two antibodies used to separately
tain transfected cells, results that internally validated our data
see Fig. 4). We have previously established that prestin surface
xpression in CHO cells were unchanged between 24–72 h after
ransfection by both FACS analysis and measurement of NLC
17]. The percentage of cells expressing prestin on its surface and
he magnitude in NLC in CHO cells are similar to that obtained
y other investigators [17,18].

Fig. 1 depicts the structural features of prestin’s C-terminus.
arge circles indicate the charge reversals that were made and
onfirmed by sequencing. All charge substitution mutants dis-
layed NLC, and did not affect unitary charge movement z.
max, was significantly different only with mutation of residues
16–531 (charge cluster a), which reduced Qmax. Fig. 2 shows
n example of a NLC capacitance function obtained from this
utation and a control cell. For presentation purposes, we aver-

ged fitted Boltzmann parameters, presented in Table 1, and
onstructed average NLC functions of each mutation based on
heir average values (Fig. 3). The mutation of cluster a had a
ignificant decrease of Qmax, but unitary charge movement (z)

emained normal, indicating that the mutated protein’s voltage
ensor remained unaltered, and only the number of functional
roteins decreased. We confirmed that the levels of prestin sur-
ace expression in this (and other) mutant(s) were similar to

t
t
5
V
t

luster b (n = 6) 6.23 ± 1.50 0.52 ± 0.04 −67.93 ± 1.73
luster c (n = 5) 5.10 ± 0.38 0.71 ± 0.01 −108.20 ± 6.45
esidue 571 (n = 7) 4.86 ± 0.63 0.65 ± 0.05 −90.19 ± 0.97

ontrols by FACS analysis (Fig. 4). z (and Qmax) remained sta-
le in the other mutations too, confirming that these residues, as
ion, presented in Table 1, and constructed NLC functions of each based on
heir average values. Traces from each mutation are indicated as a, b, c and
71, and show some significant differences from control NLC, namely, for

h and Qsp (∗PVh < 0.05; ∗∗PVh < 0.05; ∗∗∗PVh < 0.05; PQsp < 0.05, respec-
ively. The trace from control cells is the heavy black line.
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ositive, and a change in positive charge in cluster b to negative
esulted in a depolarizing shift in Vh to −57.41 ± 5.51 (n = 5) and
67.93 ± 1.73 mV (n = 6), respectively. These effects on prestin

ctivity are likely due to changes in the steady state energy profile
f prestin, i.e. an allosteric effect possibly through interference
ith interacting proteins or anions (see discussion). Interest-

ngly, mutation of charge cluster c within the most distal charged

luster, showed little difference from controls. Finally, the single
harge substitution at residue 571 showed only minor changes.

The topology of prestin (SLC26A5) has received much
ttention, as has that of the other family members of SLC26

g
h
b
p

ig. 4. Surface expression of cells transfected with normal prestin and mutant prest
ector (I), normal prestin (II), charge cluster reversal a (III), charge cluster reversal
ntibodies against two peptides that we model to lie on the outer surface of the cell [18
fficiencies of transfection (inset) varied from 3.5 to 8.0% and are in line with results
18]). The intensities of fluorescence between the different groups were similar confi
tters 404 (2006) 270–275 273

6,13–19,30]. Initial efforts indicated that the protein consists of
2 transmembrane domains (TM), with both C- and N-terminal
egions residing intracellularly [6,15,16,18,29,30]. Though the
ocation of these termini are fairly certain, various prediction
rograms provide a confusing profile of TM domains. Even so,
pitope tagging and the putative location of reactive residues
ave narrowed our view. One of the popular maps places two N-

lycosylation sites on the second extracellular loop [16], but we
ave since observed that this site may not reside extracellularly,
ut instead intracellularly [17]. Though our new model flips the
rotein within the plane of the membrane, while conserving the

in were similar. Shown above are FACS plots of cells transfected with empty
b (IV) and charge cluster reversal c (V). The cells were live-stained with two
]. The percentage of cells with prestin surface expression (boxed area) reflecting
obtained by other groups (Oliver and Zheng, personal communication, see also
rming similar levels of surface expression.
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ntracellular termini and reversing the resident milieu of the non
embrane bound loops, it maintains the intracellular location

f a cGMP phosphorylation site proposed by Dallos and
oworkers [6]; their modified model required a reentrant loop
o intracellularly expose their previously predicted extracellular
ocation of the site. Our model predicts simple TM transits.
learly, the controversy over prestin’s membrane topology

ndicates a complex interaction with the plasma membrane,
hich structural studies must finally divulge.
More germane to the present work, despite the seemingly

lear localization of the C-terminus intracellularly, there are
ome observations which indicate that this domain is not sim-
ly accessible to attempted perturbations made intracellularly,
utside the lipid bilayer. For example, the lack of an effect of
ntracellular trypsin or pronase treatment on OHC and trans-
ected cell NLC indicates that prestin’s termini are somehow
rotected [7–9,28]. We would therefore expect that deletion of
ither the C- or N-terminus would abolish NLC, a view that
as been confirmed by mutational analysis (see Fig. 1); [17,29].
nterestingly, in channel forming bacterial colicins an intracellu-
ar hydrophilic group of residues (or even larger appended tags)
an be moved across the membrane in response to changes in
oltage [10,11], a mechanism that could also operate in prestin
ince these charged clusters may be constrained close to the PM

ithin the restricted sub-plasmalemmal space bounded by the

ubsurface cisternae. Indeed, this type of mechanism that colicin
mploys has been offered as a possible mechanism to account
or area changes evoked by prestin activation [23]. Thus, we

w
m
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t

inued ).

ave no direct empiric evidence that the C-terminus of prestin
s statically placed outside the bilayer. Nevertheless, our cur-
ent work bears on this issue, since mutating charged residues
n prestin that do not reside within the membrane field should
ot directly alter unitary charge movement. We found with our
harge reversal mutations that, in no case, was the unitary charge
f prestin’s voltage altered, implying that these residues lie
utside the membrane field. However, clear effects on voltage
ensing were observed, with three mutations, a, b and R571D
howing significant changes in Vh. We interpreted these results
o indicate a shift in the steady state energy profile of the protein.
ince both mutations of cluster a and b (which have opposite
harge) shift Vh in the same direction, it is possible that simul-
aneous mutations of both could produce an augmented shift.
dditionally, one mutant (charge cluster a that is most proximal

o the membrane) shows a significant decrease in the total charge
oved. We interpret this to mean that the number of functional
otors in this mutant has decreased. This view is additionally

upported by similar levels of surface targeting of prestin deter-
ined by FACS in cells transfected with this mutant compared

o normal prestin. Moreover, this observation is also in line with
ur previous work on truncations at the most distal section of the
-terminus, where the number of functional motors within the
embrane decreased as stop codons were successively placed

ithin the residue range of 715 to 710. Truncations at residues
ore proximal to 710 produced non-functional motors despite

roper membrane targeting. We additionally showed in that work
hat homo-multimerization occurs among prestin molecules, and
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ypothesized that obligate interactions underlie prestin’s motive
orce. It may be that our charge reversals also interfere with inter-
ctions of other proteins at the C-terminus.

One other possibility arises. It is known that Cl− interactions
ith intracellular moieties of prestin are crucial for prestin func-

ion, and we have proposed that, in contrast to models suggesting
xtrinsic voltage sensing by Cl−, Cl− serves as an allosteric
odulator of prestin. For this reason, it may be that anions might

nteract with the C-terminal charge clusters, at least with those
wo clusters which reside most proximal to the membrane (clus-
ers a, b), since only those showed substantial shifts in voltage
ensing. Recently, manipulation of the STAS domain, which
s conserved within the C-terminus among SLC26 transporter
amily members has been shown to inhibit sulfate transport in
ULTR1.2 [19]. This was observed in the presence of normal
embrane targeting. We are currently investigating whether our

harge reversal mutants alter multimerization and Cl− sensitiv-
ty in prestin.

In sum, we hypothesize that the C-terminal charged clusters
f prestin, while not interacting with the membrane field to alter
nitary charge movements in prestin, may work by intracellu-
ar interactions with either other proteins or anions, namely via
llosteric means.
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Bian S, Koo BW, Kelleher S, Santos-Sacchi J, Navaratnam DS. A
highly expressing Tet-inducible cell line recapitulates in situ develop-
mental changes in prestin’s Boltzmann characteristics and reveals early
maturational events. Am J Physiol Cell Physiol 299: C828–C835, 2010. First
published July 14, 2010; doi:10.1152/ajpcell.00182.2010.—Prestin is the
motor protein within the lateral membrane of outer hair cells (OHCs),
and it is required for mammalian cochlear amplification. Expression
of prestin precedes the onset of hearing in mice, and it has been
suggested that prestin undergoes a functional maturation within the
membrane coincident with the onset of hearing. We have developed a
tetracycline-inducible prestin-expressing cell line that we have used to
model prestin’s functional maturation. We used prestin’s voltage-
dependent nonlinear charge movement (or nonlinear capacitance) as a
test of function and correlated it to biochemical measures of prestin
expressed on the cell surface. An initial stage of slow growth in charge
density is accompanied by a rapid increase in our estimate of charge
carried by an individual motor. A rapid growth in charge density
follows and strongly correlates with an increasing ratio between an
apparently larger and smaller monomer, suggesting that the latter
exerts a dominant-negative effect on function. Finally, there is a
gradual depolarizing shift in the voltage of peak capacitance, similar
to that observed in developing OHCs. This inducible system offers
many opportunities for detailed studies of prestin.

development; prestin; cell lines

MAMMALIAN OUTER HAIR CELLS (OHCs) are electromotile, and
this property is believed to underlie cochlear amplification, a
process that enhances mammalian frequency tuning and sen-
sitivity (4, 5, 16). Prestin, a member of the SLC26 anion
transporter family, has been identified as the protein responsi-
ble for electromotility (15, 20). In these and other studies,
voltage-dependent charge movement of prestin’s voltage sen-
sor, detected as a nonlinear capacitance (NLC), has been
shown to strongly correlate with electromotility. Thus, NLC
can be used as a proxy measure of electromotility. The Bolt-
zmann characteristics of NLC include the density of voltage
sensor charge (Qsp), the voltage at peak capacitance (Vh), and
unitary charge valence (z). Qsp is an estimate of the number of
functional motors within a unit area of surface membrane, Vh

is a metric of the steady-state energy profile, and z is an
estimate of charge moved within an individual motor. Both
electromotility and NLC show a developmental maturation in
the OHCs (1, 2, 7, 13). In gerbils, electromotility is first
detected at postnatal day P8 and P7 in OHCs from the apical

and basal turns, respectively; thereafter it stabilizes at P17–P19
(7), coincident with maturation of hearing (11). In contrast,
NLC can be detected as early as P0 in OHCs from the rat apical
turn (13). In that study, specific NLC was found to stabilize at
P11 well before maturation of hearing in rats (3). However, in
mice, linear capacitance (an indicator of both cell surface area
and prestin deposition into the membrane) and prestin RNA
levels asymptote at about P10, whereas specific NLC contin-
ued to increase until P18 (1), which coincides with maturation
in hearing (17). The results of Abe et al. (1) strongly suggest a
maturation process for the motor protein itself, although the
nature of this maturation has yet to be determined. To gain
insight into the possible mechanisms underlying this phenom-
enon, we used a tetracycline-inducible, prestin-expressing sta-
ble cell line of human embryonic kidney (HEK) cells to study
aspects of NLC as they relate to expression of prestin. Our
results demonstrate that maturation following induction in-
volves an increasing incorporation of two monomeric forms of
prestin into the cell membrane, with one form exerting a
dominant-negative effect on the other. Functional correlates of
maturation show early and prolonged time course components
following induction, with z increasing during the first few
hours, and both Qsp and Vh changing over tens of hours. These
data substantiate observations about the maturation of elecro-
motility in OHCs. They also provide insights that cannot be
gleaned from OHC measures alone and underscore the utility
of this inducible cell line.

MATERIALS AND METHODS

Prestin gene constructs. Plasmid pcDNA6/TR is from Invitrogen
with selective antibiotic blasticidin. This construct codes for a tetra-
cycline operon (TO) repressor that works with the second plasmid,
pcDNA4/TO/myc-HisC, to create a tetracycline-inducible system for
protein expression. pcDNA4/TO/myc-HisC is also from Invitrogen
and is selective by antibiotic zeocin. The gerbil prestin gene (a gift
from J. Zheng and P. Dallos) tagged with enhanced yellow fluorescent
protein (EYFP) was inserted into the multiple cloning site of
pcDNA4/TO/myc-HisC. This construct (gPrestin-YFP4TOmycHisC)
contains a 2� tetracycline operon that works with the first construct
to create inducible prestin expression. When tetracycline is absent, the
repressor binds to the tetracycline operon, keeping the gene down-
stream from being expressed. When tetracycline is present, it binds to
the repressor, releasing the tetracycline operon and allowing the
prestin gene to be expressed. The myc-His tags in the construct are for
detection and purification purposes. pEYFP-N1 vector (Clontech) was
used to construct the noninducible prestin-YFP-expressing vector
with a Flag tag added to the NH2 terminus. This vector uses antibiotic
G418 for selecting stable cell lines.
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Cell culture and transfection. HEK293 cells (American Type Culture
CollectionATCC, Manassas, VA) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, high glucose) medium containing 50 U/ml
each of penicillin and streptomycin, 10% fetal bovine serum at 37°C
in a CO2 incubator (5%). Transfection of constructs into these cells
was done using Superfect reagent (Qiagen) according to the manu-
facturer’s instructions for stable transfection. To produce inducible
prestin cell lines, pcDNA6/TR was first transfected and selected with
8 �g/ml blasticidin for monoclonal stable cell lines (293-pcDNA6/
TR). Then the gPrestin-YFP4TOmycHisC construct was transfected
to stabilized 293-pcDNA6/TR cells, and selected with 280 �g/ml
zeocin. Stabilized monoclonal prestin-YFP-mycHis expression was
initially screened by using fluorescence microscopy 1 or 2 days after
addition of 1 �g/ml tetracycline to the growth medium. Culturing of
these cell lines (293-TRxST-gPrestin-YFP4TOmycHisC) was in
DMEM base medium supplemented with 4 �g/ml blasticidin and 130
�g/ml zeocin. Selection of the Flag-prestin-YFP-N1 construct was
done by adding 1,200 �g/ml G418 (geneticin) to these cells. G418
concentration in the growth medium was reduced to 600 �g/ml for
stable cell lines.

Patch-clamp electrophysiology. Intracellular solution (pipette so-
lution) contained (in mM) 136 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES
buffer, and 5 EGTA, pH 7.28. Osmolarity was adjusted to 299 � 2
mosM using glucose for all solutions. Extracellular solution (bath
solution) contained (in mM) 20 TEA, 20 CsCl, 2 CoCl2, 1.47 MgCl2,
10 HEPES buffer, 99.2 NaCl, 2 CaCl2, and 2 BaCl2, pH 7.28. Glass
pipettes were pulled using a P-2000 laser-heating pipette puller (Sutter
Instruments). All pipettes have initial resistances of about 2.5 M�. All
patches were made on single cells growing on a coverslip at different
time points after tetracycline induction. A Nikon Eclipse FNI upright
microscope equipped with a �40 water immersion lens and a green
fluorescent protein (GFP) UV light filter was used for cell observation,

and an EXFO motorized manipulator by Burleigh (PCS-6000) was
used for pipette manipulation. Data acquisition was done with a
Digidata 1322A A/D converter and an Axonpatch 200B Integrating
Patch clamp (Axon Instruments). Cell capacitance was measured
under whole cell configuration using the jClamp software (http://
www.scisoftco.com/). For time course studies with tetracycline-induc-
ible cell lines, 4–11 cells were averaged for each time point. NLC
from two inducible cell lines was measured separately, and the results
are comparable. Only one is presented in this study.

The NLC traces show the change of membrane capacitance Cm in
response to voltage across the membrane Vm. Each trace can be fitted
according to Eq. 1 using four parameters:

Cm � Qmax

ze

kT

b

(1 � b)2 � Clin

where

b � exp��ze(Vm � Vh)

kT � (1)

Qmax is maximum nonlinear charge transfer, Vh is voltage at peak
capacitance or half-maximal nonlinear charge transfer, Vm is mem-
brane potential, Clin is linear capacitance proportional to cell surface
area, z is valence (a metric of voltage sensitivity), e is electron charge,
k is Boltzmann’s constant, and T is absolute temperature. Qmax is
reported as Qsp, the specific charge density, i.e., total charge moved
normalized to linear capacitance. Similarly, specific nonlinear capac-
itance NLCsp refers to (Cm � Clin)/Clin.

Confocal fluorescence imaging. Tetracycline (1 �g/ml) was added
to the cell growth medium 1 day after the cells were plated on
coverslips. After incubation for 24 to 48 h for tetracycline-induced

Fig. 1. Prestin-yellow fluorescent protein (YFP) is localized to the membrane. Prestin-YFP expression in human embryonic kidney (HEK) 293 cell lines
characterized by confocal imaging of YFP fluorescence is shown. A and B: a HEK293 cell line stably expressing a Flag-tagged prestin-YFP construct.
C: untransfected HEK293 cells as negative control. D–F: a tetracycline-inducible HEK293 cell line expressing prestin-YFP with a mycHis6 tag at its COOH
terminus. D and E: 24 h after addition of 1 �g/ml tetracycline to the growth media. F: no tetracycline added as negative control. Scale bar, 20 �m.
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expression of prestin-YFP, cells were washed briefly with PBS, then
fixed in 3% formaldehyde in PBS for 20 min at room temperature.
Following a wash in PBS, cells were mounted with VectaShield
mounting media for confocal microscope observation. All confocal
experiments were done on a Zeiss LSM 510 Meta confocal micro-
scope using a 514 nm laser line. Image analysis was done using LSM
Image browser.

To analyze fluorescence intensity of cell surface prestin versus total
prestin expression using YFP fluorescence imaging, individual cells
from the 293-Flag-prestin-YFP cell line were analyzed using Photo-
shop’s histogram utility. The integrated fluorescence intensity is the
product of mean pixel intensity, after subtracting mean background
intensity, times total pixel numbers in the region of interest (ROI). By
demarcating the outer edge of the whole cell as the ROI, we obtained
total integrated pixel intensity. We then obtained intracellular inten-
sity by applying the same algorithm defining the ROI within the inner
aspect of the cell membrane. Surface intensity was obtained by
subtracting the intracellular intensity from the total cell intensity.

Electron microscopy of nanogold-labeled prestin-YFP. Electron
microscopy immunohistochemistry was done at the Yale Center for
Cell and Molecular Imaging using a Tecnai 12 Bio Twin Transmis-
sion Electron Microscope. All images were taken at the same cali-
brated magnification (�43,000). Fifty images were taken randomly
from HEK cells expressing prestin-YFP, as well as 20 images from a
control sample (untransfected HEK cells) for quantification and sta-
tistics. For all images included in this analysis, the anti-GFP primary
antibody conjugated with 10-nm nanogold was used at a 1:50 dilution
for maximum labeling efficiency. Background labeling as seen in

mitochondria and nucleus was very low. Quantification of surface
prestin and total prestin expression was done by counting the nano-
gold particles either on plasmic membrane only or everywhere in the
cell.

Surface protein labeling. Cell surface protein labeling was done
according to the manufacturer’s instructions (Pierce Biotech, EZ-link
Sulfo-NHS-SS-Biotin surface protein isolation kit). Briefly, cells grew
on 10-cm culture plates, and 1 �g/ml tetracycline was added at
different time points to give different incubation times at harvest. Cell
surface proteins were labeled after a brief wash in cold PBS at 4°C on
a flat shaker. The reaction was quenched using quenching solution
after 30 min, and cells harvested by using a scraper. Cells were spun
down and briefly washed in Tris-buffered saline before addition of
lysis buffer supplemented with protease inhibitors (Roche Complete
protease inhibitors). Cells were lysed at 4°C for 30 min with end-to-
end rotation, and total protein was quantified using Bio-Rad Protein
Assay kit (500–0006); 2,500 �g of total protein from each sample
was mixed with 250 �l NeutrAvidin Gel and incubated for 1 h at room
temperature. Following steps of washing and centrifugation, plasma
membrane proteins were purified and eluted from the gel using SDS
sample buffer with 100 mM DTT. Two microliters of each eluted
surface protein was loaded onto a Bio-Rad 4–15% Tris-glycine
gradient gel. Lysate loading was also quantified to have 0.75 �g of
total protein for each lane. In total, three rounds of surface labeling
were done, each followed by Western blot and densitometry measure-
ments, and the results were averaged. To avoid signal saturation on
the film, and to minimize the subjectivity in assigning the boundaries
between the bands, different exposures that gave clearly identifiable

Fig. 2. Immunogold labeling localizes prestin
to the plasma membrane. Electron microscopy
(EM) images of a HEK293 cell line expressing
Flag-tagged prestin-YFP are shown. Cells were
grown to a monolayer in culture dishes, fixed,
embedded, thin-sectioned, labeled with anti-
green fluorescent protein (GFP) antibody (that
cross-reacts with YFP) conjugated with 10 nm
nanogold particles, stained, and imaged using a
Tecnai 12 Bio Twin transmission electron mi-
croscope. A–D: samples from cells expressing
prestin-YFP. Nanogold labeling is clearly seen
on the plasma membrane (filled arrows), indi-
cating proper trafficking and targeting of pres-
tin molecules to the cell membrane. Notice also
scattered labeling in the cytoplasm and on some
intracellular vesicles as pointed out by hollow
arrows. E and F: in the untransfected HEK293
cells, very small amount of labeling was ob-
served. N, nucleus; PM, plasma membrane; M,
mitochondria. Scale bar, 250 nm.
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and separate bands were used. To allow comparison between different
exposures, data were normalized to several bands in the middle lanes
with expression levels that were intermediate.

RESULTS

We have established several inducible and noninducible
HEK cell lines stably expressing the motor protein prestin.
When making these cell lines, we used a number of prestin
constructs where prestin was variably tagged to YFP, and the
c-myc and FLAG epitopes. We have studied the distribution of
prestin expression in these cells by electron microscopic im-
munogold labeling and confocal imaging. Using our tetracy-
cline-inducible cell line, we investigated the development of
the motor protein by measuring NLC and correlated these data
with biochemical measures of prestin surface expression in
these cells.

Prestin is targeted to the surface membrane in HEK cells.
With both inducible and noninducible cell lines expressing
prestin-YFP, we observed that YFP fluorescence was localized
to the plasma membrane, but significant amounts remained

intracellularly (Fig. 1). In inducible cell lines, YFP was ob-
served at very low levels before induction (Fig. 1F) but showed
a dramatic increase after induction (Fig. 1, D and E).

We also attempted to better localize prestin in these cell lines
by using nanogold labeling with an antibody to GFP that also
recognizes YFP with high fidelity (Fig. 2). In these experi-
ments, we noted that nanogold particles were localized on the
plasma membrane and within the cell. A quantitative morpho-
metric analysis where individual particles were counted in 50
photomicrographs revealed that about half of the particles were
on the surface membrane of the cell (Fig. 3A). These data are
congruent with measurement of fluorescence in YFP-tagged
prestin-expressing cells. In these cells, �50% of the fluores-
cence signal was localized to the surface of the cell (Fig. 3B).

Nonlinear capacitance characterization of stable cell lines.
Fluorescence measurements indicate that our stable cell lines
have high levels of prestin-YFP located in the cell plasma
membrane. We then tested these cell lines for functional
expression of prestin, by determining NLC in several repre-
sentative cells from each cell line.

Under whole cell voltage-clamp configuration, we were able
to record large NLC in most of our HEK cell lines expressing
prestin (Fig. 4). For example, a Flag-tagged noninducible cell
line (termed G) exhibits a peak NLC of 3.7 pF (Fig. 4, top
trace), while the tetracycline-inducible line (termed 16c) has a
peak NLC of 2.8 pF (bottom trace). NLC values of these cell
lines are summarized in Table 1. These typical values are
higher than values seen in transiently transfected Chinese
hamster ovary cells, which exhibit peak capacitance of about 1
pF; expression levels in these lines are also higher than other
stable prestin cell lines (9).

Development of NLC in a tetracycline-inducible prestin cell
line. We used tetracycline-inducible cell lines to analyze time-
dependent changes in NLC. Typical traces of NLC from
different time points after addition of tetracycline to the growth

Fig. 3. Equivalent amounts of prestin are found in the plasma membrane and
cytoplasm. Quantitative analysis on the distribution of prestin molecules in a
Flag-tagged prestin-YFP stable cell line is shown. A: nanogold particle count-
ing from EM images. Individual particles were counted from each micrograph,
and the particles on the plasma membrane were subtracted from the total. As
shown here, on average there are 56 gold particles in each micrograph of
transfected cells, out of which 27 are localized on the cell membrane (�50.6 �
2.5%). B: the intensity of fluorescence was assayed on Flag-tagged prestin-YFP-
expressing cells. The localization of YFP fluorescence was quantified in the
plasma membranes of these cells. The plasma membranes of these cells contained
48.6 � 1.9% of the total fluorescence signal (� SE).

Fig. 4. Large nonlinear capacitance (NLC) is generated in cell lines expressing
prestin. Shown are typical traces of NLC from two stable cell lines expressing
prestin-YFP. The data were fitted according to Eq. 1. Top: trace from a
noninducible HEK293 cell line (termed G) expressing Flag-tagged prestin-
YFP. The fitting parameters were as follows: peak capacitance voltage (Vh) �
�66.1 mV, unitary charge valence (z) � 0.801, maximum nonlinear charge
(Qmax) � 0.468 pC, and linear capacitance (Clin) � 9.61 pF. Cm, membrane
capacitance. Bottom: NLC trace from a tetracycline (Tet)-inducible HEK293
cell line expressing prestin-YFP tagged with mycHis6. Tetracycline (1 �g/ml)
was added to the growth media, and NLC was measured 34 h after tetracycline
induction. Fitting parameters were as follows: Vh � �75.3 mV, z � 0.804,
Qmax � 0.365 pC, and Clin � 10.3 pF. Vm, cell membrane potential.
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media are shown in Fig. 5. When no tetracycline is added, little
or no NLC is observed. With 1 �g/ml tetracycline, NLC
becomes readily measurable as early as 2 h after addition.

We also assayed three different parameters of NLC, Qsp, z,
and Vh, to further delineate prestin function. Qsp, charge move-
ment per unit of membrane surface, increases with time in a
sigmoidal manner (Fig. 6A). The inset in Fig. 6A shows the
growth phase in the first 6 h after addition of tetracycline. This
phase was characterized by a steady, yet slow increase of Qsp,
to about one-tenth of the asymptotic value. This is followed by
a rapid increase in Qsp from 6 h to about 20 h after tetracycline
induction, where Qsp increases to �60% of the asymptotic
value. Following this rapid increase there is again a phase of
slow increase in Qsp to its mature level over a further period of
72–96 h.

In contrast to Qsp, which takes over 60 h to reach its
asymptotic level, z, an estimate of charge carried by an indi-
vidual motor, reaches a maximum level of 0.8e 6 h after
induction (Fig. 6B).

We also looked at changes in Vh over the time course of
prestin expression. As shown in Fig. 6C, even though Vh values
fluctuate, there was a general trend for these values to reach

more depolarized potentials with time. Vh settles near �80 mV
at �30 h after tetracycline induction.

Development of surface prestin expression in a tetracycline-
inducible cell line. We undertook quantitative surface protein
labeling experiments using a tetracycline-inducible cell line to
determine the expression of prestin on the cell surface. We
used a cell surface protein labeling method with cleavable
water-soluble Sulfo-NHS-SS-Biotin reagent that then allows
for the isolation of surface-labeled protein through its binding
to avidin-Sepharose beads. The amount of prestin in these
surface-labeled preparations was then determined using West-
ern blotting.

Prestin expressed on the cell surface reaches an asymptotic
level at 18–20 h (Fig. 7, B and D). In contrast, the total amount
of prestin in the cell continues to increase throughout the
sampling period after induction, albeit more slowly after 22 h
(Fig. 7, A and C). In these experiments, we observed two major
monomeric forms of prestin in both total cell lysate and the cell
surface components. The upper monomer has a molecular mass
of �125 kDa, and the lower monomer a mass of �100 kDa.
There is also a broad multimeric form of prestin, which was
first detected at �4 h after induction. The upper monomeric
form is the predominant component in both cell lysates and
plasma membranes. When plotting Qsp against the intensity of
the upper monomer alone, we obtained a linear correlation
(adjusted R2 � 0.83). However, this relationship was attenu-
ated at higher Qsp values, when the amount of upper monomer
remained stable with continued increase in Qsp (Figs. 7D and
8A). At higher Qsp values, there was a decrease in the lower
monomer (Fig. 7D). Concordant with these data, we observed
a strong linear relationship (with adjusted R2 � 0.92, Fig. 8A),
when we plotted Qsp against the ratio of the upper to lower
monomer. These results corroborate our previous assertion (9)
that the lower monomer has a dominant-negative effect on the
upper monomer. Interestingly, there is also a linear correlation
between the initial rapid rise in z and the shift toward more
depolarizing voltages in Vh (Fig. 8B). We note that this par-
ticular correlation was not an artifact of different initial fitting
parameters. That is, we tested a range of voltages used to
bracket NLC and established that Vh was not changed by the
limits of the voltage range set when establishing a fit.

DISCUSSION

We have developed and used an inducible HEK cell line as
a model system to understand prestin’s maturation that has
been observed in OHCs (1, 13). We used a combination of
imaging, electrophysiological recording, and protein labeling

Table 1. Nonlinear capacitance parameters from representative prestin cell lines

Cell Line Qsp, fC/pF Vh , mV z n Notes

Flag-prestin-YFP-G* 20.1 � 2.7 �106 � 7.0 0.78 � 0.04 5
Prestin-YFP-myc-His-15b† 14.1 � 1.4 �93.9 � 5.2 0.70 � 0.02 7 30 h Tet
Prestin-YFP-myc-His-16c† 20.6 � 1.3 �77.0 � 7.9 0.76 � 0.01 8 28 h Tet
HEK transiently transfected cells (18) �11 � 4 �70 � 18 0.82 10
CHO cell line (8) �6 �75

Values are means � SE of nonlinear capacitance parameters in one noninducible (*) and two tetracycline (Tet)-inducible (†) monoclonal cell lines we have
developed. For inducible cell lines 15b and 16c, values were chosen from specific time points after induction, since their specific charge density (Qsp) as well
as unitary charge valence (z) and voltage at peak capacitance (Vh) change with time of incubation. These cells have a range of Qsp values, all of which are higher
than either typical transiently transfected human embryonic kidney (HEK) cells or other stable cell lines developed previously. YFP, yellow fluorescent protein;
CHO, Chinese hamster ovary cells. Reference numbers are in parentheses.

Fig. 5. NLC increases as a function of time in inducible cell lines expressing
prestin. Shown are representative NLC curves from a tetracycline-inducible
HEK293 cell line (16c). Specific NLC (NLCsp) was used as a means to
normalize data to cell size [NLCsp � (Cm � Clin)/Clin]. Without tetracycline
added to the growth media (uninduced), prestin expression is repressed,
resulting in minimal measurement of NLC. As the incubation time with
tetracycline lengthens, the cells develop higher NLC as a result of either more
prestin expression and/or prestin maturation on the cell membrane. Fitting
parameters according to Eq. 1 were the following: for 4 h, Vh (mV) � �93.8,
z � 0.697, Qmax (pC) � 0.045, Clin (pF) � 18.0; for 6 h, Vh � �97.3, z �
0.799, Qmax � 0.213, Clin � 23.7; for 20 h, Vh � �108, z � 0.855, Qmax �
0.270, Clin � 14.6; for 34 h, Vh � �101, z � 0.753, Qmax � 0.528, Clin � 19.5;
and for 76 h, Vh � �92.2, z � 0.780, Qmax � 0.548, Clin � 16.5.
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to ascertain aspects of prestin’s development. Both confocal
fluorescence and electron microscopy techniques show prestin
to be efficiently targeted to the surface of the cell, with
approximately half of the expressed prestin found on the cell

surface. Immunogold labeling and fluorescence quantifications
were equivalent.

We also observed a relationship between aspects of prestin
biochemistry and function. Increase in Qsp, which corresponds
to electromotility, clearly correlates to an increase in the level
of prestin expression on cell surface (Fig. 8A). Moreover,
consistent with our prior data in transiently transfected cells
(9), we observed a strong linear relationship between Qsp and
the ratio of the upper and lower forms of prestin monomer.
These data indicate that the lower prestin monomer has a
dominant-negative effect on the upper monomer. It also means
that the lower monomer is a less functional or nonfunctional
variant of prestin. Moreover, because they imply interactions
between upper and lower forms, these data are indirect evi-
dence that the functional unit of the protein is a dimer, in line
with previous suggestions (6, 12, 14, 19).

Our data raise questions as to the nature of the two mono-
mers of prestin that we identified. Three scenarios are conceiv-
able. First, it may be that the two monomers are differentially
folded forms of the protein, with the smaller being misfolded
and migrating faster on SDS-PAGE. This possibility is sup-
ported by our previous data showing increasing amounts of the
lower monomer with cysteine mutants that are likely important
for the structural integrity of the protein (9), The second
scenario, that the lower monomer represents proteolytic cleav-
age of the protein, is untenable since antibodies to both NH2-
and COOH-terminal tags of the protein identify both mono-
mers (data not shown). Lastly, it is also possible that these two
monomers represent effects of differential glycosylation (10)
with the upper and lower monomer representing glycosylated
and unglycosylated forms of the protein, respectively. How-
ever, since we and others have previously shown that wild-type
prestin and prestin in which the two potential N-glycosyla-
tion sites (N163 and N166) were mutated differ minimally
in function (10, 12), this possibility will not explain the
dominant-negative effect of the lower monomer on prestin
function (Fig. 8A).

Our hypothesis that the lower monomer represents a mis-
folded form raises mechanistic questions concerning prestin
turnover. Induction results in a continuous production of pres-
tin that continues in time beyond asymptotic measures of
prestin activity (Qsp), indicating a mechanism of prestin re-
moval. Since the ratio of upper to lower monomer changes
with time until steady state, we reason that the rates of
production and/or removal of these two forms of the monomer
must be different during the early and late stages following
induction. This possibility is substantiated by the differing
rates of change in upper and lower monomers that occur over
time in total cell lysates versus that in the plasma membrane
(Fig. 7, C and D).

We noted an early increase in z after induction (Fig. 6B),
indicating that the unitary charge carried by a functional motor
changes with time. Since there are data supporting the role of
the dimer as the functional unit (6, 12, 14, 19), an obvious
possibility is that the increase in z represents a rapid increase of
dimers on the cell surface in the initial hours of induction. We
were unable to substantiate this possibility owing to technical
difficulties in detecting prestin dimer in the very early stages
after induction (0–4 h), when z shows its greatest change.

Our detection of a progressive depolarizing shift in Vh is
similar to that observed in OHCs (1, 13). It had been suggested

Fig. 6. NLC parameters change as a function of time after induction. A: develop-
ment of specific charge density (Qsp) after induction in a representative tetracy-
cline-inducible prestin cell line (16c) with time. Qsp increase shows a sigmoidal
pattern with time and stabilizes at 30� h. The number of cells patched for each
point ranged from 4 to 11. Error bars are �SE. Data were fitted to a Hill equation
[y � start � (end � start) � x^n/(k^n � x^n)] with the following parameters: start �
1.23; end � 32.0; k � 18.3; n � 2.0. B: development of unitary charge valence (z)
in a tetracycline-inducible cell line as a function of time after induction. z shows
a rapid increase over several hours to reach its plateau at 6–8 h. z values did not
change significantly, remaining stable after this time point. Fitting parameters were
as follows: start � 0.58; end � 0.80; k � 3.0; n � 6.8. C: development of voltage
dependence of peak NLC (Vh) as a function of time after induction. While there
was considerable variation in Vh values, there was a clear trend in the development
of Vh values toward more depolarizing voltages with time. Fitting parameters were
as follows: start � �123; end � �69.4; k � 8.6; n � 0.74.
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Fig. 7. Two monomers and multimers of prestin develop differentially as a function of time after induction (cell line 16c). A: Western blot of total cell lysate
probed with anti-prestin N-20 antibody. Each lane has 0.75 �g of total protein as determined by protein assay. The large and small arrows indicate the upper
(dominant) and lower monomers of prestin-YFP, respectively. A dimeric form of the protein is identifiable at 250 kDa. Prolonged incubation with tetracycline
causes total cell prestin expression to increase steadily. The band at �40 kDa is a nonspecific artifact, because it appears also in untransfected HEK293 cells
(data not shown). B: Western blot of surface-labeled prestin-YFP obtained from cells at different time points after induction with 1 �g/ml tetracycline. Each lane
has 2 �l of the 250 �l surface-purified eluate from NeutrAvidin beads after binding to 2.7 mg of total protein. Each lane was derived from and corresponds to
cell lysates in A. As with total cell lysates, prestin has at least two monomers and a broad dimeric form. The monomers in particular are detectable at the earliest
time point (2 h) at which NLC is detectable. C and D: densitometric quantification of monomers of prestin from Western blots reveals a sigmoidal increase in
the upper larger monomer of prestin. The surface expression of this monomer, however, stabilizes earlier than the monomer in cell lysates, with an asymptotic
value achieved at 20 h after induction. The lower monomer expressed on the surface in contrast shows a small but persistent decrease in the asymptotic value
with time. Hill fitting parameters for lysate (C) were as follows: start � 1; end � 205; k � 17.2; n � 1.4. Hill fitting parameters for surface prestin (D) were
as follows: start � 0; end � 169; k � 8.6; n � 2.2. Data are averages from three batches of surface labeling experiments. Error bars are �SE.

Fig. 8. Prestin’s lower monomer exerts a dominant-negative effect on the upper functional monomer. A: the relationship between Qsp and the densitometric ratio of the
upper to lower prestin monomer expressed on the surface of the cell is linear (Qsp � �8.35 �11.12 � ratio; adjusted R2 � 0.93). Data were obtained from cells at
variable time points after induction. Taken together, these data would suggest that the lower monomer exerts a dominant-negative effect on the function of the molecule.
Also shown is the relationship between the upper monomer intensity and Qsp. There is an initial correlation between the two that decreases with higher Qsp values. B:
correlation of z and Vh in the initial phase after induction where there is a rapid increase in z that correlates with a change in Vh.
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that this shift might represent development of other unique
molecular structures within the OHC, such as subsurface cis-
ternae, pillars, and cortical cytoskeleton (1). Since a similar
developmental event is unlikely in HEK cells, a more plausible
explanation is that this change in Vh represents a maturation
process that is intrinsic to the protein. It is interesting that in the
first 6 h after induction, this shift in Vh coincides with the rapid
increase in z (Fig. 8B). This suggests that charge valence and
sensitivity to voltage is coupled in the initial stages of prestin’s
maturation.

In conclusion, we have developed several stable cell lines
that have functional expression of prestin up to four times that
of transiently transfected cells and have focused on a tetracy-
cline-inducible line to elucidate the molecular events that
underlie the development of prestin’s NLC characteristics. Our
data suggest that two prestin monomers are expressed on the
cell surface, only one form being functional. Our data also
suggest that dimerization of prestin may be associated with
increases in prestin’s voltage sensitivity (z values). Finally, our
data suggest that prestin undergoes an intrinsic maturation that
results in a shift in its voltage operating range to more depo-
larizing levels. Clearly, these cell lines will be useful as model
systems for studying other aspects of prestin activity, including
trafficking and turnover.
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Abstract Supporting cells of Corti’s organ are electri-
cally coupled via gap junctions. They probably serve to
maintain the unique cochlear environment that is re-
quired for normal sensory function. In this study we used
input capacitance measurements under whole-cell volt-
age-clamp conditions to evaluate the effects of nitric ox-
ide on gap junctional communication between pairs of
isolated supporting Deiters cells. We show that the nitric
oxide (NO) donor sodium nitroprusside causes the un-
coupling of Deiters cells, and that an NO synthase inhib-
itor blocks the effect. The cGMP analogue 8-bromo-
cGMP also uncouples Deiters cells. With either treat-
ment, the input capacitance of pairs of Deiters cells
drops to single-cell levels within minutes of application,
indicative of electrical uncoupling. We surmise that the
NO/cGMP pathway may serve to modulate normal co-
chlear homeostasis and possibly plays a role in ototoxic
mechanisms. 

Key words Calcium · cGMP · Gap junctions ·
Membrane capacitance · Supporting cells

Introduction

The mammalian organ of Corti is comprised of sensory
(inner and outer hair cells) and supporting cells, e.g.,
Hensen, Deiters, and Pillar cells. The supporting cells
are structurally and electrically coupled together by gap
junctions, which permit the direct cellular exchange of
ions, dyes, and metabolites [5]. Cochlear homeostasis is
believed to rely on intercellular coupling [4]. Coupling
in the organ can be modulated by changes in intracellular

pH and Ca2+, temperature, membrane voltage (junctional
and non-junctional), and membrane tension (e.g., [8]).
Recently, free radicals have been shown to uncouple
Henson cells [7].

An understanding of nitric oxide's (NO) role in inner
ear function is presently limited, but evolving (see [1]
for review). The Ca2+-dependent constitutive isoforms of
nitric oxide (NO) synthase (NOS), neuronal bNOS
(NOS I) and endothelial eNOS (NOS III) are found in
the inner ear [2]. More specifically, Hess et al. [2]
showed that bNOS is present in Deiters cells and in ef-
ferent nerve fibers, while eNOS is found in afferent
nerve fibers and synaptic endings. The inducible Ca2+-
independent iNOS (NOS II) is a third isoform that has
not been found in the cochlea under normal conditions
but can be stimulated by bacterial lipopolysaccharides
(LPS) and tumor necrosis factor α (TNF-α) [2]. In the
present study we investigate the effects of NO on the
electrical coupling between supporting cells. We show
that the generation of NO can uncouple gap junctions of
Deiters cells, and that the effect probably occurs through
the NO/cGMP pathway.

Materials and methods

Guinea pigs were killed by decapitation. The organ of Corti was dis-
sected from the temporal bone in Ca2+-free Leibovitz medium
(NaCl 142.2 mM, KCl 5.37 mM, MgCl2 1.48 mM, HEPES
10.0 mM, dextrose 5.0 mM, pH 7.2, 300 mosmol/l). Pairs of
Deiters cells were obtained by agitating the organ of Corti in
Ca2+-free Leibovitz medium containing 1 mg/ml trypsin for 10 min.
The cell-enriched supernatant was then transferred to a 700-µl per-
fusion chamber, and the cells were allowed to settle and attach to
the untreated glass bottom of the chamber at room temperature for
15 min. An ionic blocking solution [tetraethylammonium (TEA)
20.0 mM, CsCl 20.0 mM, CoCl2 2.0 mM, MgCl2 1.47 mM, HEPES
10.0 mM, NaCl 99.2 mM, 2 mM CaCl2·2H2O, pH 7.2, 300 mos-
mol/l] was used as the normal extracellular perfusate in order to
block outward (K) and inward (K, Ca) currents. The use of ionic
blocking solutions has no effect on gap junctional coupling in sup-
porting cells [4, 8], and is simply used so that capacitive currents
can be evaluated in isolation. Better voltage control is an additional
benefit. CaCl2 was included to facilitate pipette seal formation and
cell attachment to the chamber bottom. Before starting an experi-
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ment, enzyme and cell debris were removed by perfusing for
15 min. The bath perfusion was continued for the whole of each ex-
periment. Patch electrodes were made from borosilicate glass capil-
laries. The initial resistance was 3–5 MΩ, corresponding to tip sizes
of 1–2 µm in diameter. The pipette solution was composed of
140 mM CsCl, 1 mM EGTA, 2 mM MgCl2, 10 mM HEPES,
pH 7.2, 300 mosmol/l. In some experiments, 10 mM BAPTA re-
placed EGTA to more efficiently limit intracellular Ca2+activity.
Electrical coupling between isolated pairs of Deiters cells was eval-
uated by monitoring the input capacitance obtained by the whole-
cell voltage clamp of one cell in the pair. This method is a sensitive
indicator of junctional coupling [4, 8]. All data collection and analy-
sis were performed with the software program jClamp
(www.med.yale.edu/surgery/otolar/ santos/jclamp.html).

A 1 mM sodium nitroprusside (SNP) solution (Sigma,
St. Louis, Mo., USA) and a 1 mM 8-bromo-guanosine 3′, 5′-cyclic
monophophate (cGMP) solution (Calbiochem, La Jolla, Calif.,
USA) were freshly prepared in the normal medium prior to each
experiment. Each solution was locally delivered to the cells via Y-
tube microperfusion while the normal bath perfusion continued.
This was done to limit the treatment effect to the cell pair under
study. NOS activity was blocked by a 500-µM solution of S-meth-
yl-L-thiocitrulline (MTC, Sigma), a competitive NOS inhibitor.

Results and discussion

Deiters cells are intimately associated with outer hair
cells, providing a cellular buffer between the outer hair
cell and the basilar membrane. Additionally, via their api-
cal processes, they contribute to the formation of the re-
ticular lamina, a boundary between endolymph and peri-
lymph. These cells are strategically placed to support the
normal function of the outer hair cell, which serves as the
basis of the “cochlear amplifier”. Pairs of Deiters cells
are readily isolated from Corti's organ, and remain elec-
trically well coupled (Fig. 1). This coupling effectively
provides contiguity of the plasma membrane among Dei-
ters cells, as evidenced by measurements of input capaci-
tance. Figure 1A shows the input capacitance of a pair of
Deiters cells where octanol is used reversibly to uncouple
the cells. Input capacitance decreases to single-cell values
during uncoupling and increases during washout with
normal solution. Isolated pairs of Hensen cells show sim-
ilar responses [4], and indeed this supporting cell type has
been used to confirm the utility of input capacitance mea-
sures in coupling studies. For example, visually con-
firmed single cells, pairs and triplets have average input
capacitances of 31.0, 64.8, and 104 pF, respectively [8].
In the present study, the input capacitance of single Dei-
ters cells was 42.4±7.4 pF (n=12).

In order to evaluate the effects of NO on the coupling
of Deiters cells, we perfused solutions containing the NO
donor SNP (1 mM) during electrical recording. Fig-
ure 2A illustrates that SNP reduces the input capacitance
of cell pairs to single-cell levels, indicating that gap
junctional communication was disrupted. This type of re-
sult was obtained in 11 of 13 cell pairs. For those pairs
that uncoupled, the initial input capacitance averaged
101.3±9.9 pF (mean ±SE). The time course of effects
was variable, but, on average, input capacitance was re-
duced to 75% after 493±97 s following the start of SNP
perfusion. The minimum input capacitance ultimately

reached was 50.6±7.4 pF. In some cells, re-coupling oc-
curred following the washout of SNP. In an additional
ten pairs, the NOS inhibitor MTC (0.5 mM) was per-
fused continuously during SNP delivery (Fig. 2B). In
eight of ten cells no reduction of input capacitance to
single-cell levels was observed; in two cases where input
capacitance dropped to single-cell levels, the quality of
the cells may have been low since the recordings were
made at the end of an experimental session.

Many of the effects of NO are mediated by activation
of soluble guanylate cyclase (sGC) and the subsequent
action of cyclic guanosine monophosphate (cGMP) [3].
sGC is found in supporting cells, including Deiters cells
[1]. We tested the possibility that NO acts via the cGMP
pathway by treating coupled Deiters cells with a mem-
brane-permeant form of cGMP (1 mM). Fig. 2C illus-
trates that 8-bromo cGMP causes Deiters cells to uncou-
ple. As with SNP treatment, input capacitance drops to
single-cell levels following treatment. All six cell pairs
tested evidenced uncoupling. The initial input capaci-
tance averaged 112.6±18.2 pF (mean ±SE). Similar to

Fig. 1 A Digitally captured image of an isolated pair of Deiters
cells, one of which is whole-cell voltage clamped. An outer hair
cell (OHC) remains attached to the apical processes. B Effect of
octanol on the input capacitance (Cin) of a pair of Deiters cells.
After about 30 s, the pipette-membrane seal was ruptured and Cin
jumped to 43 pF; initially, coupling was slight, but increased over
the course of a few minutes, i.e., as Cin increased. The application
of octanol (≅1 mM) via Y-tube perfusion uncoupled the cells as in-
dicated by a drop of capacitance to single-cell levels. After wash-
out of octanol, re-coupling occurred. The effects were repeatable.
The absence of an immediate effect upon the initial application of
octanol is probably due to perfusion blockage, as subsequently,
and in previous studies (e.g. [4]), octanol uncouples supporting
cells within tens of seconds
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SNP, the time course of effects was variable, but, on av-
erage, input capacitance was reduced to 75% after
908±163 s following the start of 8-bromo-cGMP perfu-
sion. The minimum input capacitance ultimately reached
was 46.2±13.6 pF. Our results are summarized in Table 1.

The susceptibility of supporting cell gap junctions to
intracellular calcium is well documented (see [5]), and, in-
deed, second messenger mechanisms that elevate intracel-
lular calcium levels, e.g., inositol 1,4,5-trisphosphate or
IP3, can uncouple supporting cells [6]. In preliminary
tests, we found that replacing the patch pipette solution
Ca2+ chelator EGTA (1 mM) with the more effective chel-
ator BAPTA (10 mM) blocked the effect of SNP on sup-
porting cell coupling (six cell pairs). The enzyme proba-
bly responsible for NO generation is one of the Ca2+-de-
pendent constitutive ones, because of the rapidity of the

uncoupling effects. Consequently, it might be that Ca2+ se-
questration interferes with NO generation. Alternatively, it
is conceivable that NO is generated within the adjacent
un-patched cell, or other cells within the perfusion area,
and that it is the buffering of Ca2+ within the immediate
vicinity of gap junctions that maintains coupling. BAPTA,
based on molecular weight, can traverse gap junctions into
adjacent Deiters cells so as to maintain low Ca2+ levels
within the vicinity of gap junctions. Further studies are re-
quired to resolve the mechanism of BAPTA's effects.

Among other possibilities, we have suggested that
coupling between supporting cells provides for the spa-
tial buffering of potassium ions within the organ of Cor-
ti, which otherwise would compromise the normal activi-
ty of hair cell and neural elements [4]. The present re-
sults may underscore a mechanism for the physiological
control of ionic buffering within the organ of Corti. Ad-
ditionally, the potential for damage caused by free radi-
cals subsequent to NO generation may have a bearing on
the detrimental affects of bacterial toxins [2] and ototox-
ic drugs [7] on cochlear function.
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Fig. 2 A After about 110 s, the whole-cell configuration was es-
tablished, indicated by the jump in capacitance (Cin). Perfusion of
1 mM sodium nitroprusside (SNP) caused the cell pair to rapidly
uncouple, indicated by the drop in capacitance to a single-cell val-
ue of 40 pF. B Perfusion of the nitric oxide synthase (NOS) inhibi-
tor MTC (0.5 mM) started before the whole-cell configuration was
established, and continued during application of SNP. Cin re-
mained fairly constant throughout the recording period. C Treat-
ment with 8-bromo cGMP (1 mM) uncoupled this pair of Deiters
cells after about 7 min

Table 1 The input capacitance
of a pair of Deiters cells and
the effects of altering gap junc-
tional communication between
them. (cGMP 8-Bromo-guano-
sine 3′, 5′-cyclic monophop-
hate, MTC S-methyl-L-thiocit-
rulline, SNP sodium nitroprus-
side.) Single-cell values were
42.4±7.4 pF (n=12; mean ±SD)

Treatment Initial Cin Time (s) to Ultimate Cin % decrease
(pF) 75% Cin (pF)

SNP (n=11) 101±9.9 493±97 50.6±7.4 50
SNP + MTC (n=7*) 90.6±20.4 – 79.3±13.4 88
cGMP (n=6) 112±18 908±163 46.2±13.6 41

*Only seven of the eight pairs that did not reduce to single-cell levels were perfused with MTC
throughout the recording period. In the other pair, MTC was washed out and subsequently SNP did
reduce Cin to single-cell levels



PART IV: ANIMAL RESEARCH IN PERIPHERAL AUDITORY PHYSIOLOGY 

 
Joseph Santos-Sacchi 

BACKGROUND 

Cataloging the microanatomy of the auditory end organ provided an important start for understanding the 
physiology of the peripheral auditory system. These anatomical studies, conducted on a variety of species, 
began in earnest following the development of the compound light microscope in the 1700s. The detail in some 
of the original work of such pioneers as Alfonso Corti is remarkable (see Hawkins (2001) and references 
within), but alas, the microscopic structures were necessarily altered by the decay following extirpation and 
dissection. As we shall see, this decay had a major impact on our understanding of cochlear physiology as well. 
Whereas the development of fixatives proved a boon for anatomists, physiologists did not benefit directly, but 
belatedly profited from histologists’ appreciation of the need to preserve the natural state. 

The cochlea, we now know, is a remarkable electromechanical device. Prior to the discovery of animal 
electricity and the means to measure it, only the mechanical components of cochlea function could be 
investigated. Thus, the microscopic structures in the inner ear were used to deduce the mechanical foundation 
of cochlea function; for example, Helmholtz postulated his resonance theory based on the changing length 
(hence mechanical properties) of radial basilar membrane fibers. Clearly, in mammals, the basilar membrane, 
with its varying dimensions and stiffness, would be a prime candidate for the basis of hearing. Indeed, von 
Bekesy’s (1960) studies confirmed the importance of the basilar membrane’s mechanical qualities by 
demonstrating tuned traveling waves evoked by basilar membrane disturbances. von Bekesy used a variety of 
animal models, mainly the human temporal bone, but also mouse to elephant, to assess the sharpness of tuning 
in the cochlea.  While the data he obtained contributed immensely to our understanding of cochlea mechanics 
and won him the Nobel prize in 1961, unforeseen factors worked to stymie an understanding of the true 
sensitivity and tuning of the mammalian cochlea. These factors were the same that stymied early anatomists, 
namely the difficult-to-avoid decay of normal cellular structure and function after death. These problems, 
though acknowledged by von Bekesy, were argued away, so that for many years auditory aficionados were led 
to believe that his data were gold. In fact, there were serious problems with his experiments, which when 
ultimately realized and solved, helped elucidate the roles of the two types of hair cells; the inner and outer hair 
cells, that the early anatomists identified with the aid of improved fixation techniques. To improve on the work 
of von Bekesy, models other than the human would be required. 

WHY DO WE STUDY ANIMAL MODELS? 

There are two main reasons for the study of peripheral auditory physiology, namely 1) the quest to 
understand and cure auditory dysfunction, and 2) simply to understand how our, and other animals’, ears 
work. Clearly, study based on the former rationale would benefit from direct investigations on humans. 
Unfortunately, though, immense difficulties are associated with human experimentation on the auditory 
periphery. These problems include limited numbers of specimens, inability to control for pathological effects, 
and the inevitable problem of tissue destruction caused by delays in getting access to the cochlea (caused by 
dissection difficulties due to the dense temporal bone and delays in acquisition following death). Thus, for 
many reasons and regardless of the clinical vs. scientific rationales, animal models are best for studies on 
cochlear physiology. The major hurdle in rationalizing a particular animal model is its validity and generality. 
Most investigators believe that a range of small mammals, including the cat, chinchilla, guinea pig, rat, and 
mouse are appropriate for providing insight into the human condition. Of course, one or another species may 
prove better for particular experimental questions. In general, however, these small animals are particularly 
well suited, since the cochlea structures can be easily accessed. This enhanced accessibility (and heightened 
concern for better physiological status) has led directly to enhancements of the findings of von Bekesy. 



BASILAR MEMBRANE TUNING 

The data on basilar membrane movement that von Bekesy obtained indicated that the response of the basilar 
membrane was linear, i.e., the magnitude of the displacement response grew linearly with the stimulus level. 
By extrapolating down to threshold levels, it was argued that basilar membrane movements at the threshold of 
hearing were a fraction of an atom’s width. Tuning of the basilar membrane was also observed to be not as 
good as psychophysical measures, and von Bekesy sought reasons beyond the basilar membrane to explain 
how we hear so well. With the aid of animal models, these notions would dramatically change. 

Using the squirrel monkey, Rhode and colleagues (Rhode 1974; Rhode and Robles 1974) first noticed that, 
in some animals, a nonlinear growth in basilar membrane motions occurred as stimulation levels were changed. 
Importantly, this compressive nonlinearity of the basilar membrane response was vulnerable to the animal’s 
status. Only when extreme care was used to maintain a healthy preparation did the response remain nonlinear, 
otherwise it resembled the data of von Bekesy. We know now that tuning on the basilar membrane is far sharper 
than the data that von Bekesy showed, indicating that his human temporal bone preparation and his animal 
preparations were working in a passive, damaged mode. Of course, the new Mossbauer measurement tool that 
Rhode and colleagues (Rhode 1974; Rhode and Robles 1974) used helped to record at lower stimulus levels 
than von Bekesy could when using stroboscopic illumination. Today, it is clear that the sharp tuning found in 
the eighth nerve has its direct counterpart in basilar membrane motion (Narayan et al 1998). This turnaround 
in the description of basilar membrane tuning highlights the caveat that while animal models have the potential 
to provide valid data, care must be exercised in order to attain validity. 

THE COCHLEA IS ELECTRIC 

In the 1700s, electricians (as serious students of electricity were then called) often relied on themselves or 
acquaintances to serve as subjects. Indeed, Volta perceived a deafening blast as a result of self-inflicted aural 
electrocution (Piccolino 2000). Despite this early indication, it would be nearly two centuries after the 
controversial discovery of animal electricity that the electrical nature of audition would be confirmed. The 
discovery had to wait for the invention of the vacuum tube and oscilloscope, but once in hand, Wever and Bray 
(1930) demonstrated the “cochlear microphonic”, an electrical response of the hair cells (which they mistakenly 
took as eighth nerve firings) measured from electrodes placed on a decerebrate cat’s eighth nerve. The response 
mimicked the acoustic stimulus, and they confirmed this finding in a number of animal species, including 
turtles and insects. 

The study of the electrical activity of the cochlea took off, and small mammals were perfect models since 
their cochleae were easily exposed for electrode implantations. Extracellular (from scala media and the 
perilymphatic scalae) electrical recordings were made of the resting (e.g., endolymphatic potential) and sound-
evoked potentials (cochlea microphonic, summating potential, and even action potentials; see Dallos (1973)), 
but eventually these were usurped by intracellular recording directly from hair cells (Dallos et al 1982; Russell 
and Sellick 1978) after the high impedance electrode was devised. The clear correspondence of electrical 
activity within the auditory periphery with hearing capabilities would place this measure above that of 
histopathologic determination of auditory insult and recovery. 

ANIMAL MODELS OF CLINICAL IMPORTANCE 

The anatomical identification and characterization of cochlear dysfunction is time-consuming. The classic 
histological work on otopathology (see Schuknecht 1974), while quite informative, could not be used with high 
efficiency, simply because the animal or human temporal bone had to be removed and processed after death. 
The use of electrical measures to determine auditory sensitivity, especially those that were noninvasive (e.g., 
auditory brainstem response [ABR], compound action potential [CAP]) permitted ongoing and quantitative 
studies on the effects of noise exposure, ototoxic drug exposure, and hazardous chemicals (e.g., see Henderson 
et al 1999). As a direct result of animal experimentation, we would no longer have to experience devastation 
such as that caused by the first uses of the ototoxic antibiotic, dihydrostreptomycin (Shambaugh et al 1959). 
Nevertheless, while animal models have contributed significantly toward our understanding of pathologies that 
afflict humans, we must remain cognizant of species-specific differences. 

One of the hottest areas of current research is that of hair cell regeneration (see Warchol 2001). Mammalian 
hair cells do not regenerate following destruction, as do those of some lower vertebrates. Thus, unlike some 



tissues that can be interrogated via cell culture, mammalian inner ears must be harvested for each new 
experiment. Perhaps some day, if the key that controls hair cell production is found, hair cell cultures may 
reduce the need for animal sacrifice. 

In the heyday of electron microscopy, transport of electron-dense markers into various compartments of 
the inner ear was studied. These studies included, for example, movements of molecules out of the vasculature 
and into cochlea scalae, thus identifying the blood–labyrinthine barriers (Duvall and Klinkner 1983; Hukee and 
Duvall 1985; Santos-Sacchi and Marovitz 1980) and movements of molecules across the round window 
membrane into the scala tympani (Schachern et al 1987). The latter experiments contributed to the scientific 
basis for the currently popular clinical approach of intratympanic drug delivery, notably used to deliver 
gentamycin for control of intolerable vertigo. This type of approach heralds a new era where the otologist will 
successfully treat previously inaccessible structures of the inner ear and will ultimately do so with the new tools 
of molecular biology. In cochlear implant research, animal models helped in facilitating assessment of the 
reversibility of deafness-associated changes at the level of the cochlea. The feasibility of using clinical devices 
in the animal models is a great asset in evaluation and study of such devices in the present and future (Kretzmer 
et al 2004). 

FROM MOLECULES TO EAR 

Some very important advances in auditory physiology have been made in recent years using the techniques 
of molecular biology. Two of them are especially dear to my heart, namely, the determination that mutations 
of the connexon 26 gene result in nonsyndromic deafness (Kelsell et al 1997) and the identification of the 
protein responsible for the mechanical activity of the outer hair cell (Zheng et al 2000). 

Connexons are proteins that form gap junction channels between adjacent cells, in the ear’s case, allowing 
ionic and metabolic communication between supporting cells (Santos-Sacchi and Dallos 1983). These channels 
were proposed to aid in the removal of harmful extracellular potassium away from active hair cells (Santos-
Sacchi 2000), and this is a likely reason for the mutation’s devastation of hearing. 

The mammalian outer hair cell has long been known to dance wildly in response to electrical stimulation 
(Brownell et al 1985; Ashmore 1987; Santos-Sacchi and Dilger 1988); this mechanical activity is believed to 
promote the sharp tuning and nonlinearity that Rhode and colleagues (Rhode 1974; Rhode and Robles 1974) 
found in the basilar membrane. Finally, after nearly two decades, the motor responsible for the outer hair cell 
(OHC) boogie was molecularly identified as the protein, prestin (Zheng et al 2000). The story is a continuing 
one that is full of twists (Santos-Sacchi 2003), but most recently, a knockout of the prestin gene in the mouse 
seriously interfered with normal auditory function (Liberman et al 2002), and a mutation of the gene was shown 
to cause deafness in humans (Liu et al 2003). In the end, it will likely be the mouse model that holds the key to 
our interests in the ear, as this small prolific rodent is a perfect molecular biology laboratory. But let us not 
forget the guinea pig, which is a classic model in auditory research; indeed, this animal has helped show that 
gene transfection (of Math1 transcription factor) into the intact cochlea can induce new hair cell growth 
(Kawamoto et al 2003).  Imagine, the future otologist growing some new hair cells for us hard-of-hearing baby 
boomers — thanks to animal research. 

 
 

HERE AND NOW 
 

Well, some 14 years have passed since the short review given above, and one thing remains clear – animal 
modelling enjoys tremendous popularity in otolaryngological research, especially in auditory physiology. We 
have not yet made enough progress to understand basic physiological mechanisms so that mathematical models 
can fully supplant experiment. Importantly, however, experiments on animals and their cells, often are 
simultaneously accompanied by mathematical models of identified processes, leading the way to limit the use 
of animals in the future. 

What has become of the hope that the otologist could grow and insert new hair cells to alleviate deafness? 
Well, as I see it, though progress to the bedside has not been as rapid as initially anticipated, things are picking 
up. One of the promising bases for potential treatments involves manipulating signaling pathways to promote 
proliferation of stem cells that can then be triggered to differentiate into hair cells – methods that have been 
established in the mouse (McLean et al., 2017). Several clinical trials are now underway to help regenerate hair 
cells. Most trials include molecular biological approaches that have directly benefited from animal experiments. 
Even methods of treatment delivery, e.g., transtympanic or systemic, have been evaluated using animal models. 



In the meantime, the cochlear implant remains the prime treatment for severe deafness, but even this established 
approach is benefiting from animal experiments aimed at prolonging spiral ganglion cell and neurite survival 
(Jolly et al., 2010). Such experiments often use guinea pigs (because of the large size of the cochlea) to study 
the effects of drug delivery (e.g., steroids) via the implant.  

For the auditory physiologist, the animal model of choice is now clearly the mouse, although the zebrafish 
is far more amenable to molecular manipulations on a more rapid time scale. To be sure, the zebrafish has been 
instrumental in understanding certain aspects of auditory and vestibular development, and sensory function 
(Nicolson, 2005). In fact, the lateral line, in particular, has been a popular model for studying hair cell function, 
and the ability to now patch clamp from these cells (Ricci et al., 2013) is a boon for the auditory 
electrophysiologist. However, the usefulness of this species will never surpass the mouse. Below, I touch on a 
couple of significant observations that have benefited from mouse experimentation. 

The elucidation of the molecular nature of the vertebrate hair cell stereociliar transduction channel has been 
a persistent challenge over the years, with many suggestions made (Corey et al., 2004), but all failing to 
materialize (Corey, 2006). Recently, however, several investigations have honed in on the TMC protein as 
being a major component of the channel, and these efforts have benefited from studies in the mouse (Beurg et 
al., 2018  ; Pan et al., 2018). The Pan et al. experiments showed that single channel characteristics of the 
stereociliar transduction channel could be manipulated following cysteine mutagenesis of the presumed pore-
forming region of TMC1, pointing towards its central role in transduction. However, since such channel 
characteristics are also altered by membrane lipid modifications of PIP2 (Effertz et al., 2017) in the presence 
of normal TMC1. This indicates that the mere alteration of single channel characteristics does not guarantee 
the identification of a pore-forming region in a membrane protein. Thus, expression of the TMC1 protein in 
heterologous cells is required to fully confirm that it is indeed the transduction channel. Currently, TMC1 is 
unable to be transfected into non-auditory cells. Nevertheless, we are now closer than ever to solving this 
puzzle. 

Alluded to above, prestin is the identified motor protein that accounts for electromotility and cochlear 
amplification. This protein exclusively resides in the outer hair cell membrane, and in no other cell type in the 
organ of Corti. Nevertheless, Chessum et al. (Chessum et al., 2018) have identified a key regulator of OHC maturation 
(Helios) that dictates the localized expression of prestin, and knockout mice of the gene encoding Helios produces deafness 
and reduction of prestin expression. Surprisingly, the ectopic expression of this gene regulator in mouse inner hair cell 
results in prestin expression and electromotility in inner hair cells! I believe that the mouse is truly a molecular laboratory 
destined to tell us how the ear’s works really works.   

 
 

  



 
REFERENCES 

 
1. Hawkins, J.E., Auditory physiological history: a surface view, in Physiology of the Ear, Jahn, A.F. 

and Santos-Sacchi, J., Eds., Raven Press, New York, 2001. 
2. Von Bekesy, G., Experiments in Hearing, McGraw-Hill, New York, 1960. 
3. Rhode, W.S., Measurement of vibration of the basilar membrane in the squirrel monkey, Ann. Oto. 

Rhino!. Laryngol., 83, 619, 1974. 
4. Rhode, W.S. and Robles, L., Evidence from Mossbauer experiments for nonlinear vibration in the cochlea, 

J. Acoust. Soc. Am., 55, 588, 1974. 
5. Narayan, S.S., Temchin, A.N., Recio, A., and Ruggero, M.A., Frequency tuning of basilar membrane 

and auditory nerve fibers in the same cochleae, Science, 282, 1882, 1998. 
6. Piccolino, M., The bicentennial of the Voltaic battery (1800--2000): the artificial electric organ, Trends 

Neurosci., 23, 147, 2000. 
7. Wever, E.G. and Bray, C., Action currents in the auditory nerve in response to acoustic stimulation, 

PNAS,  16, 344, 1930. 
8. Dallos, P., The Auditory Periphery, Academic Press, New York, 1973. 
9. Dallos, P., Santos-Sacchi, J., and Flock, A., Intracellular recordings from cochlear outer hair cells, 

Science, 218, 582, 1982. 
10. Russell, I.J. and Sellick, P.M., Intracellular studies of hair cells in the mammalian cochlea, J. Physiol., 

284, 261, 1978. 
11. Schuknecht, H.F., Pathology of the Ear, Harvard University Press, Cambridge, MA, 1974. 
12. Henderson, D., Salvi, R.J., Quaranta, A., McFadden, S.L., and Burkard, R.F., Ototoxicity: Basic 

Science and Clinical Applications, New York Academy of Sciences, New York, 1999. 
13. Shambaugh, G.E., Jr., Derlacki, E.l., Harrison, W.H., House, H., House, W., Hildyard, V., Schuknecht, 

H., and Shea, J.J., Dihydrostreptomycin deafness, J. Am. Med. Assoc., 170, 1657, 1959. 
14. Warchol, M.E., Regeneration of cochlear hair cells, in Physiology of the Ear, Jahn, A.F. and Santos- 

Sacchi, J., Eds., Raven Press, New York, 2001. 
15. Duvall, A.J., III and Klinkner, A., Macromolecular tracers in the mammalian cochlea, Am. J. Oto 

laryngol., 4, 400,  1983. 
16. Hukee, M.J. and Duvall,A.J., III, Cochlear vessel permeability to horseradish peroxidase in the normal 

and acoustically traumatized chinchilla: a reevaluation, Ann. Oto!. Rhino!. Laryngol., 94, 297, 1985. 
17. Santos-Sacchi, J. and Marovitz, W.F., An evaluation of normal stria! capillary transport using the 

electron-opaque tracers ferritin and iron dextran, Acta Otolaryngol., 89, 12, 1980. 
18. Schachern, P.A., Paparella, M.M., Goycoolea, M.V., Duvall,A.J., III, and Choo, Y.B., The permeability 

of the round window membrane during otitis media, Arch. Otolaryngol. Head Neck Surg., 113, 625, 
1987. 

19. Kelsell, D.P., Dunlop, J., Stevens, H.P., Lench, N.J., Liang, J.N., Parry, G., Mueller, R.F., and Leigh, 
I.M., Connexin 26 mutations in hereditary nonsyndromic sensorineural deafness, Nature, 387, 80, 
1997. 

20. Zheng, J., Shen, W., He, D.Z., Long, K.B., Madison, L.D., and Dallos, P., Prestin is the motor protein 
of cochlear outer hair cells, Nature, 405, 149, 2000. 



 
21. Santos-Sacchi, J. and Dallas, P., Intercellular communication in the supporting cells of the organ of Corti, 

Hear. Res., 9, 317,  1983. 
22. Santos-Sacchi, J., Cell coupling in Corti's organ, Brain Res. Brain Res. Rev., 32, 167, 2000. 
23. Brownell, W.E., Bader, C.R., Bertrand, D., and de Ribaupierre, Y., Evoked mechanical responses of isolated 

cochlear outer hair cells, Science, 227, 194, 1985. 
24. Ashmore, J.F., A fast motile response in guinea-pig outer hair cells: the cellular basis of the cochlear amplifier, 

J. Physiol.  (Lond.),  388, 323,  1987. 
25. Santos-Sacchi, J. and Dilger, J.P., Whole cell currents and mechanical responses of isolated outer hair 

cells, Hear. Res., 35, 143, 1988. 
26. Santos-Sacchi, J., New tunes from Corti's organ: the outer hair cell boogie rules, Curr. Opin. Neuro biol., 13, 

459, 2003. 
27. Liberman, M.C., Gao, J., He, D.Z., Wu, X., Jia, S., and Zuo, J., Prestin is required for electromotility of the 

outer hair cell and for the cochlear amplifier, Nature, 419, 300, 2002. 
28. Liu, X.Z., Ouyang, X.M., Xia, X.J., Zheng, J., Pandya, A., Li, F., Du, L.L., Welch, K.0., Petit, C., Smith, 

R. J., Webb, B.T., Yan, D., Amos, K.S., Corey, D., Dallas, P., Nance, W.E., and Chen, Z.Y., Prestin, a 
cochlear motor protein, is defective in nonsyndromic hearing loss, Hum. Mot. Genet., 12, 1155, 2003. 

29. Kawamoto, K., Ishimoto, S., Minoda, R., Brough, D.E., and Raphael, Y., Math 1 gene transfer generates 
new cochlear hair cells in mature guinea pigs in vivo, J. Neurosci., 23, 4395, 2003. 

 
 
 
Beurg M, Cui R, Goldring AC, Ebrahim S, Fettiplace R, Kachar B (2018) Variable number of TMC1-

dependent mechanotransducer channels underlie tonotopic conductance gradients in the 
cochlea. Nat Commun 9:2185. 

Chessum L et al. (2018) Helios is a key transcriptional regulator of outer hair cell maturation. Nature 
563:696-700. 

Corey DP (2006) What is the hair cell transduction channel? J Physiol 576:23-28. 
Corey DP, Garcia-Anoveros J, Holt JR, Kwan KY, Lin SY, Vollrath MA, Amalfitano A, Cheung EL, Derfler BH, 

Duggan A, Geleoc GS, Gray PA, Hoffman MP, Rehm HL, Tamasauskas D, Zhang DS (2004) TRPA1 
is a candidate for the mechanosensitive transduction channel of vertebrate hair cells. Nature 
432:723-730. 

Effertz T, Becker L, Peng AW, Ricci AJ (2017) Phosphoinositol-4,5-Bisphosphate Regulates Auditory Hair-
Cell Mechanotransduction-Channel Pore Properties and Fast Adaptation. J Neurosci 37:11632-
11646. 

Jolly C, Garnham C, Mirzadeh H, Truy E, Martini A, Kiefer J, Braun S (2010) Electrode features for hearing 
preservation and drug delivery strategies. Adv Otorhinolaryngol 67:28-42. 

McLean WJ, Yin X, Lu L, Lenz DR, McLean D, Langer R, Karp JM, Edge ASB (2017) Clonal Expansion of 
Lgr5-Positive Cells from Mammalian Cochlea and High-Purity Generation of Sensory Hair Cells. 
Cell Rep 18:1917-1929. 

Nicolson T (2005) The genetics of hearing and balance in zebrafish. Annu Rev Genet 39:9-22. 
Pan B, Akyuz N, Liu XP, Asai Y, Nist-Lund C, Kurima K, Derfler BH, Gyorgy B, Limapichat W, Walujkar S, 

Wimalasena LN, Sotomayor M, Corey DP, Holt JR (2018) TMC1 Forms the Pore of 
Mechanosensory Transduction Channels in Vertebrate Inner Ear Hair Cells. Neuron 99:736-753 
e736. 

Ricci AJ, Bai JP, Song L, Lv C, Zenisek D, Santos-Sacchi J (2013) Patch-clamp recordings from lateral line 
neuromast hair cells of the living zebrafish. J Neurosci 33:3131-3134. 

 



male was silenced or the subordinate 
males were deafened, the results were 
very similar. 

A dominant male that was audible to 
his subordinates devoted less time to 
fighting and more to courting and, conse- 
quently, had a higher rate of copulation. 
Our study, as well as more detailed stud- 
ies of female behavior (5), indicates that 
male chirping does not affect female be- 
havior directly. We conclude that acous- 
tic signals influence male mating success 
because inaudible males are interrupted 
by other males more often during court- 
ship than are audible males. The struc- 
tural similarity in chirps produced during 
courtship and during aggression may re- 
flect a convergence of function: no mat- 
ter what the context, male chirps signal 
an aggressive warning to other males. 

The chirps of many species of crickets 
have a different structure for each of 
several contexts (13). Most species of 
field crickets are solitary, and the males 
produce loud species-specific "calling" 
songs that attract females from a dis- 
tance and possibly serve a role in the 
territorial spacing of neighboring males 
(3). The less intense "courtship" chirps 
of solitary males are audible to females 
in the immediate vicinity, but may not be 
detectable by other males (5); female 
field crickets discriminate against males 
that do not chirp during courtship (4). 
"Aggressive" chirps usually have yet 
another structure (13). A gregarious 
cricket such as Amphiacusta maya need 
not produce a calling song but is very 
likely to be interrupted during courtship. 
Thus a male in a gregarious species, at 
risk of constant interruptions and fights, 
produces "war propaganda" whenever 
he chirps. 
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Phaeophilacris spectrum, communicates with 
infrasound rather than with audible signals. The 
same signal is produced during courtship and 
aggression, but a second signal is added in high- 
intensity aggressive interactions [M. von Dam- 
bach and L. Lichtenstein, Z. Tierpsychol. 46, 14 
(1978)]. 

7. Three marked males were housed in each cage. 
One female was put in immediately before ob- 
servations began. Most aggressive interactions 
occurred in the vicinity of the female, when a 
male was interrupted during courtship. The in- 
teractions varied in intensity from one male 
antennating the other and displacing him, to 
fights in which both males stood on their hind 
legs, hit each other with their front legs, tried to 
bite, and chirped continuously. All aggressive 
interactions [described in (5)] and all attempts to 
copulate were recorded for 0.5 hour. If the 
female had mated during this period, she was 
removed; otherwise, she was left in the cage for 
another 0.5 hour. The ranks of males were 
assigned on the basis of the number of aggres- 
sive interactions that each male won during each 
observation session. A cage was observed only 
once per day. 

8. Fifty cages each containing three males were 
observed for one to four sessions each (7). If 
mating in this species occurs by chance alone, 
then each male should have achieved approxi- 
mately 0.33 of the copulations in his cage. To 
test this hypothesis, one day on which just one 
copulation occurred was chosen at random for 
each cage, and the number of times that the 
dominant or a subordinate male copulated was 
compared with an expected value of the domi- 
nant male copulating in 0.33 of the cases and the 
subordinates in 0.67. Dominant males copulated 
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The most advanced auditory organs 
have two morphologically distinct senso- 
ry receptors. Electrical characteristics of 
individual mammalian receptors have 
been described only for one type, the 
inner hair cell (1). We now describe 
results of a 4-year study of cochlear 
outer hair cells (2). Information from 
single outer hair cells may explain some 
central questions of cochlear physiology, 
such as the role of this receptor cell in 
hearing and the types of interaction, if 
any, that occur between outer and inner 
hair cells. 

Anesthetized guinea pigs were main- 
tained at a constant core temperature 
and their heart rates were monitored; in 
later experiments, exhaled CO2 was also 
measured. To assess the normalcy of the 
ear, a wire electrode was placed in the 
scala tympani of the first cochlear turn, 
and tone-burst-generated compound ac- 
tion potentials were recorded. In prepar- 
ing for the recording of hair cell poten- 
tials a fenestra (- 0.3 by 0.5 mm) was 
made in the bone over the stria vas- 
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in 39 cases and subordinates in II (X2 = 45, 
d.f. = 1, P << .001). 

9. Males were silenced by first anesthetizing them 
with CO, or N, or restraining them, then waxing 
the stridulatory file on the underside of the right 
wing. This allowed them to move their wings 
normally but they were unable to produce 
sound. Control males were anesthetized or re- 
strained similarly and in the second experiment 
a drop of wax was put on their pronota. 

10. Seven of 40 copulations in 57 observations were 
made by silent males. 

11. Fisher test, not significant, 14 experimental and 
9 control cages. 

12. Subordinate males were deafened by tearing the 
tympana on their prothoracic legs. The domi- 
nant males were handled in similar fashion ex- 
cept that the analogous sites on their metatho- 
racic legs were scratched rather than their pro- 
thoracic tympana. All of the males walked nor- 
mally after this operation. 

13. R. D. Alexander, Evolution 16, 443 (1962). 
14. We thank R. Hoy and G. Hausfater for advice at 
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Arnold, L. Heisler, R. Jaeger, and M. Wade for 
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cularis in the third turn of the coch- 
lea. Microelectrodes were introduced 
through the stria and aimed at the organ 
of Corti. The cochlea was back-lighted 
with a fiber optics illuminator, so that the 
shadow of the organ of Corti could be 
seen through the fenestra. Attempts 
were made to insert the electrodes so 
that they would travel parallel with the 
reticular lamina (3) (Fig. IA). Electrodes 
were driven by a motorized microdrive 
in increments of multiples of 2 pm (4). 
Only responses obtained with tone-burst 
stimuli are presented. 

The continuous recording of electrode 
position and a characteristic sequence of 
d-c potential changes (Fig. 1B) help iden- 
tify the location of the electrode tip with- 
in the organ of Corti. Cell types may be 
identified by a combination of recording 
depth, membrane potential, and re- 
sponse magnitude. In all supporting cell 
types the membrane potential is high 
(steady-state values range up to -100 
mV) and electrical responses are small- 
er, at any frequency, than those mea- 
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Intracellular Recordings from Cochlear Outer Hair Cells 

Abstract. Intracellular recordings were made from outer hair cells in the third tutrn 
of the guinea pig cochlea, and the electrical characteristics of the cells were 
compared to those of inner hair cells, supporting cells, and extracellualar spaces fiom 
the same recording region. Outer hair cells have higher membrane potentials than do 
inner hair cells, but they produce smaller a-c receptor potentials. The frequency 
response characteristics of both types of hair cells are probably not significantly 
different. In the frequency region where tuning is optimal, both cell types produce 
depolarizing d-c receptor potentials, but outer hair cells also generate hyperpolariz- 
ing responses at low frequencies. 
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sured in scala media or in the extracellu- 
lar spaces in the organ of Corti. Inner 
hair cells (N = 19 stable recordings) are 
characterized by low steady-state mem- 
brane potentials (median, -20 mV; high- 
est, -47 mV) and large receptor poten- 
tials (up to 25 mV, peak to peak). At the 
best frequency of the cell, these respons- 
es can be up to a hundred times larger 
than the corresponding extracellular re- 
sponse. These findings are in harmony 
with the observations of Russell and 
Sellick on first-turn inner hair cells (I). 
Outer hair cells (N = 22) can be recog- 
nized from their large steady-state mem- 
brane potentials (median, -71 mV; high- 
est, -94 mV) and large receptor poten- 
tials (up to 15 mV, peak to peak) (5). The 
cell's a-c response is between 3 and 15 
times greater than the extracellular po- 
tential. Response patterns at various 
electrode locations are shown in Fig. IC. 

We compared observations made 
among a-c response magnitudes record- 
ed at various locations in the same organ 
of Corti (Fig. 2A). All functions, except 
the scala media plot (6), depict bandpass 
filter characteristics. Around the best 
frequency there is a relatively sharply 
tuned tip segment with a high frequency 
slope of more than 40 dB per octave. The 
low frequency slope flattens out in a tail 
section which begins about 10 dB below 
the maximum at the tip. Direct compari- 
son between the inner and outer hair 
cells in the same cochlea show that the 
tuning characteristics are comparable, 
even though the tip-to-tail ratio tends to 
be smaller in outer hair cells. This ratio, 
however, is highly variable among ani- 
mals, ranging from 0 to 20 dB. Higher 
ratios probably correspond to better 
preparations. 

When a-c and d-c receptor potentials 
recorded from an outer hair cell are 
compared, several striking observations 
can be made. First, outer hair cells pro- 
duce both depolarizing and hyperpolariz- 
ing d-c responses, whereas the d-c out- 
put of inner hair cells is always positive 
(I). Second, the d-c response of outer 
hair cells appears to be much more 
sharply tuned than the a-c component. 
Third, around the best frequency of the 
cell, the a-c and d-c response magnitudes 
are commensurate. The behavior of the 
d-c receptor potential is similar to the 
patterns described for the gross summat- 
ing potential (7), which also undergoes a 
polarity reversal along the frequency 
axis. In addition, we have shown that the 
summating potential is much better 
tuned than the gross cochiear micro- 
phonic (8), further suggesting a similarity 
between intracellular responses of outer 
hair cells and the gross cochlear poten- 
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tials. Both a-c and d-c intracellular re- 
sponses are largest at the same frequen- 
cy when measured at low sound levels. 
With an increase in the magnitude of the 
stimulus both types of responses satu- 
rate, and the a-c response peak shifts to 
lower frequencies. Thus, for example, at 
70 dB (Fig. 2B) the a-c maximum occurs 
at 600 Hz even though at low sound 
levels it is at 800 Hz, the same frequency 
at which the d-c maximum is maintained 
over the whole range of intensities. 

Our results reveal some potentially 
significant similarities, as well as differ- 
ences, between the electrical character- 
istics of inner and outer hair cells. The 
a-c potential produced by either the in- 
ner or outer hair cells peaks at the same 
frequency which is determined by the 
cell's location along the cochlear spiral. 
In other words, there does not appear to 
be a systematic tuning disparity between 
the two types of receptors located at the 
same place. The sharpness of tuning 
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mV). After encountering the 
C ~ 

3 - -80 EP, the electrode'travels with- 3 minutes 3 minutes in the endolymph from 80 to 
180 pLm, depending on its posi- 
tion and orientation, before 
reaching the organ of Corti. 
Hensen's cells are contacted 
first, and their penetration is 

rl1 Vi- Z~ clearly marked by a d-c shift 
from positive to negative of up 

III) I ~~ l to 180 mV (point b). A further 
l[l^HI| ~~advance of the electrode tra- 

verses the Hensen's cell layer 
4FL.^ ffl^B6~ itei~ ^and locates the tip within the 

outer tunnel of Corti (point c). 
The d-c potential in the outer 
tunnel or in any fluid space 
(12) within the spiral organ is 
zero or slightly negative (less 

than -10 mV). At electrode location d a cell is registered; it is, however, quickly lost. This is 
probably a third-row outer hair cell. At a depth of 50 p.m another cell is penetrated (point e) and 
held with a stable membrane potential. (The range of holding times for outer hair cells is from 
1.2 to 33 minutes; the many cells that were lost before a minute are not considered.) This is 
another outer hair cell. At marker f contact is lost with the hair cell in which the electrode 
dwelled for 7.5 minutes. A 3-minute segment of recording is omitted. (C) Averaged responses 
(N = 32) to tone bursts from various electrode locations. Two stimulus frequencies were used 
(100 and 600 Hz), and all presentations are at the same sound level (70 dB with respect to 20 

]Pa). The vertical bar represents I mV, except for the two, top right-hand traces, for which it is 
0.2 mV. The recording electronics is a-c coupled with a low frequency cutoff of 1 Hz. Recording 
electrodes typically possess a bandwidth extending to 1700 Hz (upon optimal capacitance 
compensation). 
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Fig. 2. (A) Peak-to-peak a-c 
response magnitude as a func- 
tion of stimulus frequency, re- 
corded from various locations 
within the same organ of 
Corti. Sound pressure is con- 
stant at 40 dB (with respect to 
20 ILPa); at this level the re- 
sponses are linear. Inner hair 
cells (L), outer hair cells (e), 
scala media (@), and organ of 
Corti fluid space (O). (B) 
Comparison of the frequency 
dependence of the a-c and d-c 
receptor potential components 
from one outer hair cell. Data 
are obtained from averaged re- 
sponses with tone-burst stimuli 
having a constant sound level 
of 70 dB (with respect to 20 
pPa); a-c responses are peak- 
to-peak magnitude, and d-c re- 
sponses are measured between 
prestimulus baseline and half 
the excursion of the a-c wave- 
form; a-c (0) and d-c (0). 
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appears to be similar in both types of 
cells. Although some evidence suggests 
that inner hair cells can be better tuned, 
tuning appears to vary more from animal 
to animal than from cell to cell in a 
particular animal. This variation most 
likely reflects the nonuniformity of phys- 
iological conditions among our subjects. 
We have compared equal intensity re- 
sponse curves with single auditory nerve 
fiber rate functions obtained at the same 
sound level from fibers (recorded from 
chinchillas in our laboratory) for which 
the best frequency matched those of our 
hair cells. The range of tuning for these 
single fibers encompassed our sample, 
but our best tuned hair cell is not as 
sharply tuned as the best nerve fiber; it is 
much better tuned, however, than the 
poorest one. Since single fiber tuning 
itself is relatively shallow in the frequen- 
cy range of interest (600 to 1000 Hz), 
quantitative comparisons between fiber 
and hair cell tuning are not particularly 
revealing. Our data therefore support the 
suggestion that the sharpness of tuning 
seen in single fiber discharge patterns is 
already established at the hair cell level, 
and the degree of sharpness is probably 
determined by the mechanical tuning of 
the basilar membrane-organ of Corti 
complex (9). 

In agreement with work (1) on inner 
hair cells, we find that the magnitude of 
a-c and d-c receptor potentials is remark- 
ably large. The responses of inner hair 
cells appear to be about three times 
greater than the ones recorded from out- 
er hair cells. There also does not appear 
to be a systematic difference in sensitiv- 
ity between the two types of hair cells. 
Thus schemes that assign different oper- 
ating regions of sound intensity for outer 
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and inner hair cells are not supported by 
these data. At their best frequency the 
operation of both inner and outer hair 
cells becomes markedly nonlinear above 
approximately 50 dB. The nonlinearity is 
manifested by saturation and production 
of harmonics and of a d-c component. 
Although it has been suggested that out- 
er and inner hair cells operate in phase 
opposition (10), we find no evidence to 
support such a contention. At the best 
frequency the a-c receptor potentials 
produced by the two sensory cell types 
are approximately in phase, and, as was 
mentioned above, the d-c receptor po- 
tentials are depolarizing. Thus the intrin- 
sic electrical behavior of the two hair cell 
types is similar around their best fre- 
quency. 

The most striking difference between 
the electrical characteristics of outer and 
inner hair cells is in their resting mem- 
brane potentials: the inner hair cells ap- 
pear to operate at about half the mem- 
brane potential of the outer hair cells, 
and thus resemble supporting cells in this 
respect. There is no readily evident ex- 
planation for this difference in resting 
potentials. Although the input resistance 
of our receptor cells is highly variable, 
the two cell types show overlapping dis- 
tributions ranging between 10 and 34 
megohms (11). 
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Modulators of Kv3 Potassium Channels Rescue the Auditory
Function of Fragile X Mice
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Fragile X syndrome (FXS) is characterized by hypersensitivity to sensory stimuli, including environmental sounds. We compared the
auditory brainstem response (ABR) recorded in vivo in mice lacking the gene (Fmr1�/y) for fragile X mental retardation protein (FMRP)
with that in wild-type animals. We found that ABR wave I, which represents input from the auditory nerve, is reduced in Fmr1�/y animals,
but only at high sound levels. In contrast, wave IV, which represents the activity of auditory brainstem nuclei is enhanced at all sound
levels, suggesting that loss of FMRP alters the central processing of auditory signals. Current-clamp recordings of neurons in the medial
nucleus of the trapezoid body in the auditory brainstem revealed that, in contrast to neurons from wild-type animals, sustained depo-
larization triggers repetitive firing rather than a single action potential. In voltage-clamp recordings, K � currents that activate at positive
potentials (“high-threshold” K � currents), which are required for high-frequency firing and are carried primarily by Kv3.1 channels, are
elevated in Fmr1�/y mice, while K � currents that activate near the resting potential and inhibit repetitive firing are reduced. We therefore
tested the effects of AUT2 [((4-({5-[(4R)-4-ethyl-2,5-dioxo-1-imidazolidinyl]-2-pyridinyl}oxy)-2-(1-methylethyl) benzonitrile], a com-
pound that modulates Kv3.1 channels. AUT2 reduced the high-threshold K � current and increased the low-threshold K � currents in
neurons from Fmr1�/y animals by shifting the activation of the high-threshold current to more negative potentials. This reduced the firing
rate and, in vivo, restored wave IV of the ABR. Our results from animals of both sexes suggest that the modulation of the Kv3.1 channel
may have potential for the treatment of sensory hypersensitivity in patients with FXS.

Key words: auditory brainstem response; AUT2; fragile X; high- and low-threshold potassium channels; medial nucleus of the trapezoid
body; potassium channels

Introduction
Fragile X syndrome (FXS) is a genetic disease caused by a silenc-
ing mutation of the FMR1 gene. In the majority of cases, this is

caused by an expansion of the CGG repeats in the promoter
region of the FMR1 gene, which leads to a lack of fragile X mental
retardation protein (FMRP; Oberlé et al., 1991; Verkerk et al.,
1991). FMRP is a mRNA binding protein that controls the func-
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Significance Statement

mRNA encoding the Kv3.1 potassium channel was one of the first described targets of the fragile X mental retardation protein
(FMRP). Fragile X syndrome is caused by loss of FMRP and, in humans and mice, causes hypersensitivity to auditory stimuli. We
found that components of the auditory brain response (ABR) corresponding to auditory brainstem activity are enhanced in mice
lacking FMRP. This is accompanied by hyperexcitability and altered potassium currents in auditory brainstem neurons. Treat-
ment with a drug that alters the voltage dependence of Kv3.1 channels normalizes the imbalance of potassium currents, as well as
ABR responses in vivo, suggesting that such compounds may be effective in treating some symptoms of fragile X syndrome.
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tion and expression level of a variety of proteins including several
ion channels (Darnell et al., 2011). Patients with FXS experience
multiple symptoms such as hypersensitivity to sensory stimuli,
hyperactivity, susceptibility to seizures, intellectual disability,
anxiety, and social and memory impairment (Garber et al., 2008;
Chonchaiya et al., 2009). Some of these symptoms have been
replicated in fragile X mice in which the gene for FMRP has been
deleted (Fmr1�/y mice; Michalon et al., 2012; Curia et al., 2013;
Rotschafer and Razak, 2014; Myrick et al., 2015; Bostrom et al.,
2016; Aloisi et al., 2017; Pyronneau et al., 2017; Sinclair et al.,
2017). In humans, early intervention, such as drug treatment,
speech therapy, schooling, and social integration, are believed to
improve cognition in patients with FXS (Lozano et al., 2016).
This offers hope that further effective treatments for fragile X
symptoms will emerge if the appropriate targets for therapeutic
agents can be identified.

One symptom that is relevant to this study is the hypersensi-
tivity of patients with FXS to auditory stimuli (Arinami et al.,
1988; Roberts et al., 2005). Physiological levels of sound evoke
abnormal elevation of the cortical auditory response in patients
with FXS (St Clair et al., 1987; Rojas et al., 2001; Castrén et al.,
2003; Van der Molen et al., 2012), and ordinary environmental
sounds can become unbearable for patients with FXS. In addition
to this hypersensitivity to auditory stimuli, patients with fragile X
syndrome have difficulties in discriminating the timing of audi-
tory stimuli, which renders them unable to localize sounds in
space (Hall et al., 2009; Rotschafer and Razak, 2014). Both the
elevated cortical responses to sound stimuli and the deficits in
temporal processing are likely to be influenced by alterations in
subcortical networks such as those in the auditory brainstem that
compute sound localization. These include the anteroventral co-
chlear nucleus (AVCN) and the medial nucleus of the trapezoid
body (MNTB), as well as the medial and lateral superior olivary
nuclei to which the AVCN and MNTB project. This conclusion is
supported by the finding that the auditory brainstem response
(ABR) recorded in vivo is altered in adult Fmr1�/y mice, and this
may result, in part, from an alteration in the balance of excitation
and inhibition (Rotschafer et al., 2015; Garcia-Pino et al., 2017;
McCullagh et al., 2017).

The intrinsic excitability of neurons is determined by the ion
channels they express. The mRNAs for several ion channels bind
FMRP (Darnell et al., 2011), and in several cases the loss of FMRP
has been demonstrated to alter levels of ion channel proteins in
neurons (Brager and Johnston, 2014; Frick et al., 2017). More-
over, a subset of these ion channel proteins bind FMRP directly,
altering the amplitude, gating, or trafficking of the channels
(Brown et al., 2010; Zhang et al., 2012; Deng et al., 2013, 2019;
Ferron et al., 2014; Myrick et al., 2015; Yang et al., 2018). Previous
studies have demonstrated that currents corresponding to some
of these ion channels are altered in the auditory brainstem MNTB
neurons of Fmr1�/y mice (Brown et al., 2010; Strumbos et al.,
2010b). We have now analyzed the effects of the loss of FMRP on
the intrinsic excitability of auditory brainstem MNTB neurons in
vitro and compared this to alterations in auditory brainstem re-
sponses in vivo, in Fmr1�/y and wild-type (WT) mice. We have
also characterized the actions of a small molecule, AUT2 [((4-
({5-[(4R)-4-ethyl-2,5-dioxo-1-imidazolidinyl]-2-pyridinyl}oxy)-
2-(1-methylethyl) benzonitrile; Brown et al., 2016], which
modulates Kv3.1 potassium channels, and found that this com-
pound was able to normalize both the firing patterns of MNTB neu-
rons and the ABR of Fmr1�/y mice.

Materials and Methods
AUT compound. AUT2 (Autifony Therapeutics) is a small molecule
modulator of human and rodent Kv3.1 and Kv3.2 channels. Some of the
electrophysiological actions of AUT2 have been described previously
(Brown et al., 2016). AUT2 is a cell-permeant small molecule, which
modulates human recombinant Kv3.1 channels by shifting the voltage
dependence of activation and inactivation to negative potentials (EC50,
0.9 �M; Brown et al., 2016). AUT2 (10 mM stock solution) was dissolved
in DMSO (0.1%), and the final concentration used in the recording
chamber was 10 �M for in vitro recordings. A 10 �M concentration of
AUT2 has previously been shown to strongly modulate the recombinant
Kv3.1 channel, causing a 28 mV leftward shift in the V1/2 of activation
(Brown et al., 2016). For testing the effects of AUT2 on auditory brains-
tem response in vivo, we prepared a vehicle containing 12.5% of Captisol,
mixed with 0.5% HPMC (hydroxypropylmethylcellulose) K15M and
0.5% Tween 80 in sterile water. The AUT2 drug suspension was then
prepared by dissolving AUT2 compound in the vehicle solution, which
was used at a final concentration of 30 mg/kg and dosed by the intraperi-
toneal route 20 min before testing. While formal pharmacokinetic stud-
ies have not been conducted with this compound in the mouse, a dose of
30 mg/kg AUT2 administered orally to rats gave brain concentrations of
�3500 ng/ml 2 h after dosing (Autifony Therapeutics, unpublished
data). Taking into account brain tissue binding, this is expected to be
equivalent to a free brain concentration of �0.5 �M. The brain concen-
tration of AUT2, 20 min after 30 mg/kg, i.p., administration, might be
expected to be in the range of 0.5–1 �M.

Electrophysiological recordings from MNTB brain slices. Both male and
female WT (FVB.129P2-Pde6b �Tyrc-ch/Ant) and Fmr1 � /y (FVB.129P2-
Fmr1 tm1Cgr/J) mice were purchased from The Jackson Laboratory. All
data represent the mean � SE. The number of neurons or animals is
represented by “n” or “N” respectively.

All procedures described followed National Institutes of Health guide-
lines outlined in Preparation and Maintenance of Higher Animals during
Neuroscience Experiments (publication 91–3207). Procedures were ap-
proved by the Institutional Animal Care and Use Committee at the Yale
University School of Medicine. The auditory brainstem including the
MNTB was extracted from 15-d-old wild-type (Fvbn129) and Fmr1�/y

mice of either sex. Acute transverse slices of the auditory brainstem were
cut to a thickness of 250 �m using procedures described previously
(Yang and Wang, 2006). Recordings were performed in a chamber con-
tinuously perfused (1–2 ml/min) with oxygenated and warmed (31–
33°C) artificial CSF containing the following (in mM): 124 NaCl, 2.5 KCl,
25 NaHCO3, 1.25 NaH2PO4, 2 MgCl2, 2 CaCl2, and 10 glucose. Whole-
cell patch-clamp recordings were made from visualized MNTB neurons
using an upright Zeiss Axioskop 2 FS microscope with differential inter-
ference contrast optics. Patch pipettes (3–5 M�) were pulled from boro-
silicate glass tubing (outer diameter, 2.0 mm; wall thickness, 0.5 mm) and
filled with the following intracellular solution (in mM): 32.5 KCl, 97.5
K-gluconate, 5 EGTA, 10 HEPES, and 1 MgCl2, pH 7.2 (Macica et al.,
2003). Voltage-clamp recordings were made using EPC-7 (HEKA Elek-
tronik) or Multiclamp 700B (Molecular Devices) amplifiers. Tetrodo-
toxin (1�M) and CdCl2 (20�M) were used to suppress Na �- and Ca 2�-
activated K � channels, respectively. Current-clamp recordings were
made in bridge mode using an SEC 05L amplifier (npi electronic). Neu-
rons with resting potentials more positive than �50 mV were discarded,
regardless of treatment. The junction potential was not corrected. Un-
compensated series resistances were on average 13.12 � 0.31 M� (n � 77
cells, N � 52 cells). Series resistance was compensated at 50 –70%. Access
resistance and holding current were continuously monitored for stabil-
ity; �20% variation led to a rejection of the cell.

Data acquisition and analysis were performed using software that was
either custom written in the IGOR Pro programming environment
(WaveMetrics) or using pCLAMP version 9.2 (Molecular Devices). Con-
ductance values were obtained by dividing the current by the electro-
chemical driving force, as follows: IK/(Vm � EK), where IK is the K �

current, Vm is the membrane potential and EK is the reversal potential for
K � ions. For voltage dependence of activation experiments, normalized
conductance–voltage plots were obtained by normalizing conductance
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(G) to that measured at �60 mV (G�60) for each recording and fit using
the sigmoidal function: y � A2 � 	A1 � A2
/	1 � e	 x�x0
/k
, where A1

and A2 represent the initial and final values of the y abscise, respectively;
k is the slope factor; and x0 is the half-maximal value. For the voltage
dependence of inactivation, normalized conductance–voltage plots were
fitted by normalizing currents to the maximum obtained by stepping
from �100 mV and fitted using the same function. These fits were not
used to calculate V1/2 values, which were instead determined for each cell
by direct determination of the potential at which conductance was 0.5 of
the maximal value at �60 mV. In current-clamp recordings, input resis-
tance was calculated by applying a train of three hyperpolarizing current
pulses (250 pA, 300 ms duration, at 0.3 Hz), and comparing the mean
maximal voltage deflection during these pulses to the baseline membrane
potential 20 ms before current injections.

ABR. Animals (15 d old) were anesthetized with 480 mg/kg, i.p., chlo-
ral hydrate, and all recordings were conducted in a sound-attenuating
chamber (Industrial Acoustics). A customized TDT3 system (Tucker-
Davis Technologies) was used for ABR recordings. Subdermal needle
electrodes (Rochester Electro-Medical) were positioned at the vertex (ac-
tive, noninverting), the infra-auricular mastoid region (reference, invert-
ing), and the neck region (ground). Differentially recorded scalp
potentials were bandpass filtered between 0.05 and 3 kHz over a 15 ms
epoch. A total of 400 trials was averaged for each waveform for each
stimulus condition.

Symmetrically shaped tone bursts were 3 ms long (1 ms raised cosine
on/off ramps and 1 ms plateau). All acoustic stimuli were delivered free
field via a speaker (Part FF1 2021, Tucker-Davis Technologies) posi-
tioned 10 cm from the vertex. Stimulus levels were calibrated using a 0.5
inch condenser microphone (model 4016, ACO Pacific) positioned at the
approximate location of the animal’s head during recording sessions and
are reported in decibels of sound pressure level (SPL; referenced to 20
�Pa). Stimuli of alternating polarity were delivered at a rate of �20/s.
Tone burst responses were collected in half-octave steps ranging from 32
to 2.0 kHz. The effects of level were determined by decreasing stimulus
intensity in 5 or 10 dB steps. A maximum stimulus level of 90 dB SPL was
used first to avoid overstimulation. The ABR threshold was defined as the
lowest intensity of sound level capable of evoking a reproducible, visually
detectable response (Song et al., 2006). Latencies and amplitudes of the
initial four ABR peaks were measured from sound stimuli delivered at a
rate of 20/s and at a frequency of 11.3 kHz, one of the most sensitive
frequency ranges of hearing in mice. The analysis was performed off-line
in BioSig (BioSig Technologies) on traces with visible peaks by setting
cursors at the maxima and minima of the peaks. Latency was defined as
the time from the onset of the stimulus to the peak, while amplitude was
measured by taking the mean of the �V of the positive and negative
deflections of the ABR wave (Tan et al., 2017).

Experimental design and statistical analysis. All data were collected
from different littermates and used both males and females. Data analysis
was performed using Igor, Clampfit, and BioSig software. For whole-cell
voltage-clamp experiments, evoked currents were quantified by measur-
ing the mean current between 50 ms after the onset of a test pulse and 50
ms before the end of the pulse. The interval between each pulse protocol
ranged from 3 to 5 min in control conditions. When waiting for drugs to
take effect, cells were held at resting membrane potentials for 10 –15 min.
The analyses used either a paired two-tailed t test (for comparison be-
tween Fmr1�/y mice before and after AUT2 treatment) or unpaired two-
tailed t test for comparison between wild-type and Fmr1�/y mice (with
Welch’s correction). In some cases, for example, when a comparison of
ABR amplitude and/or latency with genotype (or with AUT2 treatment)
across sound level intensity was performed, we used a two-way ANOVA
that considered a full set of variances. Similarly, for data comparing the
number of action potentials between genotypes across stimulus frequen-
cies or the magnitude of potassium current between genotypes across
membrane voltages, we performed a two-way ANOVA followed by a post
hoc multiple comparison using Bonferroni–Dunn or Holm–Sidak
method. A value of p � 0.05 was considered significant for all tests.
Statistical analysis was conducted using GraphPad Prism 8 and Origin
software.

Results
Loss of FMRP alters central processing of
auditory information
To investigate how loss of FMRP impacts the processing of audi-
tory information early in development, we compared the in vivo
ABR of 15-d-old wild-type and Fmr1�/y mice, corresponding to
3–5 d after the onset of hearing. The ABR is characterized by a
series of electrical waves, labeled as waves I to V (Jewett and
Williston, 1971; Song et al., 2006), representing the progressive
transfer of the auditory signal from the periphery to the CNS.
Wave I represents the summated response from the spiral gan-
glion and auditory nerve, while waves II to V represent responses
from the ascending auditory pathway (Akil et al., 2016).

We first determined that the threshold for detecting an elec-
trophysiological response (ABR threshold) was not altered in
Fmr1�/y mice at all sound frequencies tested from 2 to 32 kHz
(Fig. 1A). ABRs were then recorded in response to an 11.3 kHz
stimulus lasting 3 ms at intensities up to 90 dB (Fig. 1B). A two-
way ANOVA with mean comparison using Bonferroni’s test was
performed to compare the effects of genotype (WT or Fmr1�/y

mice) and of sound levels (from 40 to 90 dB) on the amplitude of
the ABR response. We found that the amplitude of wave I was
significantly reduced in Fmr1�/y mice compared with WT mice
(F(1,353) � 15.44, p � 0.0002). We also found a significant inter-
action effect between the genotype and sound level on the ampli-
tude of wave I (F(10,353) � 2.4; p � 0.01). When this analysis was
followed by a simple test effect that corrected for multiple com-
parisons using Bonferroni–Dunn method, we found that the am-
plitude of wave I was significantly smaller in Fmr1�/y animals at
higher intensities of sound levels (Fig. 1C: 85 dB, *p � 0.002; *90
dB, p � 0.0009).

In contrast, the amplitude of wave IV, which reflects the syn-
chronous activity of the auditory brainstem nuclei including the
MNTB, was significantly enhanced in Fmr1�/y mice (F(1,301) �
30.33, p � 0.0001). The intensity of sound level had a significant
effect on the amplitude of wave IV (F(10,301) � 10.20, p � 0.0001),
and the interaction of both genotype and sound levels also had an
effect on the amplitude of wave IV (F(10,301) � 2.23, p � 0.01; Fig.
1C). We thus performed a simple effects test and found that the
amplitude of wave IV was significantly higher at 75, 80, 85, and 90
dB (p � 0.0001, Bonferroni–Dunn method)

We then analyzed the latency of each wave to investigate any
potential changes in the rate of propagation through the nervous
system. Although the latency of waves I appeared slightly pro-
longed in Fmr1�/y mice compared with wild-type mice, this dif-
ference was not statistically significant (F(1,340) � 2.213, p �
0.13). In addition, the latency of wave IV was not significantly
different between WT and Fmr1�/y mice (F(10,285) � 0.3 p �
0.98).

Firing patterns of MNTB neurons are disrupted in
Fmr1�/y mice
To determine whether the loss of FMRP alters the firing patterns
of MNTB neurons, we performed in vitro recordings from prin-
cipal neurons of the MNTB in brainstem slices from 15-d-old
mice. We first used a whole-cell current-clamp configuration to
record the response of cells to a series of sustained hyperpolariz-
ing and depolarizing current pulses (200 ms square current
pulses, �250 to �350 pA). As has been found in previous studies
(Wang et al., 1998a), we found that in response to a 250 or 350 pA
depolarizing current injection, MNTB neurons from wild-type
mice fire only at the onset of the depolarization, and never fire
more than one or two action potentials (Fig. 2A). In contrast,
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MNTB neurons from Fmr1�/y mice fire repetitively throughout
the sustained depolarizations (Fig. 2A,B). Overall, the number of
action potentials evoked by the 200 ms, 250 pA depolarizing cur-
rent pulse was significantly greater in neurons from Fmr1�/y mice
(5.82 � 1.48, n � 27 cells, N � 9 animals; Fig. 2A,B) than in those
from wild-type animals (0.33 � 0.11, n � 18 cells, N � 7 animals;
p � 0.002, Student’s unpaired t test with Welch’s correction; t �
1.713, df � 3.041).

The input resistances and resting membrane potentials of
MNTB neurons from Fmr1�/y mice (88.70 � 5.42 M� and
�60.76 � 1.44 mV, n � 18, N � 11) were not different from
those of wild-type mice [90.65 � 9.67 M� and �59.92 � 0.39
mV, n � 18, N � 15; p � 0.23 for the input resistance comparison
(Student’s unpaired t test with Welch’s correction, t � 1.239,
df � 22.76); and p � 0.87 for the resting membrane potential
comparison (Student’s unpaired t test with Welch’s correction

Figure 1. Loss of FMRP alters the central processing of auditory signals. A, Plots of the ABR thresholds for wild-type mice (N � 17 animals) and Fmr1�/y mice (N � 28 animals). B, ABR wave
recordings from WT and Fmr1�/y mice stimulated at 11.3 kHz at different sound levels (35–90 dB). Arrows indicate wave IV of the ABR response. C, D, Plots of the amplitudes (C) and latencies (D)
of ABR waves I and IV as a function of sound levels (40 –90 dB). The magnitude of wave I is decreased for high sound levels ( p � 0.0002) only, and there is a significant increase in wave IV amplitude
in Fmr1�/y mice at most sound levels tested ( p � 0.0001) without significant change in the ABR latencies. Error bars indicate the mean � SEM. In C, asterisks indicate statistical significance
(two-way ANOVA followed by Bonferroni–Dunn post-test).
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(t � 0.1649, df � 12.7)]. We found, however, a significant
difference in the spike threshold between the two groups of
mice [wild-type mice: �37.3 � 1.35 mV, n � 18, N � 15; vs
Fmr1�/y mice: �44.2 � 1.37 mV, n � 18, N � 11; p � 0.001,
Student’s unpaired t test with Welch’s correction (t � 3.59,
df � 31.92)]. This is consistent with a significant decrease of

the rheobase from 450 � 49.25 pA in wild-type mice to 255 �
20.56 pA in Fmr1�/y mice (Table 1; p � 0.001, Student’s un-
paired t test, with Welch’s correction; t � 3.643, df � 21.45).
We found, however, no statistical difference in action poten-
tial height between the wild-type mice (43.51 � 3.73 mV, n �
18, N � 15) and the Fmr1�/y mice (42.11 � 2.57 mV, n � 18,

Figure 2. MNTB neurons from Fmr1�/y mice are hyperexcitable. A, Current-clamp recordings of action potentials in response to a series of sustained hyperpolarizing and depolarizing current
pulses (200 ms square current pulses,�250 to�350 pA). Note the repetitive firing and the shorter latency firing of MNTB neurons from Fmr1�/y mice compared with the WT mice, which never fired
more than one or two action potentials. B, Group data showing a significant increase in number of action potentials evoked in neurons from Fmr1�/y mice in response to currents of increasing
amplitude (Asterisks indicate statistical significance. p � 0.002, Student’s unpaired t test with Welch’s correction).

Table 1. Electrical parameters of MNTB neurons from wild type and Fmr1�/y animals

Condition
Input resistance
(M�)

Resting membrane
potential (mV)

Rheobase
(pA)

First action potential
latency (ms)

Spike
threshold (mV)

Wild type 90.65 � 9.67 (18) �59.92 � 0.39 (18) 450 � 49.25(18)** 3.67 � 0.24 (18) �37.28 � 1.35(18)**
Fmr1�/y 88.70 � 5.42 (18) �60.76 � 1.44 (18) 255.55 � 20.56(18)** 3.48 � 0.32 (18) �44.21 � 1.37(18)**

**p � 0.001.
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N � 11, p � 0.8; Student’s unpaired t test, with Welch’s cor-
rection, t � 0.3085, df � 15.63).

In response to high rates of stimulation, MNTB neurons are
capable of locking their action potentials to stimuli at rates of up
to several hundred hertz (Macica et al., 2003; Song et al., 2005;
Kopp-Scheinpflug et al., 2011). We therefore compared the abil-
ity of MNTB neurons from wild-type and Fmr1�/y mice to follow
repetitive stimuli of brief and subthreshold current pulses (1 nA,
0.3 ms, 20 stimuli) applied at rates from 50 to 600 Hz. Consistent
with their enhanced excitability in response to sustained depolar-
ization, we found that MNTB neurons from Fmr1�/y mice fired
more action potentials compared with WT mice. For example, at
200 Hz, the number of spikes elicited by a train of 20 stimuli was
14.38 � 1.43 (n � 10, N � 9 animals) in Fmr1�/y mice compared
with 8.66 � 1.92 (n � 13, N � 10 animals) in wild-type mice (p �
0.04, Student’s unpaired t test with Welch’s correction; t � 2.381,
df � 10.71). A two-way ANOVA was further performed to exam-
ine changes in the number of spikes in relation to both variables:
the genotype of animals (WT or Fmr1�/y mice) and the frequency
of stimulation. We found that the genotype had a stronger impact
on the number of spikes (F(1,75) � 16.88, p � 0.0001; Fig. 3A,B).
The stimulus frequency also had an effect on the number of
evoked spikes (F(3,75) � 2.81, p � 0.04), but no significant inter-
action effect was found between the genotype and the stimulus
frequency on the number of action potentials (F(3,75) � 2.81, p �
0.3). Post hoc tests that corrected for multiple comparisons
showed that this increase in spike number in Fmr1�/y mice was
significant for 50, 200, and 400 Hz (p � 0.0005, p � 0.04, p �
0.04) but not for 600 Hz (p � 0.5, Holm–Sidak method; Fig. 3B,
asterisk).

Multiple potassium currents are altered in MNTB neurons of
Fmr1�/y mice.
Several different types of voltage-dependent K� currents have
been described in MNTB neurons. Some of these activate only at
positive potentials and contribute primarily to the rapid repolar-
ization of action potentials. These include currents attributed to
the Kv3.1 and Kv2.2 channels (Macica et al., 2003; Steinert et al.,
2011). Several other components of K� current activate near the
resting potential and are required to maintain accurate temporal
locking of action potentials to incoming stimuli. These include
subunits of the Kv1, Kv11, and KNa subfamilies (Brew and For-
sythe, 1995; Grigg et al., 2000; Dodson et al., 2002; Yang et al.,
2007; Hardman and Forsythe, 2009; Mathews et al., 2010). To
evaluate the effect of loss of FMRP on intrinsic excitability, we
performed voltage-clamp experiments using protocols that dif-
ferentiate between these two components of current in postnatal
day 15 wild-type and Fmr1�/y mice. Because several K� subunits
have a tonotopic distribution in the MNTB (Li et al., 2001; Bhat-
tacharjee et al., 2002, 2005; Brew and Forsythe, 2005; Strumbos et
al., 2010a), we confined our recordings to cells in the lateral re-
gion of the MNTB.

We first recorded K� currents that activate at positive poten-
tials by holding the membrane potential at �40 mV for 2 min
before applying test pulses between �30 and �60 mV in 10 mV
increments (Fig. 4A). This holding potential causes the inactiva-
tion of most components of K� current that activate at more
negative potentials, and 80 –90% of the current evoked under
these conditions represents the Kv3.1 current (Wang et al., 1998a;
Macica et al., 2003). The amplitude of these currents at �60 mV,
which we will term “high-threshold” K� currents, was signifi-
cantly higher in MNTB neurons from Fmr1�/y mice than in wild-
type mice (Figs. 4A, 5.90 � 0.40 vs 3.99 � 0.66 nA, respectively,

p � 0.02; Student’s unpaired t test with Welch’s correction: t �
2.493, df � 14.87). A two-way ANOVA test revealed that both the
genotype (F(1,150) � 22.02, p � 0.0001) and the membrane volt-
age (F(9,150) � 45.54, p � 0.0001) had a significant impact on the
magnitude of high-threshold K� currents. Using a post hoc test
that corrected for multiple comparisons, we found that the high-
threshold K� currents were significantly increased in neurons
from Fmr1�/y mice at 40 mV (p � 0.01), 50 mV (p � 0.003), and
60 mV (p � 0.0007; Fig. 4A).

When the normalized conductance was plotted as a function
of membrane voltage (Fig. 4A, right), we found no significant
change in the conductance between WT and Fmr1�/y groups of
mice. The half-activation potential (V1/2 max) for the WT group
was �1.05 � 3.8 (n � 9, N � 7) compared with 6.25 � 2.2 mV in
the Fmr1�/y group (p � 0.16, n � 7, N � 7; Student’s unpaired t
test with Welch’s correction: t � 1.47, df � 12.94).

For the second protocol, the membrane potential was held at
�80 mV, and currents were evoked by potentials between �70 to
�60 mV in 10 mV increments. This evokes currents that activate
near the resting potential and action potential threshold (�60 to
�20 mV, low-threshold currents) as well as the high-threshold
K� currents (Fig. 4B). Under these conditions, the currents re-
corded at �60 mV were significantly lower in MNTB neurons
from Fmr1�/y mice: 7.71 � 0.31 nA (n � 7, N � 7 animals) than
in those from wild-type mice vs 9.51 � 0.47 nA (n � 9, N � 7
animals, p � 0.007, Student’s unpaired t test with Welch’s cor-
rection: t � 3.535, df � 8.506). Additional two-way ANOVA
revealed a significant main effect of the genotype on the ampli-
tude of low-threshold K� current (F(2,139) � 56.30, p � 0.0001).
Using a post hoc test that corrected for multiple comparisons, we
found that the low-threshold K� currents were significantly de-
creased in Fmr1�/y mice at membrane voltages from �10 to �60
mV (�10 mV, p � 0.006; 0 mV: p � 0.0005; 10 mV: p � 0.00002;
20 –50 mV: p � 0.0001; 60 mV: p � 0.0001; Fig. 4B).

When the normalized conductance was plotted as a function
of membrane voltage (Fig. 4B), there was a significant decrease in
the conductance in the Fmr1�/y group of mice. The V1/2 max for
the WT group was �34.15 � 1.4 mV compared with �20.12 �
1.23 mV in the Fmr1�/y group (p � 0.01, Student’s unpaired t test
with Welch’s correction; t � 5.88, df � 6.99).

These findings indicate that the high-threshold and low-
threshold K� currents are altered in opposite directions by loss of
FMRP. Both of these changes are consistent with the increased
excitability of MNTB neurons in Fmr1�/y mice. Increased Kv3.1-
like high-threshold currents increase the ability of neurons to fire
at high rates, while reduced low-threshold K� currents, which
dominate total current in steps from �80 mV, lower the thresh-
old for action potentials and promote repetitive firing (Gan and
Kaczmarek, 1998; Rudy and McBain, 2001; Zhang et al., 2012).

Actions of the Kv3.1 channel modulator AUT2 on K �

currents in MNTB neurons from Fmr1�/y mice
AUT2 is an imidazolidinedione derivative that modulates Kv3.1
channels (Brown et al., 2016; Fig. 5A). In mammalian cells trans-
fected with human Kv3.1 channels, AUT2 shifts the voltage de-
pendence of activation toward more negative potentials. This
may cause Kv3.1 channels to activate at potentials that normally
only activate low-threshold K� channels. In addition, AUT2 also
shifts the voltage dependence of steady-state inactivation to more
negative potentials, reducing the amount of current that can be
activated by depolarization to positive potentials. We investi-
gated the effects of AUT2 on the high- and low-threshold com-
ponents of current in MNTB neurons of Fmr1�/y mice.
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Figure 3. MNTB neurons from Fmr1�/y mice fire more action potentials in response to repetitive stimulation. A, Current-clamp recordings of action potentials in response to repetitive stimulation
with brief current pulses (1 nA, 0.3 ms, 20 stimuli) applied at rates from 50 to 600 Hz. B, Group data showing that MNTB neurons from Fmr1�/y mice fire more action potentials at all stimulus
frequencies up to 400 Hz. Asterisks indicate significant differences (two-way ANOVA followed by Holm–Sidak post-test).
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Application of AUT2 reduced the amplitude of the high-
threshold component of currents that could be evoked from a
holding potential of �40 mV to a test potential of �60 mV in
MNTB neurons from Fmr1�/y mice. At 60 mV, the amplitude of
the high-threshold potassium currents decreased from 4.82 �
0.54 to 2.24 � 0.22 nA (n � 4, N � 4 animals, p � 0.0006,
Student’s paired t test; Fig. 5A). Using a two-way ANOVA with
post hoc correction for multiple comparisons, we found that
AUT2 had a main effect on high-threshold current (F(1,130) �
54.66, p � 0.0001). Because we found a significant interaction
between AUT2 treatment and membrane voltage on the ampli-
tude of high-threshold potassium currents (F(9,130) � 3.20, p �
0.001), we then performed a simple effects test and found that the
high-threshold K� currents recorded in Fmr1�/y mice were sig-
nificantly decreased by AUT2 treatment at membrane voltages
from 20 to 60 mV (20 mV: p � 0.01; 30 mV: p � 0.002; 40 mV:
p � 0.0001; 50 and 60 mV; p � 0.0001; Fig. 5A).

When the normalized conductance was plotted as a function
of membrane voltage (Fig. 5A), we found no significant change in
voltage dependence after the addition of AUT2. The V1/2 max for
the Fmr1�/y group of mice was 0.67 � 3.59 mV compared with
�2.53 � 5.72 mV with AUT2 treatment (p � 0.84, n � 4, N � 4
animals; Student’s paired t test, t � 0.2, df � 6).

When the holding potential was maintained at �80 mV, al-
lowing for evaluation of combined low-threshold and high-
threshold components of evoked K � currents, AUT2 produced a

significant increase in current. For example, the current at �60
mV was increased from 6.64 � 0.57 nA in MNTB neurons from
Fmr1�/y mice to 8.43 � 0.4 nA (p � 0.031, n � 4, N � 4 animals
Student’s paired t test; Fig. 5B). Using a two-way ANOVA with
post hoc correction for multiple comparisons, we found that
AUT2 had a main effect on low-threshold current (F(2,209) �
61.65, p � 0.0001). Because we found a significant interaction
between the drug treatment and membrane voltage (F(26,209) �
2.14, p � 0.001), we performed a simple effects test and found
that that the increase of low-threshold potassium current by
AUT2 was significant at membrane voltages from �20 to �60
mV (�20 mV: p � 0.01; �10 mV: p � 0.002; 0 mV: p � 0.0004;
10 – 60 mV: p � 0.0001; Fig. 5B).

The voltage dependence of the low-threshold currents was
also altered by AUT2. When the normalized conductance was
plotted as a function of membrane voltage (Fig. 5B), we found a
significant shift of the V1/2 max toward hyperpolarized potentials
after AUT2 treatment. Values of V1/2 max shifted from 8.42 � 3.33
mV before AUT2 to �3.82 � 0.65 mV after AUT2 application
(p � 0.004, n � 4, N � 4 animals; Student’s paired t test, t � 5;
df � 5).

We have previously described that application of AUT2 alters
also the voltage dependence of inactivation of Kv3.1 channels
when expressed in mammalian cells (Brown et al., 2016). To test
further whether the same concentration of AUT2 used previously
(10 �M) can also change the inactivation curve of the high-

Figure 4. High- and low-threshold potassium currents are altered in MNTB neurons of Fmr1�/y mice. A, Representative whole-cell patch-clamp recordings of high-threshold potassium current
evoked by holding the membrane potential at �40 mV for 2 min before stepping to test potentials between �30 and �60 mV in 10 mV increments. Middle, Plot shows that the amplitude of
high-potassium current was significantly higher in MNTB neurons from Fmr1�/y mice compared with wild-type mice (two-way ANOVA, p � 0.0001). Right, Plot shows the corresponding
normalized conductance that was not significantly ( p � 0.16) different between WT and Fmr1�/y mice. B, Representative whole-cell patch-clamp recordings of low-threshold potassium current
by holding the membrane potential at �80 mV before stepping to test potentials from �70 to �60 mV in 10 mV increments. Middle, Plots show that the peak amplitude of low-potassium current
was significantly reduced in Fmr1�/y mice compared with WT mice ( p � 0.0001, two-way ANOVA). Plot on the right shows a significant shift in voltage dependence of the low-threshold K �

conductance in Fmr1�/y mice ( p � 0.01, Student’s unpaired t test with Welch’s correction). In the I–V plots, asterisks indicate statistical significance in post-test results for multiple comparisons
(Holm–Sidak method).
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Figure 5. AUT2 decreases high-threshold potassium current and increases low-threshold potassium current of MNTB neurons from Fmr1�/y mice. A, Representative traces of high-threshold
potassium current evoked by holding the membrane potential at �40 mV and stepping to test potentials from �30 and �60 mV in 10 mV increments before and after the addition of 10 �M AUT2.
The chemical structure of AUT2 is shown above the right-hand current traces. Middle, Group data for the effects of AUT2 on current amplitude at different voltages. Right, group data for
conductance-voltage relations normalized to maximal value at �60 mV (G/G�60), indicating that AUT2 did not produce a significant change of the voltage-dependent activation of high-threshold
potassium currents. B, Representative whole-cell patch-clamp recordings of low-threshold potassium current evoked by holding the membrane potential at �80 mV and applying test potentials
from �70 to �60 mV in 10 mV increments before and after addition of AUT2 (10 �M). Panels at center and right show group data for current amplitudes and conductance–voltage relations,
demonstrating that AUT2 significantly increased the low-threshold potassium currents in Fmr1�/y mice. Asterisks in A and B indicate statistical significance in post-test results of the simple effect
test for multiple comparison (Holm–Sidak method).

Figure 6. Addition of AUT2 produces a left shift in the voltage dependence of inactivation of high-threshold potassium currents in wild-type and Fmr1�/y mice. A, Standard voltage-clamp
protocol to assess the inactivation of K � currents. Cells were held at potentials between �100 and �10 mV for 30 s before a test pulse to �40 mV. B, Representative traces of the outward current
recorded in neurons from Fmr1�/y mice at a test potential of �40 mV before and after AUT2 (10 �M). C, D, Plots of steady-state inactivation as a function of a 30 s prepulse to potentials between
�100 and �10 mV in Fmr1� /y (C) and WT (D) mice.
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threshold of K� currents in MNTB neurons, we used a standard
protocol to assess the inactivation of K� currents. Neurons were
held at potentials between �100 and �10 mV for 30 s before a
test pulse to �40 mV, before and after the application of AUT2 to
MNTB neurons from brain slices of either WT or Fmr1�/y mice
(Fig. 6A). Consistent with our previous results, we found that
AUT2 compound produced a significant shift of the half-
inactivation potential toward hyperpolarization potentials in
both genotypes. In Fmr1�/y mice, AUT2 shifted V1/2 max from
�10.17 � 3.82 to �35.21 � 3.42 mV (p � 0.041, t(5) � 2.72,
two-tailed paired Student’s t test; n � 5, N � 5 animals; Fig.

6B,C). In WT mice, AUT2 shifted V1/2 max from �30.51 � 0.37 to
�44.36 � 1.86 mV (p � 0.043, t(4) � 2.85; n � 5, N � 5 animals
two-tailed paired Student’s t test; Fig. 6D).

To exclude the possibility that AUT2 may have affected other
type of channels in MNTB neurons, we repeated the experiments
described in Figure 5 in the presence of a low concentration of
tetraethylammonium (TEA; 1 mM), which selectively eliminates
the component of current carried by Kv3 channels in these cells
(Wang et al., 1998a). We found that, in the presence of TEA,
AUT2 did not change the magnitude or the voltage dependence
of either low- or high-threshold K� currents when tested in both

Figure 7. AUT2 fails to alter high- and low-threshold K � currents in the presence of the Kv3 channel blocker TEA. A–D, Voltage-clamp recordings of the high-threshold (A, C) and low-threshold
(B, D) potassium currents in wild-type and in Fmr1� /y mice. Panels on the right show the current–voltage and the conductance–voltage (normalized to maximal value at �60 mV; G/G�60) curves
for high- and low-threshold K � currents before and after AUT2, in the presence of the Kv3 channels blocker TEA (1 mM). AUT2 failed to alter the magnitude and the conductance of both high- and
low-threshold potassium currents in these conditions.
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WT and Fmr1�/y mice. Using a two-way ANOVA (with Bonfer-
roni’s post hoc) to analyze the effect of AUT2 on the amplitude of
both high- and low-threshold potassium currents, we found no
significant effect in WT mice (high Kv: F(1,60) � 2.32, p � 0.13;
low Kv: F(1,102) � 4.07, p � 0.35; Figure 7A,B, middle panels).
AUT2 also failed to change the amplitude of potassium currents
in Fmr1�/y mice (high Kv: F(1,26) � 0.99, p � 0.32; low Kv: F(1,102)

� 1.77, p � 0.18; Figure 7C,D, middle panels). When the nor-
malized conductance of the high-threshold currents in WT mice
was plotted as a function of membrane voltage, there was no
significant shift of the V1/2 after AUT2 treatment (10 �M): V1/2

was 10.11 � 6.30 mV and changed to 5.2 � 5.4 after AUT2
application (p � 0.42, n � 3, N � 3 animals, Student’s paired t
test; Fig. 7A, right). Similarly, AUT2 failed to change the voltage
dependence of activation of low-threshold K� currents in the
presence of TEA (V1/2 max for WT mice before AUT2 was 8.52 �
0.8 mV and 5.40 � 1.07 mV after AUT2 application; p � 0.09,
n � 3, N � 3 animals, paired t test; Fig. 7B, right).

The conductance of both high- and low-threshold potassium
currents in Fmr1�/y mice, in the presence of TEA, was also unaf-
fected by AUT2 [V1/2 max for high-threshold currents: 9.42 � 0.40
mV before AUT2; 4.82 � 0.63 mV after AUT2; p � 0.12, n � 4,
N � 4 animals, Student’s paired t test (Fig. 7C, right); V1/2 max for
low-threshold currents: 10.00 � 1.72 mV before AUT2; 5.16 �
0.35 mV after AUT2; p � 0.36, n � 4, N � 4 animals, Student’s
paired t test (Fig. 7D, right)].

These changes in amplitude and voltage dependence of the
high- and low-threshold currents in normal conditions and the
absence of these changes in the presence of the selective inhibitor
of Kv3 channels (TEA) are entirely consistent with that expected
from the effects of AUT2 observed on recombinant human Kv3.1
currents in transfected cells (Brown et al., 2016). A shift in steady-
state inactivation to more negative potentials would be expected
to reduce maximal currents evoked by the high-threshold voltage
protocol. With the more negative holding potential, however,
the shift in activation of Kv3.1 to more negative potentials
would be expected to increase evoked currents, particularly at
those negative test potentials where Kv3.1 channels are not
normally activated.

AUT2 reduces the hyperexcitability of MNTB neurons in
Fmr1�/y mice
The effects of AUT2 on high- and low-threshold components of
K� currents are directly opposite to those produced by loss of
FMRP (Fig. 4). In particular, the increase in current that activates
close to the resting potential would be expected to limit the gen-
eration of action potentials by increasing spike threshold. We
therefore performed current-clamp recordings of MNTB neu-
rons from Fmr1�/y mice to determine the effects of AUT2 on
their firing patterns evoked by repetitive stimulation with brief
current pulses (1 nA, 0.3 ms, 20 stimuli) applied at rates from 50
to 300 Hz (Fig. 8). We found that AUT2 (10 �M) decreased the
number of action potentials of MNTB neurons at all frequencies
tested. Using two-way ANOVA and the Holm-Sidak method for
post hoc correction, we found that the effect of AUT2 treatment
was significant (F(1,14) � 29.32, p � 0.0001) and that AUT2 de-
creased the number of spikes at all stimulus frequencies tested (50
Hz: p � 0.002; 200 Hz: p � 0.02; and 300 Hz: p � 0.0006, Holm-
Sidak method; Fig. 8A,B).

AUT2 rescues the ABR of Fmr1�/y mice
Because AUT2 reversed some of the effects of loss of FMRP on
K� currents and firing patterns of MNTB neurons in brainstem

slices, we tested the effects of AUT2 on auditory function in
Fmr1�/y mice in vivo. As shown in Figure 1, the magnitude of
wave IV of the ABR of 15-d-old mice was significantly enhanced
in Fmr1�/y animals compared with wild-type mice of the same
age, which is consistent with the increased excitability of MNTB
neurons. We found that intraperitoneal administration of AUT2
(30 mg/kg, 20 min before testing) significantly reduced the mag-
nitude of wave IV in five of five mice without changing the mag-
nitude of wave I (Fig. 9A,B). For sounds delivered at 80 dB, the
amplitude of wave IV decreased from 1.24 � 0.10 to 0.9 � 0.07
�V after AUT2 treatment (p � 0.001, two-way ANOVA; N � 5
Fmr1�/y mice) without changing the ABR threshold. The two-
way ANOVA revealed no significant interaction between wave IV
amplitudes before and after AUT2 treatment with the intensity of
sound level (F(5,59) � 0.478, p � 0.8). We found, however, a
significant difference in the effect of sound level on wave IV am-
plitude before and after AUT2 (F(1,59) � 11.26, p � 0.001).

AUT2 failed to change the magnitude of wave I (p � 0.3,
two-way ANOVA). Although AUT2 slightly increased the latency
of wave I at 80 and 90 dB, this effect was not statistically signifi-
cant (p � 0.1, two-way ANOVA with multiple comparisons us-
ing the Holm–Sidak method; Fig. 9B). When the vehicle was
administered alone (without AUT2) in another group of mice,
the magnitudes of wave I and IV were unchanged. For example, at
a sound level of 85 dB, the amplitude of wave IV was 1.78 � 0.57
�V in Fmr1�/y mice before the administration of the vehicle
compared with 1.52 � 0.64 �V 20 min after the vehicle admin-
istration (N � 4 animals; p � 0.99, two-way ANOVA; Fig. 10A).
At the same sound level, the administration of the vehicle to
Fmr1�/y mice did not change the amplitude of wave I (before
vehicle: 2.00 � 0.49 �V; vs after vehicle: 1.90 � 0.45 �V; N � 4
animals; p � 0.99, two-way ANOVA; Fig. 10A). Similarly, the
latencies of waves I and IV were also unchanged by the adminis-
tration of the vehicle. At a sound level of 85 dB, the latency of
wave I was 2.42 � 0.28 ms before and 2.55 � 0.23 ms after vehicle
administration and the latency of wave IV was 6.47 � 0.30 ms
before and 6.072 � 0.238 ms after the administration of vehicle
(N � 4 animals; p � 0.98 and p � 0.90, respectively, two-way
ANOVA; Fig. 10A).

We also tested the effect of AUT2 on wild-type mice and
found no significant changes in the amplitude of waves I or IV,
perhaps because levels of Kv3.1 are lower in wild-type mice (Fig.
10B,C). Together, these data suggest that AUT2 rescues the au-
ditory function of Fmr1�/y mice by changing the voltage depen-
dence of Kv3-like, high-threshold K� channels, thereby reducing
excitability and restoring brainstem responses in vivo to those of
wild-type animals.

Discussion
Our findings suggest that one mechanism by which the loss of
FMRP alters the processing of auditory information is by altering
the expression and activity of K� channels. Our results with
Fmr1�/y mice are consistent with the clinical observation that
patients with fragile X syndrome experience a hypersensitivity to
sound and impairment of auditory processing (St Clair et al.,
1987; Arinami et al., 1988; Ferri, 1989; Wisniewski et al., 1991;
Rojas et al., 2001; Castrén et al., 2003; Van der Molen et al., 2012;
Garcia-Pino et al., 2017). Most of these studies show a prolonged
latency of the ABR response in humans, particularly for waves III
and V and for interpeak intervals III–V and I–V, suggesting a
central, as opposed to a peripheral, dysfunction of auditory path-
ways (Arinami et al., 1988). Consistent with these findings, the
marked increase in the magnitude of wave IV in Fmr1�/y mice in

El-Hassar et al. • Modulator of Kv3 Potassium Channels in Fragile X J. Neurosci., June 12, 2019 • 39(24):4797– 4813 • 4807



the present study also suggests that changes in the excitability of
brainstem nuclei are more pronounced than those in auditory
afferents as there is little or no change in wave I amplitude com-
pared with that of wave IV.

We have demonstrated that in neurons of the MNTB in
Fmr1�/y mice, low-threshold K� currents, which activate near
the resting potential, are significantly decreased. The K� chan-
nels that contribute to these currents in the MNTB of mice have
been identified, and include Kv1.1, Kv1.2, Kv1.6, Kv11.1, Kv11.3,
KNa1.1, and KNa1.2 channel subunits (Dodson et al., 2002; Brew
et al., 2003; Kopp-Scheinpflug et al., 2003; Yang et al., 2007;

Hardman and Forsythe, 2009; Brown et al., 2010). In the neurons
of wild-type mice, these channels, particularly Kv1.1. and Kv1.2,
serve to limit the response to sustained depolarization to a single
action potential at the onset of the depolarization. A reduction in
the low-threshold K� current is therefore consistent with the
repetitive firing of MNTB neurons of Fmr1�/y mice evoked by
depolarization. The mRNA for three of the low-threshold K�

subunits are targets of FMRP (Darnell et al., 2011). Moreover,
two of these subunits, KNa1.1 (Slack) and Kv1.2, directly bind
FMRP itself (Brown et al., 2010; Zhang et al., 2012; Yang et al.,
2018). In MNTB neurons, the Slack-FMRP interaction stimulates

Figure 8. AUT2 reduces the firing rate of MNTB neurons of Fmr1�/y mice. A, Current-clamp recordings of action potentials evoked by 20 consecutive stimuli of intracellular current pulses (2 nA,
0.3 ms) in MNTB neurons applied at 50, 200, or 300 Hz before and after application of AUT2 (10 �M). B, Plots of the numbers of action potentials evoked by repetitive stimulation at 50, 200, and 300
Hz in different experiments before and after AUT2 application. AUT2 decreased the number of evoked action potentials in MNTB neurons at all frequencies tested (n � 3, N � 3 animals; p � 0.0001,
two-way ANOVA followed by Holm–Sidak post-test).
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Figure 9. AUT2 rescues the auditory function of Fmr1�/y mice. A, Representative ABR traces recorded from Fmr1�/y mice before and 20 min after intraperitoneal injection of AUT2 (30 mg/kg).
Arrows indicate wave IV of the ABR response. B, Plots of the amplitudes and latencies of ABR waves I and IV as a function of sound level before and after injection of AUT2. The group data show a
significant decrease in the amplitude of ABR wave IV after AUT2 injection ( p � 0.001) with no change in the amplitude of wave I ( p � 0.3). In B, asterisks indicate statistical significance (two-way
ANOVA followed by Holm–Sidak post-test).
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channel activity, and the Na�-dependent
K� current is reduced in these neurons in
Fmr1�/y mice (Brown et al., 2010). Such a
reduction in KNa current is expected to
reduce the temporal accuracy of firing
(Yang et al., 2007).

Our findings also indicate that, in con-
trast to the low-threshold currents, high-
threshold K� currents are enhanced in
the MNTB of Fmr1�/y mice relative to
those in wild-type animals. The dominant
channel responsible for the high-
threshold current in MNTB neurons is
Kv3.1b, and this current is reduced by
�80% in Kv3.1�/� mice (Wang et al.,
1998a; Macica et al., 2003). Our present
recordings are also consistent with this
identification in that Kv3.1 currents can
have a phase of rapid partial inactivation
that was also seen in many of the present
recordings of high-threshold current.
This transient component can be detected
in some but not all Kv3.1-expressing
transfected cells and in native neurons
(Critz et al., 1993; Kanemasa et al., 1995;
Wang et al., 1998b; McCrossan et al.,
2003). The transient component, which is
regulated by auxiliary subunits, can be at-
tributed, at least in part, to the rapid accu-
mulation of external K� ions (Critz et al.,
1993; Wang et al., 1998b; McCrossan et
al., 2003). Nevertheless, although Kv3.1
appears to be the dominant channel con-
tributing to high-threshold currents,
Kv2.2 can be become the dominant sub-
unit responsible for action potential repo-
larization with stimulation at low rates
(Steinert et al., 2008, 2011).

Numerous studies have demonstrated
that Kv3.1 channels promote the ability of
neurons to fire at high rates (Rudy and
McBain, 2001; Gu et al., 2012; Kaczmarek
and Zhang, 2017). mRNA for Kv3.1 was
one of the first mRNAs to be recognized as
a target of FMRP (Darnell et al., 2001;
Strumbos et al., 2010b; Darnell et al.,
2011), and our present findings are con-
sistent with those of previous studies
demonstrating that Kv3.1 currents are en-
hanced in Fmr1�/y mice (Strumbos et al.,
2010b). Another possibility is that Kv3.4
channels, which are located both presyn-
aptically and postsynaptically in the
brainstem region (Brooke et al., 2004)
may contribute to the hyperexcitability of
MNTB neurons in Fmr1�/y mice either by

Figure 10. Administration of vehicle does not alter ABR waves in Fmr1�/y mice, and AUT2 does not alter auditory function in
wild-type mice. A, Plots of the amplitudes and latencies of ABR waves I and IV as a function of sound level before and after the
administration of vehicle to Fmr1�/y mice. No statistical differences in the magnitude of wave I and IV ( p � 0.99 for both) or in the
latencies of wave I and IV ( p � 0.98 and p � 0.90, respectively) were found after vehicle injection (two-way ANOVA followed by
Holm–Sidak post-test). B, Representative ABR traces recorded from WT mice before and 20 min after intraperitoneal injection of
AUT2 (30 mg/kg). Traces represent responses to sounds delivered at 80, 85, and 90 dB. C, Plots of the amplitudes and latencies of
ABR waves I and IV as a function of sound level before and after injection of AUT2. The group data show no significant changes in

4

the amplitude of ABR waves I and IV (p � 0.92, p � 0.3 re-
spectively) after AUT2 injection. Similarly, AUT2 did not
change the latencies of waves I and IV (p � 0.8 and p � 0.46,
respectively, two-way ANOVA by Holm–Sidak post-test).
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speeding the repolarization rate of action potentials or by en-
hancing glutamatergic synaptic transmission (Muqeem et al.,
2018).

Our studies were performed using 15-d old mice. This allows
a direct comparison of ABR responses in vivo with recordings of
K� currents in MNTB neurons from brainstem slices before the
onset of myelination, which hampers patch-clamp recordings at
later stages. We found no change in the ABR threshold in the
Fmr1�/y mice but did find an increase in the magnitude of wave
IV, a finding consistent with the increase in the intrinsic excit-
ability of different types of brainstem and midbrain nuclei, par-
ticularly the MNTB. ABR recordings reflect the passage of
auditory information along diverse anatomical pathways, and the
high- and low-threshold potassium channels studied here are
widely expressed in cells of the auditory system. Thus, it is possi-
ble that changes in the amplitude of wave IV captured in this
study may result from increased excitability or synchrony in
other nuclei such as the inferior colliculus, and the medial and/or
lateral superior olive.

We also found that, in Fmr1�/y mice, the magnitude of wave I
was decreased at higher sound levels (85–90 dB), further rein-
forcing the concept that auditory hyperexcitability in fragile X
syndrome results from changes in central rather than peripheral
pathways. Another study of Fmr1�/y mice, which used adult an-
imals, found an imbalance of glutamatergic and GABAergic in-
puts within the MNTB (Rotschafer et al., 2015; McCullagh et al.,
2017). This study, however, also found a different pattern of
changes in the ABR, specifically that while the amplitudes of the
early waves I and III were reduced, the later waves IV and V were
unchanged. This apparent discrepancy may reflect adaptive
changes that occur during early life. Both the ABR waveform
threshold and latency are subject to changes during development
(Song et al., 2006). Moreover, it has been established that, at least
for Kv3.1 channels, the maintenance of channel expression is very
markedly altered by ongoing auditory activity (von Hehn et al.,
2004; Leão et al., 2010; Strumbos et al., 2010a,b). Thus, our pres-
ent findings are most likely to be relevant to the effects of the loss
of FMRP early in development.

We found that the imbalance of low- to high-threshold K�

currents in MNTB neurons of Fmr1�/y mice could, in large part,
be corrected by treatment with AUT2, a modulator of Kv3 family
channels. AUT2 is one of a number of agents that have been
found to shift the voltage dependence of activation of Kv3.1 and
Kv3.2 channels to more negative potentials, increasing the
amount of K� current activated by depolarization to voltages
closer to the resting potential (Rosato-Siri et al., 2015; Taskin et
al., 2015; Brown et al., 2016; Boddum et al., 2017). AUT2 also
produces a negative shift in the voltage dependence of steady-
state inactivation, reducing the amount of current activated by
depolarizations to more positive membrane potential (e.g., �30
mV). A consequence of this is to reduce high-voltage activated
K� current. These changes also reduce the firing rate of MNTB
neurons in wild-type mice (Brown et al., 2016). Thus, AUT2
appears to reduce the intrinsic excitability of MNTB neurons by
increasing the low-threshold component and reducing the high-
threshold component of K� currents. The finding that AUT2
normalizes ABR responses in Fmr1�/y mice in vivo is therefore
consistent with the suggestion that the enhancement of wave IV
in Fmr1�/y animals reflects increased intrinsic excitability of au-
ditory brainstem neurons. It is possible, however, that AUT2 has
additional biophysical effects that have not been captured in the
present analyses.

Increased neuronal excitability is detected in a variety of brain
regions in Fmr1�/y mice, including the auditory cortex and the
lateral superior olive (Kim et al., 2013; Rotschafer and Razak,
2014; Garcia-Pino et al., 2017), as well as the barrel and prefrontal
cortex (Zhang et al., 2012, 2014; Gonçalves et al., 2013; Hébert et
al., 2014; Kalmbach et al., 2015; Deng and Klyachko, 2016a,b). In
some of these areas, alterations in K� channels such as Kv1.2,
Kv4.2, and KCa1.1 (BK) have been implicated in the hyperexcit-
ability of fragile X mice (Zhang et al., 2014; Kalmbach et al.,
2015). The function and/or the expression of these channels is
regulated by FMRP either through mRNA binding or through
protein–protein interactions with the channels themselves.
(Frick et al., 2017). Given the large number of FMRP targets that
control multiple aspects of neuronal function, including synaptic
transmission, signal transduction, and neuronal development, it
is likely that multiple therapeutic strategies will be required to
reduce the broad range of symptoms of patients with fragile X
syndrome. However, our results suggest that the hypersensitivity
to sound observed in a large proportion of patients with FXS may
be ameliorated by drugs that modulate Kv3.1 channels.
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Gonçalves JT, Anstey JE, Golshani P, Portera-Cailliau C (2013) Circuit level
defects in the developing neocortex of fragile X mice. Nat Neurosci 16:
903–909.

Grigg JJ, Brew HM, Tempel BL (2000) Differential expression of voltage-
gated potassium channel genes in auditory nuclei of the mouse brainstem.
Hear Res 140:77–90.

Gu Y, Barry J, McDougel R, Terman D, Gu C (2012) Alternative splicing
regulates kv3.1 polarized targeting to adjust maximal spiking frequency.
J Biol Chem 287:1755–1769.

Hall SS, Walter E, Sherman E, Hoeft F, Reiss AL (2009) The neural basis of
auditory temporal discrimination in girls with fragile X syndrome. J Neu-
rodev Disord 1:91–99.

Hardman RM, Forsythe ID (2009) Ether-a-go-go-related gene K� channels
contribute to threshold excitability of mouse auditory brainstem neurons.
J Physiol 587:2487–2497.

Hébert B, Pietropaolo S, Même S, Laudier B, Laugeray A, Doisne N, Quartier
A, Lefeuvre S, Got L, Cahard D, Laumonnier F, Crusio WE, Pichon J,
Menuet A, Perche O, Briault S (2014) Rescue of fragile X syndrome
phenotypes in Fmr1 KO mice by a BKCa channel opener molecule. Or-
phanet J Rare Dis 9:124.

Jewett DL, Williston JS (1971) Auditory-evoked far fields averaged from the
scalp of humans. Brain 94:681– 696.

Kaczmarek LK, Zhang Y (2017) Kv3 channels: enablers of rapid firing, neu-
rotransmitter release, and neuronal endurance. Physiol Rev 97:1431–
1468.

Kalmbach BE, Johnston D, Brager DH (2015) Cell-type specific channelo-
pathies in the prefrontal cortex of the fmr1-/y mouse model of fragile X
syndrome. eNeuro 2:ENEURO.0114 –15.2015.

Kanemasa T, Gan L, Perney TM, Wang LY, Kaczmarek LK (1995) Electro-
physiological and pharmacological characterization of a mammalian
shaw channel expressed in NIH 3T3 fibroblasts. J Neurophysiol 74:207–
217.

Kim H, Gibboni R, Kirkhart C, Bao S (2013) Impaired critical period plas-
ticity in primary auditory cortex of fragile X model mice. J Neurosci
33:15686 –15692.

Kopp-Scheinpflug C, Fuchs K, Lippe WR, Tempel BL, Rübsamen R (2003)
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FAST OUTER HAIR CELL MOTILITY: HOW FAST IS 
FAST? 

J, Santos-Sacchi 
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Introduction 
Recent experiments have implicated transmembrane voltage as the driving force of 

OHC motility (Santos-Sacchi and Dilger, 1988a,b; Iwasa and Kachar, 1989). A voltage 
dependence of OHC motility clearly implies that a charged voltage sensing particle must 
reside in the OHC membrane, and as was predicted for voltage dependent ionic channels 
(Hodgkin and Huxley, 1952), particle movement should occur under an applied trans
membrane voltage. Gating currents associated with the movement of the presumed 
voltage sensor in OHCs have been described by Ashmore (1989). 

However, two lines of evidence argue against a voltage-dependent motility 
mechanism in OHCs. The first is the inability of the OHC to faithfully follow a voltage 
stimulus in time or frequency; i.e., the speed of the movements have been reported to be 
unrelated to the time course of voltage clamp stimuli (Ashmore, 1987). The second is 
the poor temperature dependence of the rate of OHC movement (Ashmore and Holley, 
1988). If OHC motility is coupled to a voltage-dependent charge movement across the 
OHC membrane (hence the observed gating currents), then a temperature dependence 
with a 010 greater than 2 might be expected as occurs for sodium channel gating currents 
(Bezanilla and Taylor, 1978; Collins and Rojas, 1982). 

This work attempts to explain these discrepancies in the voltage dependency 
hypothesis of OHC motility. 

Methods 
OHCs were obtained from the apical turns of the guinea pig cochlea by simple 

mechanical dissociation. Temperature was adjusted with a Peltier device and measured 
with a probe placed within 500 urn of the cells studied. Voltage step studies were 
performed with an Axon Instruments ND and D/ A board (Axolab 1100) with associated 
software (P-Clamp, sampling period down to 3 us). AC studies were performed using 
a digital signal processing board with custom software (DSP-16; Ariel Corp., NJ), 
capable of delivering and analyzing pure tone or swept frequency stimuli. Filtered 
current records were saved to disk for off-line analysis. 
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Patch electrodes (flint or borosilicate glass) had initial resistances of3-6 Mohm. The 
series resistance, i.e., the actual electrode resistance obtained upon establishment of 
whole cell configuration, typically ranged from 4 to 12 Mohm, and was reduced further 
by electronic compensation; care was taken to maintain low series resistance values 
during recording by delivering transient positive or negative pressure into the electrode 
to maintain an unobstructed orifice. The resistance values are estimated from current 
transients initiated at the onset of voltage pulses and are corrected for during analysis, 
so that actual voltages imposed upon the cell are known (Marty and Neher, 1983). The 
program Clampex (Axon Instruments) was modified to provide a continuous display of 
clamp time constant, cell capacitance and resistance, and series resistance between data 
collections. Pipette solutions were composed of 140 mM CsCl, 10 mM EGTA, 2 mM 
MgCh, and 5 mM HEPES buffered to pH 7.2. Gigohm seals were obtained at the 
nuclear level of the cell membrane and electrode capacitance was compensated prior 
to whole cell recording. Generally, single cells were clamped to holding potentials near 
-70 to -80 mV using a Dagan patch clamp amplifier. OHC gating currents (nonlinear 
capacitive currents) were measured by averaging current responses elicited by voltage 
pulses of alternating polarity ( 40 m V magnitude) about the holding potential of -80 m V, 
or by using a P /5 protocol at a holding potential of -120 m V. 

Fast OHC movements elicited by voltage clamp with short duration or high frequen
cy stimuli (below video detectability) were measured with a differential photodiode onto 
which the image of the cuticular plate from the microscope was projected. The frequen
cy response of the differential photodiode is flat out to 2kHz (measured with a light 
emitting diode or piezoelectric bimorph). Absolute calibration of cell movements is 
determined by measuring off the video monitor the cell movement in response to a large 
steady state or low frequency voltage stimulus. 

-40mV 

~ 

FIGURE 1 Nonlinear 
capacitive currents generated 
at the onset and offset of 
depolarizing voltage step. 
Linear capacitive currents 
were removed by averaging 

r----- 100 X alternating steps of 40 
~ -120mV L_ __________________________ ~ mV above and below a hold

ing level of -80 m V. Cell resis
tance was 140 Mohm. Charge 

100pA L__ 
O.Sms 
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movement indicates a non
linear capacitance of 4.5 pF 
under these conditions. 
Clamp time constant was 
varied by adjusting series 
resistance compensation. 
Clamp time constant (ms), 
series resistance (Mohm), 
gate-on time constant (ms): a) 
0.08, 1.38, o.22; b) o.ls, 4.o, 
0.37; c) 0.25, 7.8~, 0.52; d) 
0.36, 11.8, 1.1. Note parallel 
shift of gating time constant as 
clamp time constant is 
changed. Extracellular solu
tion: 10 mM TEA, 300 nM 
TfX. 
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Results 
OHCs exhibit a nonlinear charge movement which can be seen under voltage clamp 

as a transient outward current upon depolarization from negative holding potentials, and 
an inward current upon repolarization (Fig. 1). Charge movement for the cell in Fig. 1 
was equal at the onset and offset of the voltage step, being about 185 fC. The time 
constants associated with the decaying phase of on and off currents differ, with the off 
tau being of similar magnitude to the clamp time constant, and the on tau being roughly 
twice in magnitude. Both time constants are directly dependent upon the clamp time 
constant, indicating that the kinetics of the gating current are faster than the time 
limitations imposed by the voltage clamp amplifier. Because of the apical OHC's large 
capacitance (Santos-Sacchi, 1989b ), clamp time constants of only around 100 us have 
been achieved. 

These results may indicate that the speed of OHC mechanical responses are depend
ent upon the ability of the clamp amplifier to charge the membrane. This is the case, 
and is demonstrated in the time domain in Fig. 2. The OHC was induced to contract 
with depolarizing steps to + 40 m V from a holding potential of -80 m V, before and after 
electronically compensating the series resistance. The attendent changes in the clamp 
time constant is reflected in the rate of onset of the mechanical response, the slower 
clamp time constant charging the OHC membrane more slowly than the faster clamp 
time constant. Hence, it would be expected that the mechanical response of the OHC 
in the frequency domain will display a similar dependence upon clamp characteristics. 
Fig. 3 illustrates the mechanical response of two OHCs which have been voltage clamped 

FIGURE 2 An OHCwas held at a potential of -80 mVand stepped to +40 mV for 5 ms duration. 
Current and mechanical response records were recorded simultaneously, being averaged 200 X. 
Collections were made with different clamp time constants: a) clamp tau was 0.4 ms; b) clamp tau 
was 0.19 ms. Boxed portion of traces are enlarged and fitted witfi single exponentials (smooth 
curves). a) fitted tau was 0.37 ms; b) fitted tau was 0.23 ms. Scales refer to traces on right. 
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0.1 

0 
0 

FIGURE 3 Two OHC's 
were clamped at -80 mVand 
stimulated with sinusoidal 
voltage bursts. The fun- 1 
damental F~~nitude was ob
tained by . Open circle ~ 
(50 mV Pk) data were col- g_ 
lected with a clamp tau of 1 * 
ms, and were fit with the sum ~ 
of two Lorentzians, with time c; 
constants of 1.7 and 0.5 ms. ·~ 
Closedcircle(40mVPk)data _g 
clamp tau was 0.2 ms and fit ~ 
with taus of 1.87 ms and 0.12 :::. 
ms. Note improved frequen-

0.01 .___ _____ _!_._ _____ _L_ ____ __, 

cy response associated with 
faster clamp time con
stant. 20 mM TEA 

10 100 1000 1000( 

Frequency (Hz) 

at a holding potential of -80 m V and stimulated with superimposed sinusoidal voltages 
of varying frequency. The clamp time constant dictates the frequency response of each 
cell's mechanical response. The cell clamped with the poorer time constant displays a 
precipitous drop in mechanical response as frequency increases. The other cell displays 
a much better frequency response, the response measuring about 13 dB down at 2kHz. 

The temperature dependence of the gating current time constant was studied in order 
to determine if it behaves similar to sodium channel gating currents. Figure 4 shows the 
change in gate-on time constants for two OHCs as the temperature is varied from about 
20 to .s<'C. At first glance it appears that gating kinetics are slowed down as the 
temperature is decreased, with a 010 of about 1.5 (Fig. 4a); however, when one takes 
into account the dependency of gate time constant upon clamp time constant, no relation 
is apparent (Fig. 4b). 

DISCUSSION 
The limitations imposed by the whole cell voltage clamp technique can provide us 

with a distorted picture of some of the properties of the OHC. The apical OHC has a 
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FIGURE 4 Two ORCs were voltage clamped at 
-80 mV and the single exponential time constant of 
the non-linear capacitive on current was deter
mined as in Fig. 1. The temperature was varied 
from about 20 to 5°C and the effects on gate time 
constant plotted. In Fig. 4a it appears that tempera
ture reduction slows down the ldnetics of the gating 
currents, as is known to occur with sodium channel 
gating. However, the Oto is only about 1.5. Fig. 4b 
demonstrates that when the dependence of gate 
time constant upon clamp time constant is talcen 
into account the temperature dependence is dif
ficult to observe. It appears that cooling the OHC 
down to 5°C does not slow the gating kinetics suffi
ciently to overcome the its dependence upon clamp 
characteristics. 20 mM TEA, 20 mM CSCI, 2 mM 
CoCh, no added calcium. 
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fairly large capacitance, a substantial portion of which is due to a nonlinear voltage-de
pendent component. The nonlinear contribution saturates with depolarization at about 
30% of the cells' linear capacitance when the P /5 protocol at -120 m V holding potential 
is used (Santos-Sacchi, 1990). Even at a holding potential near the cell's normal resting 
potential (-70 mV; Dallas, Santos-Sacchi and Flock, 1982), there is a substantial non
linear contribution. The OHC's capacitance in conjunction with the series resistance 
limits the voltage clamp's ability to rapidly alter the cell's transmembrane voltage 
(Santos-Sacchi, 1989b ). The fact that the time and frequency response ofOHC motility 
is dependent upon the clamp's ability to charge the membrane indicates that the actual 
mechanical capabilities of the OHC have yet to be determined. In this regard it is 
interesting to note that in vivo measures of electrically evoked oto-acoustic emissions, 
presumably due to the activity of ORCs, have been measured in pass bands up to several 
kHz (Hubbard and Mountain, 1990). Although these investigators suggest, based on 
Ashmore's data (1987), that the OHC length changes are too low-pass to account for 
such high frequency phenomena, the data presented here indicate that this may not be 
the case. 

The fact that the time course of the nonlinear capacitive currents is imposed by those 
of the voltage clamp, also indicates that the kinetics of charge movement in the OHC 
membrane are faster than can be observed presently. Indeed, an attempt to slow down 
this charge movement by cooling to 5°C proved unsuccessful. This may indicate that 
these currents are artifacts of the technique used to collect the data; however, the clearest 
evidence against this is that Deiter cells possess no nonlinear capacitance. Lower 
temperatures are being investigated. Nevertheless, if these charge movements are 
related to the mechanical responses, then it is clear that clamp time constants down to 
80 usee with associated fast gating constants (Fig. 1) still cannot validly investigate OHC 
mechanical capabilities. Ashmore (1989) reported gate time constants ranging from 1 
to 2 ms, which is probably indicative of a large series resistance, with attendent slow 
clamp time constants. Under such clamp conditions (Ashmore and Holley, 1988), it 
would be difficult to measure a temperature dependent increase from 20 to 37 °C in 
the rate of OHC movement that was due to an effect on the OHC, since the clamp 
imposes its temporal characteristics. 

The OHC appears to alter its length in response to a change in transmembrane 
voltage. The underlying mechanism may involve the movement of membrane bound 
molecules bearing charged moieties which is somehow translated into longitudinal 
forces. This membrane phenomenon can be interfered with, for example, by treatment 
of the cells with gadolinium ions, which rapidly and reversibly reduce or abolish OHC 
gating currents and motility (Santos-Sacchi, 1989a; 1990). However, the coupling be
tween membrane phenomena and these longitudinal forces is clearly dependent upon 
cytosolic volume -- cell turgor. This is demonstrated by several means. Prolonged 
depolarizations or treatment of ORCs with salycilates produces a slow loss of cell 
volume, with accompanying reduction of the magnitude of longitudinal motility 
(Brownell, Shehata, and Imredy, 1989; Brownell, Imredy, and Shehata, 1989; Brownell, 
1990). I have observed similar effects during prolonged whole cell voltage clamping, 
even though cells were maintained at a potential near -70 to -80 m V. In fact, very rapid 
reversible changes in cell volume can be produced using large tipped patch pipettes. 
Voltage-dependent longitudinal motility is rapidly abolished during loss of cell turgor 

73 



OHC Motility Santos-Sacchi 

and is restored upon cell volume replacement (Santos-Sacchi, 1990). In sum, the 
capability of OHCs to mechanically follow transmembrane voltage alterations may be 
limited by a number of factors including the strength of hydrodynamic coupling between 
membrane phenomena and longitudinal displacement. As yet, an estimate of this limit 
is difficult to make with the presently used technology, and it must be concluded that 
OHC motility is faster than has been reported. 
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Abstract—Prestin (SLC26a5) is an integral membrane motor protein in outer hair cells (OHC) that underlies
cochlear amplification. As a voltage-dependent protein, it relies on intrinsic sensor charge to respond to trans-
membrane voltage (receptor potentials), thereby effecting conformational changes. The protein’s electromechan-
ical actively is experimentally monitored as a bell-shaped nonlinear capacitance (NLC), whose magnitude peaks
at a characteristic voltage, Vh. This voltage denotes the midpoint of prestin’s charge–voltage (Q–V) Boltzmann
distribution and region of maximum gain of OHC electromotility. It is an important factor in hearing capabilities
for mammals. A variety of biophysical forces can influence the distribution of charge, gauged by shifts in Vh,
including prior holding voltage or membrane potential. Here we report that the effectiveness of prior voltage aug-
ments during the delivery of prestin to the membranes in an inducible HEK cell line. The augmentation coincides
with an increase in prestin density, maturing at a characteristic membrane areal density of 870 functional prestin
units per square micrometer, and is likely indicative of prestin–prestin cooperative interactions. � 2020 IBRO. Pub-

lished by Elsevier Ltd. All rights reserved.
Key words: nonlinear capacitance, prestin cell line, voltage clamp, molecular memory, prestin density.
INTRODUCTION

Prestin (SLC26a5) is a protein (Zheng et al., 2000) that is

housed in abundance within the lateral membrane of

outer hair cells (OHC) in the organ of Corti. The protein

imparts robust electromechanical activity to the cell that

is unlike any other form of cellular motility, notably associ-

ated with a voltage-dependent, bell-shaped nonlinear

capacitance (NLC) that reports on conformational

changes in the protein (Ashmore, 1990; Santos-Sacchi,

1991). This mechanical activity, termed electromotility,

driven by receptor potentials (Evans and Dallos, 1993),

is believed to feed back into the acoustically-driven vibra-

tion of the cochlear partition, thereby enhancing the
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mechanical stimulus that the inner hair cells (IHC) sense

and transmit to the CNS (Ashmore et al., 2010). This pro-

cess is called cochlear amplification, amounting to 40–

60 dB of gain.

One of the interesting features of prestin is the

protein’s ability to alter its state differentially depending

upon initial voltage conditions, i.e., it show hysteresis.

Simply put, the protein’s operating voltage range

(conveniently characterized by Vh, the voltage at peak

NLC, where half of its sensor charge is moved across

the membrane field, and where electromotility gain is

maximal) shifts depending upon prior holding potentials.

This phenomenon has been measured in OHCs and in

prestin-transfected cells (Santos-Sacchi et al., 1998,

2001). In OHCs, the voltage at peak capacitance (namely,

Vh) differs by about 20 mV between pre-pulse holding

potentials of +/� 100 mV. Besides magnitude of holding

voltage, the shift depends on the polarity direction of volt-

age prior to the measurement of NLC. Finally, the shift

evolves over time in a stretched exponential

fashion, ranging from sub-milliseconds to seconds
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(Santos-Sacchi et al., 2009); thus, the duration of prior

holding potential influences the amplitude of the Vh shift.

This phenomenon likely reflects interactions among adja-

cent prestin molecules within the local membrane environ-

ment, just as ion channels show cooperative effects when

expressed at high areal densities within the membrane

(Molina et al., 2006). Here we denote this phenomenon

observed in prestin Boltzmann characteristics as ‘‘molecu-

lar memory”, realizing that it may not be an intrinsic prop-

erty of the protein prestin itself, but instead an interaction

of prestin with itself and its local microenvironment (lipid,

cytoskeletal) within the membrane. In mice, having an

appropriate Vh value is critically important for normal hear-

ing. In prestin knock-ins that have altered Vh, or with

cochlear perilymphatic alterations of chloride that alter

Vh, profound deafness ensues, the latter in a reversible

manner (Santos-Sacchi et al., 2006; Dallos et al., 2008).

The development of prestin function has been studied

in immature hair cells and in prestin-transfected cells

(Oliver and Fakler, 1999; Abe et al., 2007; Bian et al.,

2010, 2013; Seymour et al., 2016; Bai et al., 2019). We

recently established a HEK cell line where prestin expres-

sion is tetracycline-inducible (Bian et al., 2010). We have

already reported on some component Boltzmann charac-

teristics of NLC maturation over hours following induction,

and during the first few minutes following release of mem-

brane trafficking block from low temperature (Bian et al.,

2013). Prestin insertion into the membrane followed a sig-

moidal function of time following induction. Here we utilize

our model system to follow the maturation of prestin’s

molecular memory as prestin density increases post-

induction. We find that mature function arises after about

12 h following induction, that is, when prestin charge den-

sity is greater than 11.1 fC/pF, or equivalently about 870

functional prestin units/lm2. We suggest that protein–pro-

tein interactions are optimized at and above this molecu-

lar density, such that negative cooperative effects among

prestin units are maximized.
EXPERIMENTAL PROCEDURES

Experiments were performed on OHCs and HEK cells.

Full details on OHC measurements have been reported

previously (Santos-Sacchi et al., 2009). Full details on cell

culture and induction of our tetracycline-inducible, highly-

expressing monoclonal prestin HEK 293 cell lines have

been reported previously (Bian et al., 2010, 2013). Briefly,

cells were cultured in Dulbecco’s modified Eagle’s med-

ium (DMEM) containing 50 U/ml each of penicillin and

streptomycin, 10% fetal bovine serum at 37 �C in a 5%

CO2 incubator. 4 mg/ml of blasticidin and 130 mg/ml of

zeocin were supplemented in the growth media. Induction

was begun by treating with 1.0 lg/ml tetracycline. At time

point 2, 4, 6, 10 and 24 h, coverslips of grown cells were

transferred to recording media (see below).

Whole cell patch-clamp measurements were made

with an Axopatch 200B patch clamp amplifier (Axon

Instruments) and a Digidata 1322A digitizer, with

sampling rates of 10 ls. Experiments were performed at

room temperature. Blocking solutions were used to

remove ionic currents, limiting confounding effects on
NLC determination and voltage delivery under voltage

clamp (Santos-Sacchi, 1991; Santos-Sacchi and Song,

2016). Extracellular solution was (in mM): NaCl 100,

TEA-Cl 20, CsCl 20, CoCl2 2, MgCl2 1, CaCl2 1, Hepes

10. Intracellular solution was (in mM): CsCl 140, MgCl2
2, Hepes 10 and EGTA 10. All chemicals were purchased

from Sigma-Aldrich.

Pipettes had initial resistances of about 2.5 MX. Stray

capacitance was compensated with amplifier controls

prior to whole-cell establishment. Corrections for series

resistance were made post-hoc. For our HEK cell

studies, following establishment of whole-cell recording

conditions, cells were held at 0 mV. Thirty second pre-

pulse holding potential steps to �100 or +50 mV

preceded NLC collections. Whole cell recordings were

made on single cells growing on a coverslip at 2 h, 4 h,

6 h, 10 h and 24 h after tetracycline induction. The

number of cells recorded for each time point was 9, 9,

10, 10 and 9, respectively.

Membrane capacitance was measured with jClamp

software (Scisoft, CT; www.SciSoftCo.com) using a

continuous high resolution (2.56 ms sampling) two-sine

stimulus protocol (10 mV peak at both 390.6 and

781.2 Hz) superimposed onto the voltage ramp (Santos-

Sacchi et al., 1998; Santos-Sacchi, 2004). Briefly, real

and imaginary components of membrane current at har-

monic frequencies were determined by FFT in jClamp,

corrected for the roll-off of recording system admittance

(Gillis, 1995). Rs, Rm and Cm were extracted using the

dual-sine, 3-parameter solution of the standard patch

clamp model (Santos-Sacchi et al., 1998; Santos-

Sacchi, 2004), based on the original single sine solution

(Pusch and Neher, 1988). In order to extract Boltzmann

parameters, capacitance–voltage data were fit to the first

derivative of a two-state Boltzmann function.

Cm ¼ NLCþCsa þ Clin ¼ Qmax

ze

kBT

b

1þ bð Þ2
þ Csa þ Clin

where b ¼ exp �ze Vm�Vh

kBT

� �
; Csa ¼ DCsa

ð1þb�1Þ

Qmax is the maximum nonlinear charge moved, Vh is

voltage at peak capacitance or equivalently, at half-

maximum charge transfer, Vm is Rs-corrected

membrane potential, z is valence, Clin is linear

membrane capacitance, e is electron charge, kB is

Boltzmann’s constant, and T is absolute temperature.

Csa is a component of capacitance that characterizes

sigmoidal changes in specific membrane capacitance

(Santos-Sacchi and Navarrete, 2002; Santos-Sacchi

and Song, 2014). DCsa is the total sum of unitary changes

per prestin motor protein. Qsp denotes charge density,

namely Qmax/Clin.

The time-dependent change in Qsp in Fig. 3B is fit by a

sigmoidal function, f= a/(1 + exp(�(x � x0)/b)), as we

have done previously (Bian et al., 2010), where � is time,

x0 is the midpoint, b is the slope indicator, and a is the

asymptotic value. Two parameter exponential fits were

made using the formula f= a*(1 � exp(�b * x)), where x
is time for Fig. 3A, and x is Qsp for Fig. 4. The parameter

a denotes the asymptotic value of either Qsp or DVh (see

plots). The parameter 1/b is the characteristic ‘‘time con-

stant” to achieve the final value a. For Fig. 4, to estimate

http://www.SciSoftCo.com
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charge density at ‘‘steady state”, we use the value

reached at five times the ‘‘time constant”.
Fig. 2. Illustration of post-induction time dependence of Vh on steady

state holding potential. Individual cell currents were averaged prior to

Cm determination from averaged currents. (A) At 2 h post tetracycline

induction, 0.5 min prepulse to �100 or +50 mV has smaller effects

on Vh than at 24 h post induction (B). Vh for fits at 2 h, �100 mV

prepulse: �73.3 mV; +50 mV prepulse: �76.4 mV. Fits at 24 h,

�100 mV prepulse: �84.7 mV; +50 mV prepulse: �102.3 mV.

Traces offset for visual clarity.
RESULTS

The voltage range over which prestin works is not fixed,

but shifts depending on previous state of the protein/

membrane environment set by holding voltage. This is

most apparent in native isolated OHCs. Fig. 1 illustrates

the effect of prior holding voltage on prestin’s state/

charge distribution as revealed through capacitance

measures in the guinea pig OHC. In this case, dual sine

stimuli were superimposed on a slow sinusoidal holding

voltage (Fig. 1b), which spanned from �150 to

+150 mV. The direction of holding potential change

over time influences the position of Vh along the voltage

axis (Fig. 1a); in the hyperpolarizing direction (blue

lines), Vh is shifted towards depolarized voltages and

vice versa (red lines). Steady state pre-pulse voltages

can likewise cause shifts in Vh.

Our HEK cell line allows us to monitor NLC

characteristics over the course of prestin insertion into

the membrane. Thirty seconds holding potential pre-

pulses to either �100 or +50 mV were used to gauge

the molecular memory of prestin in our HEK cell line.

Following these pre-pulses, NLC was measured. Fig. 2

illustrates the dependence of Vh on post-induction time.

Here we average our voltage protocol-generated

currents prior to Cm determination. Clear differences are

found between 2 and 24 h post-induction. Analysis of

cells on an individual basis allowed statistical

comparisons. At 2 h post induction, the average

difference in Vh between 2 and 24 h pre-pulse protocols
Fig. 1. Prestin state memory. (A) NLC functions in a guinea pig OHC

measured during hyperpolarizing direction (blue) and depolarizing

direction (red) of sinusoidal change in holding potential. Prior

hyperpolarizations cause movements of Vh in the opposite direction.

The shift in voltage at peak capacitance (Vh) indicates redistribution

of charge as a function of prior voltage. (B) Holding potential sinusoid.

Two sine stimuli have been removed. (For interpretation of the

references to colour in this figure legend, the reader is referred to the

web version of this article.)
(DVh) is smaller than that measured after 24 h post

induction (unpaired t-test, p= 0.02). The average

difference (mean ± SEM) at 2 h was 7.39 ± 1.32 mV

(n= 9) and that at 24 h was 12.97 ± 1.70 mV (n= 9).

Fig. 3A plots results for 2, 4, 6, 12, and 24 h post

induction (mean ± SEM). DVh rises exponentially over

induction time, with a time constant of 2.2 h. Along with

the growth of molecular memory, the density of prestin,

gauged as Qsp, increases more slowly in a sigmoidal

fashion (Fig. 3B), with a time at half magnitude of 7.3 h

and reaching an asymptotic value of 16.0 fC/lm2 based

on the fit. This is in line with our previous observations

over this time course (Bian et al., 2010). Clearly, while

the density of prestin continues to rise, DVh asymptotes

during the early phase of prestin delivery to the mem-

brane. The Boltzmann parameter, z, on the other hand

is stable after 4 h post induction near 0.8 (Fig. 3C).

In order to relate prestin density and DVh, we plot the

two against each other in Fig. 4. The relation shows an

exponential growth in DVh as density increases,

reaching at five times the characteristic ‘‘time constant”,

1/b (5 * 2.2 fC/pF = 11.1 fC/pF), the value of 12.6 mV.

The number of prestin units per square micrometer is

determined by Qsp/(z * e), where e is electron charge.

Taking the classical value for linear membrane

capacitance of 1 lF/cm2 (Hille, 1992), 1 pF = 100 lm2,

and based on 11.1 fC/pF, we estimate that beyond a crit-

ical density of about 870 functional units of prestin per

square micrometer, DVh has matured. The nonlinear rela-

tionship between charge density and DVh we take to



Fig. 3. Prestin behavior alters over post-induction time. (A) The

magnitude of Vh change (DVh) increases in an exponential manner

over time. Fitted exponential parameters: a= 12.6 mV, 1/b= 1.9 h

(see Experimental procedures). R2: (correlation coefficient of varia-

tion): 0.89. (B) Prestin charge density also increases in an exponen-

tial manner. Fitted exponential parameters: a= 20.1 fC/pF,

1/b= 14.9 h (see Methods). R2: 0.99. (C) On the other hand, the

Boltzmann parameter z, which increases very early following induc-

tion (Bian et al., 2010), is stable after 4 h. Error bars are SEM.

Fig. 4. Relationship between susceptibility to voltage pre-pulse (DVh) versu

(Qsp). DVh increases exponentially with charge density, reaching at 11.1 fC/

characteristic ‘‘time constant”. Fitted exponential parameters of the mean dat

1/b= 2.2 fC/pF (see Experimental procedures). R2: 0.89. Error bars are SE

used for an exponential fit, as well. Fitted exponential parameters are

1/b= 2.0 fC/pF.
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mean that above this critical density, interactions among

prestin molecules are likely.
DISCUSSION

All hair cells utilize apical membrane components

(stereocilia) for forward transduction of sound into

receptor potentials that evoke neurotransmitter release

onto afferent nerve fibers (Flock, 1965). However, in addi-

tion, the OHC has evolved special lateral membrane com-

ponents to reverse transduce those receptor potentials

into mechanical energy, a process called electromotility

(Evans and Dallos, 1993).

The responsible molecular motor was identified in

2000 (Zheng et al., 2000), and remarkably was found to

be a solute carrier of the SLC26 family. Named as prestin,

for its presumed fast kinetics (electromotility was mea-

sured beyond 80 kHz (Frank et al., 1999)), the protein

has been studied extensively. Recently, this ultrafast

capability of electromechanical activity has been chal-

lenged (Santos-Sacchi and Tan, 2018; Santos-Sacchi,

2019; Santos-Sacchi et al., 2019). Regardless, prestin is

a voltage-dependent protein (Santos-Sacchi and Dilger,

1988) that has been successfully modelled with modifica-

tions of a two-state Boltzmann process, where motors are

either in an expanded or compact state. Displacement

currents or correspondingly a NLC arises from these con-

formational changes (Ashmore, 1990; Santos-Sacchi,

1990, 1991). Based on these measures, membrane den-

sity of the motor in the OHC lateral membrane has been

estimated to be up to 11000/lm2 (Huang and Santos-

Sacchi, 1993; Gale and Ashmore, 1997;
s prestin charge density

pF at five times 1/b, the
a points: a= 13.11 mV,

M. All data points were

similar: a= 13.02 mV,
Mahendrasingam et al., 2010,

Santos-Sacchi and Tan, 2020).

Specific membrane sensor charge

correlates well with biochemical

measures of membrane content

(Bian et al., 2010; Seymour et al.,

2016). Interestingly, as might be

expected of an anion solute carrier,

anion binding plays a pivotal role in

its function (Oliver et al., 2001;

Rybalchenko and Santos-Sacchi,

2003), though it likely does not work

solely as an extrinsic voltage sensor

(Song and Santos-Sacchi, 2010;

Santos-Sacchi and Song, 2016).

Concerning our present work, we

have previously shown that chloride

effects on prestin do not underlie its

molecular memory (Santos-Sacchi

et al., 2009).

In our current experiments we

have employed our tetracycline-

inducible prestin cell line which

provides specific nonlinear charge

(sensor charge/linear capacitance)

values of up to 20 fC/pF after 24 h,

far greater than transient

transfection can provide (Bian

et al., 2010). This efficiency allows
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us to monitor characteristics of NLC resulting during pres-

tin delivery and insertion into the plasma membrane.

Specifically, we used this approach to study the develop-

ment of prestin’s ability to respond to its prior state, estab-

lished by pre-pulse holding voltage. We find that DVh, a

metric for prestin’s molecular memory, increases as

post-induction time and the number of membrane-bound

prestin molecules increase. The correspondence

between areal density and DVh indicates that at a critical

density of prestin within the membrane, namely, about

870 functional prestin units per square micrometer,

molecular memory matures. If maturation were simply a

consequence of time spent within the membrane, we

would not have expected asymptotic behavior, because

insertion of new proteins into the membrane continues

well beyond the observed maturation. The exponential

fit of DVh as charge density increases is simply used to

provide an estimate of the asymptotic behavior; earlier

time point measures of this phenomenon could reveal

non-exponential behavior, just as charge density itself

matures in a sigmoidal fashion (Fig. 2B) (Bian et al.,

2010). Nevertheless, the identification of asymptotic

behavior within our evaluated time points would not be

changed by including earlier time points of DVh, which

would be exceedingly difficult to measure. Interestingly,

we recently have found that prestin kinetics augments,

that is, the frequency response of NLC increases, during

early development of mouse OHCs in organ explants (Bai

et al., 2019). However, it is unlikely that development of

prestin density may be a controlling factor in prestin’s abil-

ity to alter conformation at kilohertz rates. In that study,

the estimated frequency cut-off (Fc) was found to asymp-

tote beyond postnatal day p17–18, where charge density

has also matured – a density well beyond maturation of

molecular memory. Of course, for OHCs, other factors

beyond prestin kinetics could be at play. For example,

not only intrinsic (e.g., membrane components or

cytoskeleton) but also extrinsic (e.g., viscoelastic interac-

tions with supporting cells within the organ) mechanical

loads could influence our frequency response measures,

as we have recently observed (Santos-Sacchi et al.,

2019). These mechanical impediments to charge move-

ment have as their basis prestin’s piezoelectric-like

behavior, where load can influence prestin’s state

(Iwasa, 1993; Gale and Ashmore, 1994; Kakehata and

Santos-Sacchi, 1995).

The piezoelectric-like mechanical sensitivity of prestin

may also underlie its molecular memory, and result from

interactions among functional prestin units within the

membrane. Indeed, we previously modelled molecular

memory as resulting from such behavior (Santos-Sacchi

et al., 1998), where the voltage-induced conformational

changes in one unit could directly affect those of adjacent

units through the viscoelastic plasma membrane. We rea-

soned that when prestin moves from an extended state to

a compact state, forces generated within the plane of the

membrane will influence the state in adjacent molecules,

as lipid redistributes around compact prestin and acts

on neighbors. Recapitulation of experimental data with

the model was successful (Santos-Sacchi et al., 1998).

Of course, the effectiveness of such negative cooperativ-
ity will depend upon intermolecular distances. At a critical

density of about 870 functional units per square microm-

eter, intermolecular distances would be on the order of

34 nm, assuming a uniform distribution. Physiological evi-

dence for dimerization has been obtained for prestin

(Navaratnam et al., 2005; Detro-Dassen et al., 2008),

and recent cryo-EM observations on SLC26a9, a family

member of prestin, also suggests dimerization. Given that

the widest dimension of a prestin dimer within the mem-

brane may be 10 nm based on SLC26a9 cryo-EM struc-

ture, the closest proximity of adjacent molecular edges

would be 17 nm. Of course, this is founded on a uniform

distribution, but local, restricted diffusion cannot be dis-

counted (Santos-Sacchi and Zhao, 2003; Organ and

Raphael, 2007; Yamashita et al., 2015), nor can subse-

quent clustering be ignored. To be sure, in our cell line

prestin-fused YFP often presents as visible fluorescent

patches within the membrane. Modelling of ion channels

indicates that at areal densities greater than 103/lm2,

close to our observed critical prestin density, cooperative

viscoelastic interactions are possible (Ursell et al., 2007).

Indeed, clustering in a variety of ion channels can impact

on channel activity (see (Molina et al., 2006)). Thus, for

the OHC, where densities of prestin are up to 11,000/

lm2 (Huang and Santos-Sacchi, 1993; Gale and

Ashmore, 1997; Mahendrasingam et al., 2010; Santos-

Sacchi and Tan, 2020), the ensemble might be consid-

ered one huge cluster permitting negative cooperativity

among molecules spanning across several molecular dis-

tances. These interactions are expected to impact OHC

influence on cochlear amplification and hearing, since

those resulting Vh shifts may be viewed as amplificatory

in nature (Santos-Sacchi et al., 2009).
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ABSTRACT

There are known differences in the properties of hair
cells along the tonotopic axis of the avian auditory
epithelium, the basilar papilla (BP). To determine the
genetic basis of these differences, we compared gene
expression between the high- (HF), middle-, and low-
frequency (LF) thirds of 0-day-old chick auditory
epithelia. RNA amplified from each sample was hybri-
dized to whole-genome chicken arrays and GeneSpring
software was used to identify differentially expressed
genes. Two thousand six hundred sixty-three genes were
found to be differentially expressed between theHF and
LF segments, using a fold-change cutoff of 2 and a
p value of 0.05. Many ion channel genes were differ-
entially expressed between theHF and LF regions of the
BP, an expression pattern that was previously established
for some but not all of these genes. Quantitative PCR
was used to verify tonotopic expression of 15 genes,
including KCNMA1 (Slo) and its alternatively spliced

STREX exon. Gene set enrichment analyses (GSEA)
were performed on the microarray data and revealed
many microRNA gene sets significantly enriched in the
HF relative to the LF end, suggesting a tonotopic activity
gradient. GSEA also suggested differential activity of the
kinases protein kinase C and protein kinase A at the HF
and LF ends, an interesting corollary to the observation
that there is tonotopic expression of the STREX exon
that confers on Slo sensitivity to the activity of kinases.
Taken together, these results suggest mechanisms of
induction and maintenance of tonotopicity and
enhance our understanding of the complex nature of
proximal–distal gene expression gradients in the
chicken BP.

Keywords: cochlea, development, stem cells,
kinases

INTRODUCTION

The basilar papilla (BP), the chicken auditory epithe-
lium, is tonotopically organized much like its mamma-
lian counterpart the organ of Corti. Hair cells residing at
specific locations along the apical-basal axis are max-
imally responsive to sounds at a particular frequency. In
non-mammalian vertebrates such as turtles (Crawford
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and Fettiplace 1981) and birds (Fuchs et al. 1988), this
tuning seems to be largely mediated by intrinsic
electrical resonance properties of hair cells. Elec-
trical resonance in these cells is mediated by inter-
play between a depolarizing voltage-gated calcium
current through calcium channels and a hyper-
polarizing calcium-sensitive potassium current through
BK channels.

Both hair cell physiological activity and gene expres-
sion are known to vary along the tonotopic axis of
auditory epithelia. There are also differences in the
properties of the transduction apparatus along the
tonotopic axis. The mechanotransduction channels at
the HF end of the turtle BP pass more current per
channel than those in the LF end, allowing for faster
adaptation (Ricci et al. 2003). As another example,
there are changes in the electrical tuning apparatus
along the length of the BP. Both models and data
confirm the expression of inward and delayed rectifying
potassium channels in hair cells in the low-frequency
portion of the sensory epithelium, while BK channels
and L-type calcium channels are present in higher
density in hair cells in the high-frequency region (Art
et al. 1995; Wu et al. 1995; Samaranayake et al. 2004).
Differences in the density and properties of these
channels are believed to give rise to the higher resonant
frequency of cells in the HF end of the BP (Navaratnam
et al. 1997; Rosenblatt et al. 1997; Samaranayake et al.
2004). Specifically, the higher resonant frequency of HF
hair cells seems to be partly due to an increase in calcium
influx and an increase in potassium efflux through an
increased number of potassium and calcium channels
(Art et al. 1995; Wu et al. 1995; Tucker et al. 1996).

In light of what is known about tonotopic gradients
of gene expression and hair cell physiology, we
endeavored to use a genome-wide comparison of
gene expression between the high-frequency (HF),
middle-frequency (MF), and low-frequency (LF) seg-
ments of the post-hatch chicken BP to identify
tonotopically expressed genes. Genes found to have
this expression pattern may be functionally significant
and may therefore provide new insight into BP
structure and function. Specifically, tonotopically
expressed genes may represent differences in develop-
ment, susceptibility to injury, or regenerative capacity
along the tonotopic axis. We expected that such a data
set would identify gene expression regulators such as
transcription factors and microRNAs (miRNA) that
are important for the development and/or mainte-
nance of these transcriptional gradients. Affymetrix
whole-genome chicken microarrays were therefore
used to compare transcription profiles between the
HF (basal), MF, and LF (apical) thirds of the post-
hatch chicken BP. Many of the genes found to be
differentially expressed between the two extreme ends
of the epithelium were ion channels, some known to

be tonotopically expressed and others with a previously
uncharacterized pattern of expression. Given limita-
tions in sensitivity and specificity of microarrays, gene
set enrichment analyses (GSEA) were also performed.
These analyses complement the microarray results as
they are more specific and are less susceptible to
systematic bias from false results. The GSEA results
suggested tonotopic gradients of activity of a number of
miRNAs and kinases, as well as expression of genes
associated with the hematopoietic stem cell phenotype.

METHODS

Basilar papilla tissue preparation

Animals were treated in accordance with policies
established by the Yale Institutional Animal Care and
Use Committee (protocol number 2007–10439). Coch-
lear ducts were carefully dissected out of 0-day-old
chicks. The tegmentum vasculosum and tectorial mem-
brane were immediately dissected off to expose the
auditory epithelium, which was delicately freed from
the basement membrane resting on cartilaginous plates
using a tuberculin needle. The entire epithelium was
then sectioned into even HF, MF, and LF thirds (Fig. 1).
Three segments from three different BPs went into each
sample to produce a total of threeHF samples, threeMF
samples, and three LF samples. Samples were frozen at
−80°C until RNA isolation could be performed.

RNA isolation

Frozen samples were removed from the −80°C freezer
and immediately placed in the lysis buffer from the
RNAqueous® Kit (Ambion, Austin, TX). The tissue
was not actively homogenized or disrupted given the
small amount of tissue. Total RNA isolation was
performed as per the manufacturer’s instructions.
The quality of each sample was confirmed by gel and
Bioanalyzer analysis. All samples had an A260/A280
ratio of at least 1.9, as well as 18S and 28S bands with
no obvious evidence of degradation or genomic
contamination and RNA integrity numbers (based
on 28S/18S ratio and other parameters) of at least 9
on a ten-point scale (Schroeder et al. 2006). Total
RNA concentration was determined by measuring
absorbance at 260 nm on a spectrophotometer.

Microarray hybridizations

Microarray hybridizations were performed as previously
reported (Frucht et al. 2010). Briefly, double-stranded
cDNA and biotin-labeled cRNAwere synthesized from 1
to 5 μg of total RNA using a two-cycle target labeling kit
(Affymetrix 2004). Biotin-labeled cRNA was purified
using theGeneChipCleanupModule prior to fragment-
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ing to a size of 35–200 bases. Hybridization of the
samples with Affymetrix whole-genome chicken
microarrays was then performed at the Yale Univer-
sity Keck Facility according to the manufacturer’s
protocol (Affymetrix 2009). This array contains
many internal controls, including negative hybrid-
ization controls that serve to minimize the detection
of signals resulting from nonspecific binding to
probes. All microarray data is MIAME-compliant
and has been uploaded to the EMBL-EBI ArrayEx-
press database (http://www.ebi.ac.uk/arrayexpress/)
along with extensive annotations on both experimental
and analytical methods as well as all raw and normalized
data (accession: E-MEXP-2806).

Differential gene expression analysis

Gene expression analyses were performed using
GeneSpring GX 9.0 software (Agilent Technologies,

Santa Clara, CA). After GC-RMA normalization with-
out baseline transformation, the microarray data were
then filtered by expression (20–100% in at least one
of the three samples from each segment of the BP) to
exclude genes expressed only at very low levels in all
samples. In cases of probeset redundancy, median
expression values were used. Differentially expressed
genes were identified by using a fold-change cutoff of
2 and then performing an unpaired t test (pG0.05)
after Benjamini–Hochberg correction for multiple
comparisons. R version 2.10.1 (www.r-project.org)
was used to generate a heat map using the HeatPlus
add-on in the Bioconductor package.

Quantitative PCR validation of microarray
expression data

In order to validate the microarray data, quantitative
PCR was performed on 15 detected genes. Six of these
genes were upregulated in the HF relative to the LF
region, and nine were upregulated in the LF relative
to the HF region. The differentially expressed genes
validated by quantitative PCR (qPCR) were highly
expressed in at least one region and chosen to span a
range in fold-change differences between the HF and
LF regions, from 2.33 to 30.61.

The 15 genes that were validated are brain-derived
neurotrophic factor, glutamate receptor 2, medium
neurofilament, aquaporin 5, chordin-like 1, docking
protein 7, ret proto-oncogene, SLIT, and NTRK-like
family member 4, wnt inhibitory factor 1, integrin A1,
potassium large conductance calcium-activated chan-
nel, subfamily M, alpha member 1 (KCNMA1, Slo; total
and STREX exon), potassium voltage-gated channel,
shaker-related subfamily, beta member 1 (KCNAB1),
potassium voltage-gated channel, shaker-related sub-
family, beta member 2 (KCNAB2), transient receptor
potential cation channel, subfamily C, member 1
(TRPC1), and sodium channel, voltage-gated, type II,
alpha subunit (SCN2A). The RNA samples were the
same ones used for microarray analysis for all genes
except KCNMA1 (total and STREX containing only)
and TRPC1. Total Slo (KCNMA1) expression and
expression of the Slo exon STREX were determined in
the HF, MF, and LF segments of the BP to assess for
expression gradients. At least three samples, each
comprised of three BP segments, were used. Expression
of the 18S ribosomal subunit was also assessed to
allow for normalization of total RNA levels between
samples using the 2–ΔΔC

T method (Schmittgen and
Livak 2008). Primer 3 (Rozen and Skaletsky 2000) was
used to design intron spanning primer pairs that were
validated by melting curve analysis.

Five micrograms of RNA was isolated from each
sample as described above and used to create first-
strand cDNA using oligo-dT primers. Because exten-

FIG. 1. Shown in panel A is a schematic diagram showing the
manner in which the auditory epithelia were sectioned. Low-,
middle-, and high-frequency segments were pooled as described in
the text to allow for comparison of genome-wide expression across
the three indicated regions. Shown in panel B is a proportional Venn
diagram representing overlap of differentially expressed genes for the
high- versus low-frequency (HF vs. LF; 2,663), high- versus middle-
frequency (HF vs. MF; 303), and middle- versus low-frequency (MF vs.
LF; 1,306) comparisons. Far more genes are differentially expressed
between the HF and LF segments than either of the middle-frequency
comparisons, suggesting that many of the HF vs. LF genes are expressed
in a gradient along the tonotopic axis of the basilar papilla.
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sive genomic contamination was made unlikely by the
use of oligo-dT primers and confirmed not to be
present by Bioanalyzer measurements, RNA samples
were not treated with DNase. qPCR was performed
using the SYBR Green Supermix reagent (Bio-Rad,
Hercules, CA) on an iCycler system (Bio-Rad,
Hercules, CA). To establish the sensitivity of our
qPCR methodology, reactions were run with serial
dilutions of amplified 18S cDNA of known concen-
trations to ensure that the correct product (i.e., by
band size and melting temperature) could be
amplified with only several copies in a well. Each
reaction was run in triplicate, and the data was
averaged for each cDNA sample and primer pair
combination. Only those fold-changes with a 95%
confidence interval that did not include the value 1
were considered significant. A fold-change of 1
between two conditions would indicate that the
expression level is exactly the same in both conditions,
the null hypothesis of this test. Therefore, one can
conclude with 95% certainty that a fold-change interval
that does not overlap with a value of 1 represents a real
change in gene expression.

Gene set descriptions

GSEA was performed to gain insights into the func-
tional relevance of tonotopic gene expression gra-
dients using GSEA version 2 software (Subramanian et
al. 2005). In a GSEA, genes are first ranked by their
association with the class distinction of the compar-
ison being made (e.g., HF versus LF). In other words,
the genes most consistently overexpressed in the HF
samples were ranked at one end of the list, and those
most overexpressed in the LF samples were ranked at
the other end. GSEA asks whether the genes that
make up a particular gene set are overrepresented at
either end of the list, rather than randomly distrib-
uted throughout. This question was answered by
calculating for every gene set a running sum statistic
known as the enrichment score (ES). The ES can be
thought of as a running tally that is proportional to
the number of genes in a set that are upregulated with

a particular manipulation. Each ES was normalized to
gene set size to produce a normalized enrichment
score (NES). The statistical significance of each NES
was determined by comparing that NES to the
distribution of ESs generated by randomly permutat-
ing the genotype class labels. Both the p value and
false discovery rate (FDR, q value) were calculated for
each set. Gene sets whose NES had an associated FDR
less than 0.25 and a p value less than 0.05 were
considered significantly enriched.

The GeneSpring processed data from the 38,535
original probes was collapsed into 13,159 genes based
on gene symbols. Some genes were assigned to one
or multiple gene sets downloaded with the GSEA
package. The mammalian gene set package
included 837 gene sets, 50 of which were excluded
by gene set size criteria (15–50), leaving 783 to be
included in our analysis. One thousand one hun-
dred ninety-seven out of the 1,892 curated gene sets
also met this criterion (Table 1). The GSEA
parameters used were as follows: metric=signal to
noise; permutation number=1,000; gene size mini-
mum=15; gene size maximum=500; enrichment
statistic=classic; permutation type=gene set.

Gene set descriptions

Two different gene set packages were used, both of
which were downloaded directly from the Broad
Institute Website (www.broad.mit.edu/gsea). To assess
for tonotopic gradients in miRNA and transcription
factor activity in the chicken gene expression data, a
GSEA was performed using a gene set package called
“c3.all.v2.5.symbols,” which was obtained from the
BROAD Institute Website (Xie et al. 2005). This
package includes gene sets defined by the presence
of transcription factor motifs and predicted miRNA
binding sites. Because the genes in each set of this
package share regulatory motifs that are conserved
across human, mouse, rat, and dog genomes, they will
be referred to as the “mammalian gene sets.” The
motifs used come from Xie et al. (2005) and the
TRANSFAC database and include sets of genes shar-
ing particular 3′-UTR miRNA binding motifs.

TABLE 1

Shown are the number of mammalian and curated gene sets that were significantly enriched (pG0.05 and false discovery rateG0.25)
in the high-frequency (HF), middle-frequency (MF), or low-frequency (LF) segments of the basilar papilla for the HF vs. LF, HF vs. MF,

and MF vs. LF comparisons

HF vs. LF HF vs. MF MF vs. LF

Up in HF Up in LF Up in HF Up in MF Up in MF Up in LF

Mammalian 56/783 18/783 1/783 66/783 163/783 13/783
Curated 293/1,197 82/1,197 170/1,197 123/1,197 231/1,197 91/1,197

There are 783 mammalian gene sets and 1,197 curated gene sets that met the size criteria indicated in the text
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To assess the functional relevance of the pattern of
differential gene expression, GSEA was performed
using a gene set package called “c2.all.v2.5.symbols”
which was also downloaded from the BROAD Institute
Website. This package defines curated sets of genes
based on specific experimental findings from experi-
ments on human and animal model tissue. This
package includes both canonical pathways and chem-
ical/genetic perturbations based gene sets. These
gene sets will be referred to as the “curated gene
sets.” References for all curated gene sets are pro-
vided on the BROAD Website.

To ascertain whether any of the tonotopic gene
expression gradient is attributable to protein kinase
activation, two additional GSEAs were performed by
generating gene sets from available data sets. To
assess for tonotopic activity of protein kinase A
(PKA), a set of genes putatively upregulated with
increased PKA activity was used. Specifically, the data
used was raw Affymetrix whole-genome microarray
data from a previously reported experiment describ-
ing gene expression differences in the chicken BP
after 24-h exposure to forskolin (100 μM), an
adenylate cyclase activator which increases intra-
cellular cAMP levels and therefore PKA activity
(Frucht et al. 2010). These data were processed to
generate a list of significantly (fold-change92, p
valueG0.05) differentially expressed genes. The list
of 39 affected genes was used for GSEA. A different
data set was processed in the same fashion to
produce a set of genes whose expression is putatively
affected by protein kinase C (PKC) for use in a
GSEA. This particular data set was from a previously
reported experiment in which transcription was
profiled with and without PMA-induced activation
of PKC in human MM6 cells (Yu et al. 2008). The set
of 3,456 genes that were differentially expressed
(fold-change92, p valueG0.05) following PMA activa-
tion was used in a GSEA to look for evidence of
tonotopic PKC activity.

RESULTS

Gene expression analysis statistics

We report here a systematic comparison of genome-
wide expression along the tonotopic axis of the
chicken auditory epithelium using Affymetrix whole-
genome chicken microarrays. Zero-day-old chickens
were used because this developmental time point
succeeds the onset of hearing (Gottlieb 1965). The
complete data set (included as Supplemental Data)
should therefore be of interest to those studying
expression and functional gradients along the tono-
topic axis of the inner ear.

To examine gene expression gradients along the
tonotopic axis of BPs, cochlear ducts were explanted
and sensory epithelia were immediately isolated,
microdissected, and sectioned into HF, MF, and LF
segments (Fig. 1). Out of the 38,535 probe sets on the
Affymetrix chicken array, 2,663 were differentially
expressed between the HF and LF segments; 303
were differentially expressed between the HF and MF
segments, and 1,306 genes were differentially
expressed between the MF and LF segments. The
complete list of differentially expressed genes for each
of the three comparisons (i.e., HF vs. LF, HF vs. MF,
MF vs. LF) are included as Supplemental Data. A
proportional Venn diagram clearly indicates that far
more genes are differentially expressed between the
two extreme ends of the epithelium than between
the MF segment and either of the two extremes
(Fig. 1). This is consistent with the notion that most
genes are being expressed differentially along the
tonotopic axis in an apical-to-basal gradient. Gene
expression data for all genes on the array
(Tables S1, S2, and S3) as well as only the subset
of genes identified as differentially expressed
(Tables S4, S5, and S6) are included as supplemen-
tary material.

qPCR confirms microarray data

qPCR was performed on select genes in order to
validate the microarray data. Primers were designed
for 15 genes, six of which were upregulated in the
HF segment and nine of which were upregulated in
the LF segment (Table 2). These genes were
selected to span a range of fold-changes in both
directions based on their high level of expression in
at least one segment of the BP. Some genes were
selected because they are specifically known to have
an important role in the inner ear and are known
to be tonotopically expressed in the BP (e.g.,
KCNMA1). However, most of the genes chosen
were selected because their expression pattern in
the BP was previously uncharacterized. Out of the
15 genes examined, qPCR confirmed the direction-
ality of all 15. The fold-changes of 12 of these 15
genes (80%) were significantly different from a
value of 1 (Table 2), confirming their differential
expression as detected by microarray. These find-
ings validate the microarray results, so further
analyses were performed on the gene expression
data set.

Slo (KCNMA1) and its alternatively spliced STREX
exon were tested by qPCR in the HF, MF, and LF
segments of the BP (Fig. 2). Both showed a clear
tonotopic expression gradient with higher expression
in the LF than in the MF or HF segments (one-way
ANOVA, pG0.05). Slo expression at the HF end was
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34.1% of that at the LF end, whereas HF expression of
STREX was 10.7% of that at the LF end. These results
show a steeper tonotopic gradient for STREX than for
Slo, suggesting that the proportion of Slo transcripts
including the STREX exon decreases going from the
LF to HF segments.

Tonotopic expression of structural proteins

Among the 2,663 genes found to be differentially
expressed between the HF and LF segments were
some genes known to have important functions in the
inner ear, as well as many other genes whose func-
tional significance is unknown (Table 3). As shown in
Table 3, there was differential expression of the actin
cross-linkers plastin 1 (up in LF) and plastin 2 (up in
HF). Interestingly, some myosin transcripts were also
tonotopically expressed. Myosin XVa expression was

higher in the LF end of the BP while myosin IIIa
transcription was higher in the HF end.

Tonotopic expression of sodium, potassium,
and calcium channels

Many sodium, potassium, and calcium channels were
differentially transcribed between the HF and LF ends
(Table 4). An expression heat map shows that most of
these genes are expressed in a gradient along the
tonotopic axis (Fig. 3). Interestingly, the expression
patterns of most of these channels have not been
previously described. Specifically, multiple calcium-
gated (i.e., KCNMA1, KCNMB4), voltage-gated (i.e.,
KCNQ2, KCNG4, KCNF1, KCND2, KCNAB1,
KCNAB2), and inward-rectifying (i.e., KCNJ2,
KCNJ15) potassium channels were all upregulated in
the LF end. There was also differential expression of

TABLE 2

qPCR validation of gene expression data

Gene symbol Gene name

Microarray qPCR

Average fold-change
(HF/LF)

Corrected
p value

Average fold-change
(HF/LF)

Significant
(?)

AQP5 Aquaporin 5 1/14.84 0.011 1/1.40 No
1/23.84 0.013
1/15.83 0.041

BDNF Brain-derived neurotrophic factor 1/17.49 0.0027 1/2.42 Yes
GRIA2 Glutamate receptor, ionotropic,

AMPA 2
1/4.95 0.006 1/2.58 Yes
1/2.51 0.0068

KCNAB1 Potassium voltage-gated channel,
shaker-related subfamily, beta
member 1

1/9.46 0.0023 1/2.67 Yes

KCNAB2 Potassium voltage-gated channel,
shaker-related subfamily, beta
member 2

1/2.73 0.002 1/2.27 Yes

KCNMA1 (Slo) Potassium large conductance
calcium-activated channel,
subfamily M, alpha member 1

1/6.82 0.025 1/2.94 Yes

NEFM Neurofilament, medium
polypeptide 150 kDa

1/21.75 0.0029 1/7.09 Yes
1/25.90 0.020

SCN2A Sodium channel, voltage-gated,
type II, alpha subunit

1/2.33 0.015 1/1.31 No
1/8.55 0.0028

TRPC1 Transient receptor potential
cation channel, subfamily
C, member 1

1/2.77 0.035 1/2.54 Yes

CHRDL1 Chordin-like 1 7.039 0.0032 2.86 Yes
DOK7 Docking protein 7 6.18 0.0034 1.43 Yes
ITGA1 Integrin, alpha 1 30.61 0.0034 1.01 No
RET ret Proto-oncogene 8.00 0.012 7.11 Yes

6.22 0.014
SLITRK4 SLIT and NTRK-like

family, member 4
6.18 0.0077 3.54 Yes
6.69 0.009

WIF1 WNT inhibitory factor 1 18.24 0.011 1.74 Yes

Shown are qPCR and microarray data for genes selected for qPCR validation

Genes were selected to span a range of fold-change differences between the low- and high-frequency segments of the basilar papilla in both directions. Multiple
microarray values represent redundant probe sets for the same gene. Significant fold-changes by qPCR have a 95% confidence interval excluding 1
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voltage-gated calcium channels (i.e., CACNA1B was
up in the LF end; CACNA2D1 was up in the HF end)
between the two ends of the BP. Additionally, there
were sodium channels found by microarray differ-
entially expressed between the HF and LF seg-
ments; SCN2A (voltage-gated) and SCNN1A
(nonvoltage-gated) were up in the HF end of the
BP, whereas SCN3B (voltage-gated) was up in the
LF end. However, SCN2A was found by qPCR to not

be differentially expressed. Finally, three transient
receptor potential (TRP) channels were found to be
tonotopically expressed. TRPC1 transcription was
higher at the LF end, a finding confirmed by qPCR
(Table 2). TRPC3 and TRPM3 were found by
microarray to be upregulated in the HF end, but
were undetectable by qPCR. These observations
suggest important functional roles for some of these
channels in the chicken inner ear.

Gene set enrichment analysis results

In order to determine the large-scale functional
significance of differential gene expression, a GSEA
was performed using manually curated gene sets
downloaded from the Broad Institute Website. This
package contains gene sets comprised of genes found
by individual experiments to be associated with
specific phenotypes in a variety of systems. Of the
1,197 gene sets included in this package, 293 were
significantly enriched in the HF end whereas 82 were
enriched in the LF end (Table 1). Interestingly, many
gene sets comprised of genes associated with hema-
topoietic stem cells (HSC) are significantly enriched
in the HF end of the BP, while only one HSC gene set
is enriched in the LF end (Table 5). This finding is
suggestive of a subpopulation of cells with HSC-like
gene expression patterns in the HF end of the chick
BP. GSEA statistics for all curated gene sets are
included as supplemental material (Tables S7, S8,
and S9).

To determine whether any miRNAs or transcrip-
tion factors are differentially active between the HF
and LF segments, an additional GSEA was performed
using a gene set package with gene sets comprised of

TABLE 3

Shown are some of the genes possibly related to the transduction apparatus (PCDH15, TRPC1, TRPC3, TRPM3), genes known to
interact with actin (PLS1, PLS3, RCJMB04_3e19), and myosins (MYO3A, MYO15A) found by microarray to be differentially

expressed (fold-change92, p valueG0.05) between the high- and low-frequency segments of the basilar papilla

Gene symbol Gene name Average fold-change (HF/LF) Corrected p value

MYO15A Myosin XVA 1/2.33 0.0072
MYO3A Myosin IIIA 3.34 0.049
PCDH15 Protocadherin 15 1/2.28 0.027
PLS1 Plastin 1 (I isoform) 1/2.87 0.0029

3.12 0.0078
PLS3 Plastin 3 (T isoform) 2.81 0.0078
RCJMB04_3e19 Twinfilin, actin-binding protein, homolog 2 (Drosophila) 2.43 0.0059

2.93 0.0051
TRPC1 Transient receptor potential cation channel,

subfamily C, member 1
1/2.77 0.035

TRPC3 Transient receptor potential cation channel,
subfamily C, member 3

3.55 0.023

TRPM3 Transient receptor potential cation channel,
subfamily M, member 3

24.24 0.003

Multiple values are displayed for the probesets with redundancy

FIG. 2. Slo and the Slo exon STREX are transcribed tonotopically.
Shown are the relative expression levels of both Slo and its
alternatively spliced STREX exon in the low- (LF, n=3), middle-
(MF, n=3), and high-frequency (HF, n=4) segments of the post-hatch
chicken basilar papilla as determined by qPCR. Expression levels
were normalized first to 18S expression, then respectively to Slo and
STREX expression levels in the LF segment. A clear tonotopic gradient
can be appreciated for both Slo and STREX with expression that
significantly decreased from the LF region to the HF region (one-way
ANOVA, pG0.05). The fold-change differences of LF versus MF and LF
versus HF were significantly different between STREX and Slo,
indicating a steeper gradient for STREX than for Slo (t tests, pG0.05).
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genes containing particular transcription factor and
miRNA recognition sites. Fifty-six out of 783 of the
gene sets in this set are enriched in the HF end,
whereas 18 of the gene sets are significantly upregu-
lated in the LF end (Table 1). Interestingly, many of
the differentially expressed gene sets are miRNA
(“MIR”) gene sets (Table 6). These results suggest
tonotopic expression and therefore some functional
relevance of these particular miRNAs in the chicken
inner ear. GSEA statistics for all of these motif-based
gene sets are included as supplemental material
(Tables S10, S11, and S12).

GSEA was also performed using a PKC-based gene
set and a PKA-based gene set as described in the
Methods. A set of genes found to be differentially

expressed following activation of PKC using PMA in
human MM6 cells was significantly enriched in the HF
end of the BP (Table 5; FDRG0.001). Additionally, a
set of genes differentially expressed in the chicken BP
after 24 h of forskolin-induced PKA activation were
significantly enriched in the LF end (Table 5; FDR=
0.002). These results suggest differential activation
and/or expression of these kinases themselves along
the tonotopic axis of the chicken BP.

DISCUSSION

Reported here are 2,663 genes that are differentially
expressed between the HF (i.e., proximal) and LF

TABLE 4

Shown are some of the genes found by microarray to be differentially expressed (fold-change92, p valueG0.05) between the
high- and low-frequency segments of the basilar papilla that are ion channels

Gene symbol Gene name Average fold-change (HF/LF) Corrected p value

CACNA1B Calcium channel, voltage-dependent, N
type, alpha 1B subunit

1/2.46 0.036

CACNA2D1 Calcium channel, voltage-dependent,
alpha 2/delta subunit 1

2.96 0.028

KCNAB1 Potassium voltage-gated channel,
shaker-related subfamily, beta member 1

1/9.46 0.0023

KCNAB2 Potassium voltage-gated channel,
shaker-related subfamily, beta member 2

1/2.73 0.0020

KCND2 Potassium voltage-gated channel,
Shal-related subfamily, member 2

1/2.59 0.030

KCNF1 Potassium voltage-gated channel,
subfamily F, member 1

1/61.46 0.0035

KCNG4 Potassium voltage-gated channel,
subfamily G, member 4

1/7.53 0.0056

KCNJ15 Potassium inwardly rectifying channel,
subfamily J, member 15

1/40.82 0.0019
1/26.59 0.0012

KCNJ2 Potassium inwardly rectifying channel,
subfamily J, member 15

1/69.27 0.0035

KCNK5 Potassium channel, subfamily K, member 5 1/3.86 0.0093
KCNMA1 Potassium large conductance calcium-

activated channel, subfamily M,
alpha member 1

1/6.82 0.025

KCNMB4 Potassium large conductance calcium-
activated channel, subfamily M,
beta member 4

1/2.27 0.0045

SCN2A Sodium channel, voltage-gated,
type II, alpha subunit

2.33/1 0.015
8.55/1 0.0027

SCN3B Sodium channel, voltage-gated,
type III, beta

1/3.58 0.020

SCNN1A Sodium channel, nonvoltage-gated 1 alpha 2.85/1 0.020
2.62/1 0.015

TRPC1 Transient receptor potential cation
channel, subfamily C, member 1

1/2.77 0.035

TRPC3 Transient receptor potential cation
channel, subfamily C, member 3

3.55 0.022

TRPM3 Transient receptor potential cation
channel, subfamily M, member 3

24.24 0.0030

Multiple values are displayed for the probesets with redundancy. Various sodium, potassium, and calcium channels are all differentially expressed along the
tonotopic axis if the chick basilar papilla. Three of the genes in this table were also tested by qPCR (KCNAB1, KCNAB2, SCN2A; see Table 2). Of these three genes,
two are also found to be differentially expressed by qPCR (fold-change 95% confidence interval does not include 1)
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(i.e., distal) thirds of the BP. Among the list of genes
found to be differentially expressed are many that
would be predicted to show this pattern, as well as
many with a previously uncharacterized pattern of

expression or functional activity in the BP. Our data
revealed that two inward-rectifying potassium chan-
nels (KCNJ2, KCNJ15) are transcribed at higher levels
at the apical end, an interesting observation given that
previous work has shown preferential expression of
inward-rectifying potassium channels at the LF end of
the BP (Fuchs et al. 1990; Fuchs 1992; Navaratnam et
al. 1995; Wu et al. 1996). Also suggested by our
microarray data is relative upregulation of a number
of voltage-gated potassium channels in the LF end
(Table 4), confirming physiological data on the
presence of voltage-gated potassium currents prefer-
entially found in LF hair cells of the turtle BP (Fuchs
et al. 1990; Goodman and Art 1996). KCNMA1 was
identified by our microarray data to be upregulated in
the LF end of the BP, confirming recently reported
results (Miranda-Rottmann et al. 2010). Similarly,
there were increased amounts of the sodium channel
transcript SCN3B in the LF end and of SCNN1A in
the HF end. While sodium channels have not been
observed in the chicken, hair cells from the LF end of
alligator BP were found to contain TTX-sensitive
currents (Evans and Fuchs 1987). Actin was detected
by our array but found not to be tonotopically
expressed (data not shown), a finding that is intuitive
given that the total amount of actin per hair cell does
not vary tonotopically in chickens (Tilney and Tilney
1988). The calcium binding protein calbindin was
previously found to be expressed at higher levels in
basal than in apical hair cells (Navaratnam et al. 1995;
Navaratnam et al. 1997; Hiel et al. 2002), a finding
that was not confirmed by our microarray data.
However, this observation is likely the result of the 3′
bias of the Affymetrix chicken array. The NCBI

FIG. 3. Many ion channels are expressed in a gradient along the
tonotopic axis of the chicken basilar papilla. Shown is a heat map
showing normalized expression levels in the high- (HF), middle-
(MF), and low-frequency (LF) segments of the basilar papilla for 15
ion channel genes. The depicted expression values are all normal-
ized relative to the average for each row (i.e., the average expression
for a particular gene across all three segments). As shown in the color
key, light rectangles represent higher expression levels than dark
rectangles. Most of the genes shown appear to be expressed in a
gradient along the tonotopic axis.

TABLE 5

Shown are all hematopoietic stem cell (HSC) and protein kinase gene sets that were significantly enriched (pG0.05, false
discovery rate {FDR}G0.25) in the high-frequency (HF) versus low-frequency (LF) curated gene set enrichment analysis

Gene set P value FDR Up in HF or LF

STEMCELL_COMMON_UP G0.001 G0.001 HF
HSC_EARLYPROGENITORS_SHARED 0.0020 0.0037 HF
HSC_EARLYPROGENITORS_FETAL G0.001 0.0049 HF
HSC_EARLYPROGENITORS_ADULT G0.001 0.0051 HF
HSC_LATEPROGENITORS_SHARED G0.001 0.0087 HF
HSC_MATURE_ADULT G0.001 0.0098 HF
HSC_MATURE_FETAL G0.001 0.016 HF
HADDAD_HSC_CD7_UP 0.0021 0.018 HF
HSC_LATEPROGENITORS_ADULT 0.0041 0.018 HF
HSC_HSCANDPROGENITORS_SHARED 0.0098 0.040 HF
HSC_HSCANDPROGENITORS_FETAL 0.0064 0.044 HF
HSC_MATURE_SHARED 0.0080 0.046 HF
HSC_HSCANDPROGENITORS_ADULT 0.0058 0.050 HF
BYSTRYKH_HSC_BRAIN_TRANS_GLOCUS 0.0060 0.13 LF
BYSTRYKH_HSC_CIS_GLOCUS 0.049 0.23 LF
PKC G0.001 G0.001 HF
PKA 0.002 0.002 LF

There are far more HSC gene sets associated with the HF end of the basilar papilla. The PKC and PKA gene sets shown here are as described in Methods
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Module Maker lists all chicken calbindin mRNAs
(Gallus gallus Build 2.1, Chromosome: 2, Contig:
NW_001471651.1) including ESTs, the vast majority
of which (24/25) do not contain the sequence
targeted by the calbindin probeset on this array. In
contrast, previous work showing tonotopicity of cal-
bindin expression used qPCR primers designed to
amplify a portion of the transcript that is present in all
25 variants, and these results are therefore much
more reliable (Navaratnam et al. 1995, 1997; Hiel et
al. 2002). That calbindin was not found by microarray
to be tonotopically expressed therefore likely reflects
the spatial distribution of an exceedingly rare splice
variant. Despite the known limitations of microarrays,
these observations and the good correlation with
qPCR serve to instill confidence that this data set
generally reflects actual gene expression levels.

Among the genes examined here are genes whose
products are known components of stereocilia tip-
links. For example, the stereocilia tip-link protein
protocadherin-15 was found by microarray to be
upregulated in the LF end of the BP. However,
protocadherin-15 was not detectable by qPCR (data
not shown), suggesting that its identification by
microarray was likely a false-positive result. Previous
work has also shown a temporal but no appreciable
spatial gradient of protocadherin-15 in the postnatal
mouse organ of Corti (Lelli et al. 2009). The same
study showed that protocadherin-15 expression is

relatively high in embryonic mice, but drops to
extremely low levels after birth. Our data suggest that
protocadherin-15 is expressed at extremely low levels
in the post-hatch chicken BP as well. Further work
should aim to further characterize the spatiotemporal
expression gradient of protocadherin-15 in BPs from
animals of different ages to determine whether the
pattern mirrors that seen in mammals.

KCNMA1, the transcript encoding the BK calcium-
activated potassium channel, was upregulated in the
LF end of the BP, confirming recently reported data
(Miranda-Rottmann et al. 2010). However, the results
from both studies are in apparent disagreement with
both protein expression (Samaranayake et al. 2004)
and electrophysiological data (Art et al. 1986, 1995)
suggesting higher BK protein expression in the HF
end of the BP. This discrepancy is likely due to post-
transcriptional control of KCNMA1 (Bai et al. 2010,
under review). There is precedent for this observa-
tion, as previous work has shown dissociation between
mRNA expression and protein levels (Gygi et al. 1999;
Ghaemmaghami et al. 2003). We have since estab-
lished that Slo delivery to the surface of the cell is
inhibited by beta-1 and beta-4 subunits (Bai et al.
2010, under review), which are expressed at higher
levels in LF hair cells (Ramanathan et al. 1999, 2000;
Bai et al. 2010, under review).

The TRP channel TRPC1 was found by qPCR to be
upregulated in the LF end of the BP by both micro-

TABLE 6

Shown are all miRNA (MIR) gene sets that were significantly enriched (pG0.05, false discovery rate {FDR}G0.25) in the high-
frequency (HF) versus low-frequency (LF) mammalian gene set enrichment analysis

Gene set P value FDR Up in HF or LF

ATGTACA,MIR-493 G0.0001 0.0013 HF
GTGCAAA,MIR-507 G0.0001 0.17 HF
TCTATGA,MIR-376A,MIR-376B 0.0039 0.13 HF
AAGCCAT,MIR-135A,MIR-135B 0.0043 0.18 HF
ATGTTAA,MIR-302C 0.0019 0.17 HF
TTTGCAG,MIR-518A-2 0.0021 0.16 HF
GCACCTT,MIR-18A,MIR-18B 0.0098 0.16 HF
TTTGTAG,MIR-520D 0.0080 0.15 HF
GTGCCAA,MIR-96 0.00763 0.19 HF
ATATGCA,MIR-448 0.0059 0.18 HF
TGCCTTA,MIR-124A 0.0077 0.18 HF
ATACCTC,MIR-202 0.016 0.19 HF
ACTGTGA,MIR-27A,MIR-27B 0.014 0.20 HF
ACACTAC,MIR-142-3P 0.016 0.20 HF
TCTGATC,MIR-383 0.018 0.21 HF
AACTGAC,MIR-223 0.0060 0.23 HF
CAAGGAT,MIR-362 0.014 0.23 HF
CAGTATT,MIR-200B,MIR-200C,MIR-429 0.024 0.24 HF
TGTTTAC,MIR-30A-5P,MIR-30C,MIR-30D,MIR-30B,MIR-30E-5P 0.027 0.25 HF
GTGCCTT,MIR-506 0.024 0.25 HF
TTGCCAA,MIR-182 0.027 0.25 HF
AACTGGA,MIR-145 0.027 0.25 HF

No miRNA gene sets were significantly enriched in the LF end of the basilar papilla. These results suggest that the above miRNAs are upregulated in the LF end,
causing downregulation of their targets in the LF end, therefore relative HF upregulation
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array and qPCR. Differential expression of TRP
channels along the tonotopic axis is of particular
interest given that they are among a small subset of
channel families thought to possess the characteristics
required of the as yet unidentified mechanoelectrical
transduction (MET) channel in the inner ear
(reviewed in Fettiplace 2009). Members of the TRP
family are known to act as mechanically gated ion
channels in a variety of species (reviewed in Christensen
and Corey 2007). TRP proteins are capable of forming
heteromultimeric channels with conductances that
vary with channel composition (Bai et al. 2008;
Köttgen et al. 2008). Channel composition may there-
fore partly give rise to the tonotopic gradient in MET
channel conductance that is seen along the BP (Ricci
et al. 2003). The present findings suggest closer
examination of TRPC1 as a potential component of
the transduction apparatus, especially in light of this
protein’s known expression in the organ of Corti
(Cuajungco et al. 2007).

Given the limitations of microarray data sets, GSEA
was performed to gain more meaningful insight into
the spatial patterns of gene expression in the BP.
Previous work has confirmed the utility of using GSEA
to identify biologically important players in the BP
(Frucht et al. 2010). One advantage of this approach
is that gene sets found to be significantly enriched can
be interpreted with confidence as they are not
systematically biased by false-positives and false-neg-
atives, which serve only to increase background noise
in the data and decrease the sensitivity of this
computational approach. Therefore, some genes sets
that are actually enriched may be missed, but positive
GSEA results are likely to reflect real gene expression
patterns.

The GSEA results described here shed new light on
the intricacy of tonotopicity in the post-hatch chicken
BP. Interestingly, many sets of genes associated with
HSC were enriched in the HF end of the BP. This
finding suggests that there may exist a subpopulation
of cells in the BP with properties similar to those of
HSCs in the BP. HSCs, much like non-mammalian
vertebrate hair cells, are quiescent until stimulated by
external cues to divide and differentiate into new hair
cells (Ryals and Rubel 1988; Jude et al. 2008;
Narbonne and Roy 2008). The tonopocity of this
pattern of gene expression is interesting, given that
the HF end of the BP is more susceptible than the LF
end to death following ototoxic insult (Matz et al.
1965; Johnstone and Boyle 1967). It may be more
than merely coincidental that HSC genes are
enriched in the HF end of the BP, which is the end
of the BP that is most susceptible to damage by
ototoxins. In birds, following ototoxic or traumatic
injury, the entire auditory sensory epithelium regen-
erates so that morphology and architecture are almost

completely restored (reviewed in Stone and Cotanche
2007). The present results therefore beg the question,
are there as yet unobserved differences in regener-
ative mechanisms and/or capacity along the tono-
topic axis of the BP? Further experimentation will be
required to definitively answer this question.

In addition to the HSC gene sets, GSEA revealed
that many sets of predicted targets of specific miRNAs
were enriched in the HF end of the BP, suggesting
upregulation of these miRNAs in the LF end. It is
striking that all 22 miRNA gene sets that were
significantly enriched showed this directionality.
Myriad miRNA have already been shown not only to
be expressed in the inner ear (Weston et al. 2006;
Sacheli et al. 2009; Wang et al. 2010), but also to play
an important role in inner ear development (Friedman
et al. 2009; Soukup 2009; Soukup et al. 2009), function
(Lewis et al. 2009; Mencía et al. 2009), and hair cell
regeneration (Frucht et al. 2010). The present results
suggest a tonotopic gradient in activity and accord-
ingly expression in the chicken BP. Tonopocity of
miRNA activity in the post-hearing onset chicken
suggest a role for these specific miRNAs in inner ear
function.

GSEA of tonotopic data were consistent with
increased activity of PKA at the low-frequency end of
the papilla and PKC activity at the high-frequency end
of the BP. These findings have implications for
electrical tuning. The primary determinant of chang-
ing oscillatory frequency in membrane potential is the
changing kinetic properties of the BK channel (Art et
al. 1986, 1995). Specifically, deactivation times in
response to a step voltage decreases with increase in
characteristic frequency (Art et al. 1986, 1995). Thus,
the inclusion of the STREX exon, which is preferen-
tially expressed in LF hair cells, prolongs BK channel
deactivation times consistent with native BK channels
at this location (Art et al. 1986, 1995; Xie and McCobb
1998). Similarly, the presence of increased PKA
activity in low-frequency hair cells is consistent with
the longer deactivation times produced by addition of
PKA (with the STREX exon and the beta-4 subunit) in
heterologous expression systems (Petrik and Brenner
2007). The inference that PKC is increased in high-
frequency hair cells corroborates the physiological
finding of shorter open times in higher-frequency
hair cells (Art et al. 1995). PKC has been shown to
shorten BK channel open time (Zhou et al. 2010).

It is worth emphasizing that all of these experi-
ments were performed on tissue from 0-day-old
chickens. This age was selected for study because,
unlike in mammals, there is much evidence that, in
chickens, this time point is preceded by both acquis-
ition and maturation of hearing. This observation is
confirmed by behavioral (i.e., whole animal), physio-
logical, and molecular evidence. For example, not
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only do chickens at embryonic day 19 have evoked
cochlear nuclei responses (Saunders et al. 1973,
1974), but the frequency tuning and threshold levels
of embryonic chickens resemble those of adult
animals (Rebillard and Rubel 1981). Furthermore,
acquisition of BK currents necessary for electrical
tuning is measurable in embryonic chickens and is co-
incident with hearing onset (Sokolowski et al. 1993).
Interestingly, recent work suggests that part of this
maturation process may involve developmental switch-
ing in the splice variants of BK channel subunit
transcripts (Kim et al. 2010). Moreover, work in our
lab has confirmed an identical spatial expression
pattern of transcripts encoding KCNMA1 and its
related proteins between 0-day-old and 14-day-old
chickens (Bai and Navaratnam, unpublished observa-
tions). It therefore seems unlikely that genes found to
be differentially expressed here represent transient
developmental changes rather than true stable tono-
topic expression, but this possibility cannot be defin-
itively excluded. Future work should therefore aim to
characterize these expression gradients in more
mature BPs as well. An additional point that requires
consideration is that, as was likely the case with
calbindin, the microarray probesets may only be
detecting a specific transcript variant when in reality
there may be many additional variants in this tissue,
perhaps some of which are tonotopically expressed.
Therefore, in addition to the well-known methodo-
logical limitations of microarrays, there are also bio-
logical implications to the sensitivity of the approach.

In summary, the present results suggest that 2,663
genes are differentially expressed between the HF and
LF thirds of the post-hatch chicken BP. While many of
these genes likely reflect tonotopic differences in hair
cells, which are known to have varying properties,
some of these genes may reflect tonotopic differences
in non-sensory supporting cells as well. Among those
genes identified as differentially expressed were many
potassium, calcium, and sodium channels, the inner
ear expression patterns of which have not been
previously described. Given the large number of
genes found to be differentially expressed between
the HF and LF ends of the BP, there must be gene
expression regulatory mechanisms underlying this
expression pattern. The present results point to
specific miRNA and transcription factors that may
play an important role in the maintenance of these
gene expression gradients. Because the frequency
selectivity properties of hair cells in non-mammalian
vertebrates seem to be attributable more to the
physiological properties of individual cells than to
physical properties of the basilar membrane, it would
be interesting to eventually determine whether trans-
fection with pre-miRNAs and/or transcription factors
can alter the tonotopic axis.
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a b s t r a c t

Specialized sensory-transducing hair cells regenerate in response to injury in non-mammalian verte-
brates such as birds and fish but not in mammals. Previous work has shown that overexpression of
microRNA181a (miR181a) in cultured chicken basilar papillae, the avian counterpart of the cochlea, is
sufficient to stimulate proliferation with production of new hair cells. The present study investigates
the role of miR181a in hair cell regeneration after injury in explants of chicken auditory epithelia. Basilar
papillae were explanted from 0-day-old chickens and transfected with either anti-miR181a, which knocks
down endogenous miR181a, or a non-targeting miRNA and cultured with streptomycin to eliminate all
icroRNA181a
icroRNA

nner ear
earing

hair cells from the epithelium. Labeling with BrdU was used to quantify proliferation. Explants exposed to
streptomycin and transfected with anti-miR181a had significantly fewer BrdU positive cells than basilar
papillae treated with streptomycin and transfected with a non-targeting miRNA. Activated caspase-3 and
myosin VI labeling were used to show that the pattern of hair cell death and loss, respectively, were not
affected by anti-miR181a transfection. MiR181a downregulation therefore seems to dimish the prolifer-

cell re
ative component of hair

uditory hair cells are highly specialized mechanosensitive sen-
ory cells in the inner ear that respond to acoustic stimulation.
hese cells can be damaged or lost as a result of infection, chem-
cal insult, aging, acoustic trauma, or genetic causes. These cells
annot regenerate in the mammalian organ of Corti, where hear-
ng impairment resulting from their loss is irreversible. In contrast,
on-mammalian vertebrates such as birds are able to regenerate
air cells after injury [22] by both mitotic [6,19,23] and non-mitotic
echanisms [1,3,18,2,17,24,7]. As yet, little is known about the
olecular signals that underlie this phenomenon. A better under-
tanding of the cellular signals for regeneration in the avian ear
ight point to rational targets for reversing sensorineural hearing

oss in humans.
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Previous work has shown that many genes are differentially
expressed between proliferating and quiescent cultured chicken
auditory epithelia [10]. Given this observation, a computational
approach called gene set enrichment analysis was used to iden-
tify regulatory molecules and events that might be responsible
for the complex changes in transcriptional profile that occur with
proliferation and new hair cell production. This analysis identified
myriad microRNAs (miRNA) that were predicted to play a role in
this process. One particular miRNA, miR181a, was selected for func-
tional studies and was found to stimulate proliferation and produce
new hair cells when overexpressed in undamaged chicken auditory
epithelia in vitro.

The present study addresses the question of whether endoge-
nous miR181a plays a role in auditory hair cell regeneration after
injury in the chicken inner ear. Cochlear ducts containing the
basilar papilla (BP), the avian counterpart of the cochlea, were
explanted from 0-day-old chickens and immediately transfected

with either a nontargeting miRNA or anti-miR181a, which knocks
down endogenous miR181a. The explants were then cultured with
streptomycin to eradicate all hair cells and the thymidine ana-
log BrdU to assay for proliferation. The tissue was then fixed and
labeled for BrdU. BPs transfected with anti-miR181a had signif-
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cantly fewer BrdU positive cells than tissue transfected with a
ontargeting miRNA, indicating that endogenous miR181a is nec-
ssary for the proliferative component of hair cell regeneration
fter injury in the chicken inner ear. Additionally, the pattern of
air cell loss is unaffected by anti-miR181a transfection, so the
ecreased rate of BrdU labeling seems to represent direct inhibi-
ion of proliferation rather than cytoprotection. Quantitative PCR
qPCR) was used to measure expression of miR181a, which did
ot increase after exposure to streptomycin, suggesting that the

unctional effect of miR181a in hair cell regeneration is not pri-
arily mediated by expression level, but rather by regulation of its

ctivity.
Animals were treated in accordance with policies set forth by

he Yale Institutional Animal Care and Use Committee (proto-
ol number 2007-10439). Cochlear ducts containing the BPs were
xplanted from 0-day-old chicks and then transfected with either
nti-miR181a or a non-targeting miRNA (Ambion, Austin, TX) as
escribed below. Explants were then cultured for 48 h with or
ithout streptomycin (78 �M) and BrdU (0.01%, to allow for quan-

ification of proliferation) in DMEM with 10% FBS at 37 ◦C with
% CO2. BPs were then transfected again with either anti-miR181a
r a non-targeting miRNA (pre-miR negative control #1, Ambion),
nd then cultured for an additional 48 h with BrdU but no strepto-
ycin to allow recovery. The anti- and non-targeting miRNAs were

ransfected at a final concentration of 100 nM using the lipid-based
-tremeGENE SiRNA Transfection Reagent (Roche, Indianapolis,

N). This, and all subsequent reagent kits were used per the man-
facturer’s instructions. The efficacy of this transfection reagent in
he chicken auditory epithelium has been previously established
10].

BPs were fixed in 4% PFA in PBS for 30 min. Between each step
hree 5-min PBS washes were performed. All BrdU labeling steps
ere performed at room temperature. The tissue was blocked and
ermeabilized using a solution of PBS with FBS (10%) and Triton-X
0.1%) for 1 h. Each BP was then incubated with mouse anti-BrdU
ntibodies (1:40, BD, Franklin Lakes, NJ) in PBS for 1 h. Alkaline
hosphatase-conjugated goat anti-mouse IgG (1:400, Santa Cruz,
anta Cruz, CA) in PBS with Triton-X (0.1%) was applied for 1 h.
lkaline phosphatase substrate was produced using the NBT/BCIP
eagent Kit (Invitrogen, Carlsbad, CA) and then added to the tissue

or approximately 5 min.
BPs immunohistochemically labeled for BrdU were viewed

sing brightfield microscopy and were analyzed following digitiza-
ion. The borders of the sensory epithelium were easily appreciated
y direct microscopy. Only those nuclei that were clearly within
he epithelium were counted. Unpaired Student’s t-tests were per-
ormed to determine the statistical significance of the comparisons
iscussed in the text using a cut-off of p < 0.05.

Explanted BPs cultured with or without streptomycin (78 �M)
or 48 h. These conditions cause a complete loss of hair cells in
he proximal (i.e., high frequency) segment of the BP [20]. The
aspaTag kit (Millipore, Billerica, MA) was then used to label for
ctivated caspase-3. The BPs were then fixed, permeabilized and
ncubated with rabbit anti-myosin VI (1:350, Proteus, Ramona, CA)
n blocking solution for 1 h and then incubated in Alexa Fluor 546
onjugated anti-rabbit secondary antibodies (1:1,000, Invitrogen,
arlsbad, CA) with Alexa Fluor 633-conjugated phalloidin (1:100,

nvitrogen, Carlsbad, CA) for 1 h. Sections were mounted on glass
lides in Vectashield fluorescent mounting medium (Vector Labo-
atories, Burlingame, CA). Images were captured using a Zeiss LSM
10 confocal microscope.
Some BPs were microdissected after 24, 48, or 72 h in cul-
ure with or without 78 �M streptomycin. Total plus small RNA
solation was performed using the MiRNEasy kit (Qiagen, Duessel-
orf, Germany). Reverse transcription and qPCR were performed
sing the TaqMan MicroRNA Reverse Trancription Kit and Taq-
Letters 493 (2011) 44–48 45

Man MicroRNA Assay for miR181a (Applied Biosystems, Foster
City, CA).

Amplification was performed using the SYBR Green Supermix
kit (Bio-Rad, Hercules, CA) on an iCycler system (Bio-Rad, Hercules,
CA). Expression levels were normalized to the total RNA concen-
tration. Three replicates were performed and the data averaged
for each cDNA sample and primer pair combination. Those fold-
changes with a 95% confidence interval excluding a fold-change of
one (which would represent no change) were considered signifi-
cant.

To determine miR181a’s role in hair cell regeneration in the
post-hatch chicken inner ear, BPs were cultured for 48 h with strep-
tomycin to cause hair cell death, and then for an additional 48 h
recovery period without streptomycin [20]. The explanted tissue
was also transfected with either anti-miR181a, to knock down
endogenous miR181a, or a nontargeting miRNA at 0 and 48 h of
exposure to streptomycin. Also present in the culture medium was
BrdU, a thymidine analog that is incorporated into the nuclei of cells
entering S-phase. At the end of the entire 4-day culture duration,
BPs were fixed and labeled for BrdU to quantify proliferation.

BPs injured with streptomycin and transfected with the non-
targeting miRNA had an average of 353.1 (±SEM = 56.5) BrdU
positive cells (Fig. 1). In contrast, anti-miR181a transfection and
subsequent culture alone apparently does not cause much injury
to the epithelium, as these BPs had on average 5.3 (±SEM = 2.6)
BrdU positive cells. Similarly, BPs that were neither transfected
nor exposed to streptomycin all had fewer than 10 BrdU positive
cells per epithelium (data not shown). Explants that were cul-
tured with streptomycin and transfected with anti-miR181a had
on average 149.9 (±SEM = 14.5) BrdU positive cells per epithe-
lium, significantly fewer than epithelia exposed to streptomycin
and transfected with the non-targeting miRNA (p < 0.01).

The BrdU labeling data suggest that endogenous miR181a plays
a crucial role in the post-injury proliferative response in the chicken
auditory epithelium but does not exclude the possibility that anti-
miR181a transfection simply prevents cell death. To address this
issue it was necessary to compare the patterns of hair cell loss after
streptomycin exposure with and without prior anti-miR181a trans-
fection. BPs were therefore transfected with either anti-miR181a
or a non-targeting miRNA and then cultured for 48 h with 78 �M
streptomycin, before fixation and labeling for the apoptosis marker
activated caspase-3 [11], the hair cell marker myosin VI, and the
major hair bundle component actin (Fig. 2). Streptomycin treat-
ment causes complete hair cell loss at the high frequency segment
of the BP (Fig. 2). Accordingly there are many activated caspase-3
positive cells in BPs exposed to streptomycin, but not in those cul-
tured without streptomycin. This pattern of cell death and hair cell
loss is consistent regardless of anti-miR181a transfection, where
there is still hair cell loss and caspase-3 activation at the high fre-
quency end of the BP. At the low frequency end, there is less of a
loss of hair cells and accordingly less caspase-3 activation (data not
shown). This pattern is also independent of anti-miR181a trans-
fection, mirroring the data from the high frequency BP segment.
It therefore appears as though the reduction in BrdU labeling with
anti-miR181a transfection of streptomycin treated BPs is due to
direct inhibition of the regenerative response, rather than cytopro-
tection with a resulting decrease in the number of cells damaged
by streptomycin.

QPCR was used to ascertain whether expression of mature
miR181a increases following exposure to streptomycin. BPs were
cultured in streptomycin for 24, 48 or 72 h, at which point the

sensory epithelium was isolated by microdissection. After RNA
isolation, first-strand-synthesis and qPCR was performed using
primers for miR181a. At none of these time points were there sig-
nificant miR181a expression level differences (Fig. 3). Therefore,
while knocking down endogenous miR181a interferes with post-
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Fig. 1. Suppression of endogenous miR181a expression with anti-miR181a blunts proliferation during hair cell regeneration after streptomycin exposure. Basilar papillae
from 0-day-old post-hatch chickens were transfected with either anti-miR181a or a non-targeting miRNA and then cultured with BrdU and streptomycin (78 �M) or in
drug-free medium (n = 7) as described in the text. There were a total of 7 BPs in each condition. After culture, explants were immunolabeled for BrdU to assay for proliferation.
Panels A–C show basilar papillae labeled for BrdU, with the sensory epithelia outlined with dotted white lines. The neural edges of the epithelia are toward the bottom, and
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he proximal ends are to the left. Epithelia exposed to streptomycin exhibit far mor
pithelia transfected with a non-targeting miRNA and cultured in the absence of s
umber of BrdU positive cells per epithelium in each condition. All pair wise compa

njury hair cell regeneration, it appears as though an increase of
ctivity rather than expression level mediates this miRNA’s role in
egeneration.

Presented here is the first direct functional biological evidence
or the role of a specific miRNA in auditory hair cell regeneration
fter injury. Previously, there was limited, indirect evidence that
he let-7 family of miRNA play a role in hair cell regeneration in the
ewt inner ear [25]. The present observation that transfection with
nti-miR181a results in a markedly blunted regenerative response
uggests that miR181a plays a key role in hair cell regeneration in
he chicken inner ear. This finding agrees with a previous study
howing that miR181a overexpression in the uninjured chicken
P can stimulate proliferation with the production of new hair
ells [10]. Additionally, miR181a has a pro-proliferative role in cul-
ured human myeloid leukemia cells that seems to be mediated at
east partly by repressing expression of the cell cycle inhibitor p27
26]. This is worth pointing out given that p27 is thought to repre-
ent a significant barrier to regeneration in the mammalian inner
ar [15,12]. Further experiments will be necessary to determine
hether miR181a’s ability to stimulate proliferation in the chicken

nner ear involves targeted downregulation of p27 expression.
The observation that miR181a expression does not increase
uring regeneration despite its clear role in this process suggests
egulation of its activity mediates this effect. It is possible that
pregulation of miR181a occurs earlier than 24 h after onset of
xposure, or transiently between 24, 48 or 72 h, but these possibil-
ties seem unlikely given the sustained nature of the regenerative
iferation when transfected with a non-targeting miRNA (A) than anti-miR181a (B).
omycin typically have very few BrdU positive cells (C). Shown in D is the average
s are statistically significant (t-test, p < 0.05). Scale bars in A–C = 0.2 mm.

response. Our understanding of the mechanisms of control of
miRNA biogenesis is more detailed than that of the ways in which
miRNA biological activity is controlled [5]. MiRNA activity can be
modulated by different mechanisms including association with
RNA-binding factors that influence miRNA-target interactions [4].
Unfortunately, there are presently no methods for directly assaying
miRNA activity. One indirect method would be to look at changes
in expression of predicted miR181a targets with exposure to strep-
tomycin once such targets have been validated in chickens. Future
studies on changes in expression of predicted miR181a targets in
regeneration may be helpful in elucidating the precise mechanism
of this miRNA’s role in hair cell regeneration.

It also bears mentioning that miR181a is not the only miR181
family miRNA expressed in chickens. MiR181b is also expressed
in chickens, and its sequence differs from that of miR181a by 4
bases. (www.mirbase.org). It is theoretically possible that the anti-
miR181a may also cause downregulation of miR181b, but this
seems highly unlikely given evidence that there is a significant
decrease in anti-miRNA activity with just one mismatch and a com-
plete lack of activity with as few as three mismatches [8]. Once
there are known, biologically validated targets of both miR181a
and miR181b in chickens, experiments should aim to confirm the

predicted specificity of anti-miR181a.

Though presented here is the first functional evidence for a role
for a specific miRNA in hair cell regeneration, previous work has
shown that certain miRNAs are not only expressed in the mam-
malian inner ear [28,27], but are also important for the proper

http://www.mirbase.org/
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Fig. 2. Anti-miR181a transfection does not prevent hair cell death after streptomycin exposure. Basilar papillae were cultured with streptomycin for 48 h following transfection
with either a non-targeting miRNA (A–D) or anti-miR181a (E–H). Whole-mounts were then labeled for the hair cell marker myosin VI, sterocilia bundle component actin,
and the early cell death marker caspase-3. Hair cells were completely eliminated from the high frequency segment of basilar papillae exposed to streptomycin, regardless of
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ies are necessary to test the hypothesis that miRNA transfection,
perhaps with a carefully chosen combination of miRNA, can result
in the production of new hair cells in the mammalian inner ear, and
may therefore result in alleviation of sensorineural hearing loss.

Fig. 3. MiR181a expression does not increase after exposure to streptomycin for
24, 48 or 72 h. Basilar papillae were cultured with 78 �M streptomycin for 24, 48, or
ransfection with anti-miR181a (A, B, E and F). Further, streptomycin exposure trigg
pithelia transfected with a non-targeting miRNA and unexposed to streptomycin
he right of each panel, and the proximal segment is to the top. The arrow in panel D
also applies to B–L.

unction and/or development of this structure. For example, con-
itional Dicer knockout mouse embryos that are depleted of all

nner ear miRNA develop grossly malformed inner ears [21]. Simi-
arly, mice with conditionally silenced Dicer expression in hair cells
nly are deaf and have markedly aberrant hair cell morphology [9].
nterestingly, mutations in the target-defining seed region of miR96
ause a progressive hearing loss in both mice [13] and humans [16].
hese results suggest inter-species similarities in ear miRNA func-
ion, at least within the class of mammals and therefore raise hopes
hat insights into the role of miRNA in hair cell regeneration in birds

ay shed light on why the mammalian auditory epithelium lacks
egenerative capacity.

There are as yet very few studies that have directly examined
he role of specific miRNAs in development, function, or regenera-
ion of the inner ear. The miR183 family (miR96, miR182, miR183)
ave been examined closely following the observation that miR96
utations are associated with progressive hearing loss. Specifi-

ally, miR183 is expressed in mammalian hair cells and spiral and
estibular ganglia [28]. Interestingly, overexpression of miR96 or
iR182 causes production of ectopic hair cells in the zebrafish

mbryo [14]. In light of existing expression and functional data,
t is clear that the miR183 family is important for inner ear devel-
pment across species. These observations affirm that miRNA may
rove to be suitable targets for rational therapies to reverse hearing

oss.
In addition to miR181a, other miRNAs have been identified
hose roles in hair cell regeneration warrant further investigation
10]. Increasing evidence suggests this is a promising avenue of
nvestigation for those interested in developing rational therapies
or sensorineural hearing loss. It is attractive to consider the pos-
ibility of miRNA based therapeutics, specifically, in light of the
tensive cell death with or without anti-miR181a transfection (C and G). In contrast,
hair cells (I and J) and do not show extensive apoptosis (K). The neural edge is to
s what are likely homogene cells remaining after microdissection. The scale bar in

transient nature of their overexpression which may result in side
effect profiles that are more favorable than those of hypothetical
DNA-based gene therapies for hearing loss. Further functional stud-
72 h, and sensory epithelia were isolated by microdissection (n = 3 in each condition).
Shown are relative fold-changes of miR181a expression with exposure to strep-
tomycin, as detected by qPCR. The fold-changes shown are relative to expression
in untreated controls. There was no significant difference in miR181a expression
between the basilar papillae that were and were not treated with streptomycin at
any of the three time points (t-test, p < 0.05).
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Abstract

Background: Auditory hair cells spontaneously regenerate following injury in birds but not mammals. A better
understanding of the molecular events underlying hair cell regeneration in birds may allow for identification and eventually
manipulation of relevant pathways in mammals to stimulate regeneration and restore hearing in deaf patients.

Methodology/Principal Findings: Gene expression was profiled in forskolin treated (i.e., proliferating) and quiescent control
auditory epithelia of post-hatch chicks using an Affymetrix whole-genome chicken array after 24 (n = 6), 48 (n = 6), and 72
(n = 12) hours in culture. In the forskolin-treated epithelia there was significant (p,0.05; .two-fold change) upregulation of
many genes thought to be relevant to cell cycle control and inner ear development. Gene set enrichment analysis was
performed on the data and identified myriad microRNAs that are likely to be upregulated in the regenerating tissue,
including microRNA181a (miR181a), which is known to mediate proliferation in other systems. Functional experiments
showed that miR181a overexpression is sufficient to stimulate proliferation within the basilar papilla, as assayed by BrdU
incorporation. Further, some of the newly produced cells express the early hair cell marker myosin VI, suggesting that
miR181a transfection can result in the production of new hair cells.

Conclusions/Significance: These studies have identified a single microRNA, miR181a, that can cause proliferation in the
chicken auditory epithelium with production of new hair cells.
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Introduction

Sensorineural hearing loss represents a major public health

concern. Approximately 300 million people worldwide have

moderate to profound hearing loss in both ears [1]. Loss of inner

ear hair cells, which serve to transduce sound into neural impulses,

is responsible for the majority of hearing loss. In humans, and

other mammals, loss of hair cells is permanent since these

organisms have no capacity for hair cell regeneration. In contrast,

other non-mammalian vertebrates such as birds, reptiles, amphib-

ian and fish are able to replace lost hair cells.

The basilar papilla, the avian auditory epithelium, is able to

regenerate hair cells in response to hair cell loss (reviewed in [2]).

However, the auditory epithelium shows no mitotic activity

normally, a feature that is reminiscent of the mammalian auditory

epithelium, and contrasts with the chick vestibular epithelium

which shows continuous mitotic activity [3]. Thus, the avian

auditory epithelium can be viewed as an intermediary in the

evolution from the fish to the mammal, and we reason that the

study of this epithelium will provide insight into why the

mammalian auditory epithelium shows mitotic quiescence at rest

(similar to the avian auditory epithelium), but is unable to

proliferate in response to damage (in contrast to the avian auditory

epithelium).

The basilar papilla is comprised of both sensory transducing hair

cells and supporting cells. Following injury, it is the supporting cells

which give rise to new hair cells [4,5]. For example, exposure of

birds to intense noise causes some supporting cells to leave growth-

arrest, re-enter the cell cycle and ultimately differentiate into hair

cells [6,7,8,9]. New hair cells are first seen 4–5 days after the onset of
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exposure to an intense sound [6,10] and undergo maturation so that

by 20–28 days after stimulus onset they are virtually indistinguish-

able from unaffected cells [11]. In addition, some new hair cells arise

from direct differentiation of supporting cells without an intervening

mitotic step [12,13,14,15,16,17,18,19]. After acoustic or ototoxic

insult, birds initially have increased hearing thresholds, which

eventually return nearly to baseline confirming that newly produced

hair cells are functional [20]. It is believed that this recovery of

function results from both regeneration of new hair cells as well as

repair of those that have survived [21].

Though the intracellular pathways required for hair cell

regeneration have not yet been fully elucidated, various pathways

and signaling cascades have been implicated in this process. For

example, it has been shown that treatment of the chick basilar

papilla with forskolin, a potent adenylate cyclase activator that

increases intracellular cAMP levels, causes a robust and wide-

spread proliferation of supporting cells, leading to the production

of new hair cells [22]. This effect is first seen after 72 hours in

culture, occurs without upregulation of markers of apoptosis, and

is significantly blocked by protein kinase A inhibitors. It therefore

appears as though activation of this pathway can stimulate growth

of new hair cells with limited cell injury. Forskolin also appears to

have a mitogenic effect in the mammalian vestibular system, in

which brief treatment with this compound results in an increase an

supporting cell S-phase entry [23]. Moreover, the same study

found that this effect is blocked by brief treatment with forskolin in

the presence of monensin or bafilmycin, which inhibit recycling of

membrane receptors. Increased cAMP levels may therefore lead to

proliferation by causing upregulation of tyrosine kinase growth

factor receptors. With age-related hearing loss in humans there is a

substantial loss of hair cells within the organ of Corti [24], so it is

likely that a robust proliferative process that produces new hair

cells is what will ultimately lead to maximal recovery of function in

hearing impaired patients. In the present study, microarrays were

used to analyze gene expression in forskolin treated basilar papillae

given the robustness of this effect.

In other systems, microarray analysis of differing phenotypes

has revealed complex differences in mRNA expression. These

complex differences are likely brought about by the combined

activity of transcription factors and microRNAs (miRNAs) that

regulate expression of multiple genes and specific genetic

programs. In fact, a study of transcription factor expression in

regenerating versus non-regenerating chicken basilar papillae

revealed a number of transcription factors that were differentially

expressed [25].

MiRNAs are a species of small regulatory RNA that bind to

complementary sequences in mRNA and decrease gene expression

by increasing degradation and blocking translation (reviewed in

[26]). Though each miRNA binds a specific sequence, these

molecules are promiscuous in that their complementary sequences

are found in a number of different mRNAs [27]. As a result,

miRNA expression may represent a way in which cells can rapidly

and in a coordinated fashion up- or downregulate a large number

of genes. Some miRNAs are known to be important for inner ear

development [28,29,30,31] and may play a role in hair cell

regeneration, where there is presumably some reiteration of

developmental events. However there have been few published

studies on the role of miRNAs in auditory hair cell regeneration,

specifically. One study revealed that the let-7 family of miRNA are

downregulated in the newt inner ear after hair cell injury [32].

This particular study underscores the importance of examining

more closely the role of miRNA in hair cell regeneration.

In order to gain insight into the molecular events which underlie

auditory hair cell regeneration in chicken, we compared gene

expression in forskolin treated (i.e., proliferating) and control (i.e.,

quiescent) auditory epithelia using Affymetrix whole genome

chicken microarrays. The microarray data were validated by

quantitative PCR. Gene set enrichment analyses were performed

to identify miRNAs and transcription factors that may be

important for hair cell regeneration. Many sets of genes

representing predicted targets of specific miRNAs were found to

be significantly enriched among genes downregulated in the

forskolin-treated sensory epithelia after 72 hours, suggesting that

these miRNAs were likely upregulated in the proliferating tissue.

One of these microRNAs, miR181a, was selected for functional

experiments given its role in proliferation and suppression of the

cell cycle inhibitor p27 in human myeloid leukemia cells [33]. P27

is thought to represent a key barrier to hair cell regeneration in the

mammalian inner ear [34,35]. Basilar papillae transfected with a

miR181a precursor had increased numbers of BrdU positive cells

than epithelia that were transfected with a non-targeting miRNA.

Some cells labeling for BrdU also expressed the early hair cell

marker myosin VI, indicating that overexpression of miR181a is

capable of producing proliferation with production of new hair

cells.

Materials and Methods

Basilar papilla explant cultures
Animals were treated in accordance with policies set forth by

the Yale Institutional Animal Care and Use Committee (protocol

number 2007-10439). Under sterile conditions, cochlear ducts

containing the basilar papillae were carefully dissected out of 0-

day-old chicks and then individually cultured in DMEM with 10%

fetal bovine serum with or without forskolin (final concentration

100 mM, delivered in 1% DMSO) for either 24, 48, or 72 hours at

37uC with 5% CO2. Control samples received DMSO at 1% as a

vehicle control. At the end of 72 hours, the tegmentum

vasculosum was dissected off to expose the auditory epithelium,

which was delicately freed from the underlying cartilaginous

plates. All explants were kept in culture for 72 hours because new

hair cells are first seen in basilar papillae treated with forskolin

after ,72 hours of exposure to the small molecule [22].

Therefore, at even earlier time points in culture the molecular

events that underlie hair cell proliferation are well underway. Each

sample was comprised of three auditory epithelia from three

different chicks and were put in 100 mL of DMEM and then

immediately frozen at 280uC until RNA isolation could be

performed. There were a total of 24 samples in this experiment:

three 24-hour forskolin, three 24-hour control, three 48-hour

forskolin, three 48-hour control, six 72-hour forskolin and six 72-

hour control.

RNA isolation
Immediately upon removal of the frozen epithelia samples from

the 280uC freezer, the lysis buffer from the RNAqueousH Kit

(Ambion, Austin, TX) was added. Given the small amount of

tissue and relatively large surface area to size ratio, no measures to

actively disrupt or homogenize the tissue in each sample were

necessary. Total RNA isolation then proceeded as directed by the

RNAqueousH Kit manual. Sample quality was confirmed by gel

analysis.

Microarray experiments
Double-stranded cDNA and biotin-labeled cRNA were synthe-

sized from 1 to 5 mg of total RNA using a two-cycle target labeling

kit [36]. Biotin-labeled cRNA was purified using the GeneChip

Cleanup Module prior to fragmenting to a size of 35–200 bases by
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incubating at 94uC for 35 minutes in fragmentation buffer (40 mM

Tris-acetate, pH 8.1, 100 mM potassium acetate, 30 mM magne-

sium acetate). Hybridization of the samples with Affymetrix chicken

arrays was then performed at the Yale University Keck Facility

according to the manufacturer’s protocol [37]. All microarray data

is MIAME compliant and has been uploaded to MIAMExpress

(ArrayExpress accession: E-MEXP-2642, username = Reviewer_

E-MEXP-2642, password = 1269882335242).

Differential gene expression analysis
The microarray gene expression analysis was performed using

GeneSpring GX 9.0 software (Agilent Technologies, Santa Clara,

CA). The data were GC-RMA normalized without baseline

transformation, and then filtered by expression (20%–100% in at

least one of the six or twelve samples at each time point) to exclude

genes expressed only at very low levels in all samples. Median

expression values were used for redundant probe sets. Genes

differentially expressed were identified by using a fold-change

cutoff of 2 and then performing an unpaired t-test after Benjamini-

Hotchberg correction for multiple comparisons (p,0.05). Heat

maps were generated using R version 2.10.1 (www.r-project.org)

using the HeatPlus add-on in the Bioconductor package.

Quantitative PCR validation of microarray gene
expression data

In order to validate the microarray data, twelve genes were

selected to be verified by qPCR. Seven of the genes selected were

upregulated and five were downregulated in the forskolin

condition. The upregulated genes validated by qPCR were highly

expressed in at least one condition and chosen to span a range in

fold-change differences between the two experimental conditions

at 72 hours, from 2.0 to 64.3. The 12 genes that were validated

are BECN1, CCNI, CDKN1B (p27), CDKN2B, DPM1, EME1,

FBXO8, ITGA4, NLGN1, OCM, PIGW, SNX1. Additionally,

expression of the 18S ribosomal subunit was also assessed to allow

for normalization of total RNA levels between samples using the

22DDC
T method [38]. Primers were designed using MacVector

(MacVector, Cary, NC) software and Primer 3 [39] and were

validated by melting curve analysis. 5 mg of RNA was isolated

from each sample as described above and was used to create first-

strand cDNA using random hexamers and reverse transcriptase

(Superscript II; Invitrogen, Carslbad, CA), according to the

manufacturer’s instructions. Amplification was performed using

the SYBR Green Supermix kit (Bio-Rad, Hercules, CA) on an

iCycler system (Bio-Rad, Hercules, CA). Three replicates were

performed and the data averaged for each cDNA sample and

primer pair combination. Those fold-changes with a 95%

confidence interval excluding one were considered significant.

Gene sets used for enrichment analyses
Gene set enrichment analysis (GSEA) was performed to analyze

the pattern of differential gene expression between forskolin

treated and control basilar papillae using GSEA version 2 software

[40]. Three different gene set packages were used, two of which

were downloaded directly from the Broad institute website (www.

broad.mit.edu/gsea).

To identify transcription factors which may be important for hair

cell regeneration, a GSEA was performed using a gene set package

called ‘‘c3.all.v2.5.symbols,’’ which was obtained from the BROAD

Institute website. This package contains a series of gene sets defined

by the presence of transcription factor motifs and predicted miRNA

binding sites. The genes in each set of this package therefore share a

cis-regulatory motif that is conserved across human, mouse, rat, and

dog genomes and will be referred to hereafter as the ‘‘mammalian

gene sets.’’ The motifs used come from Xie et al. (2005) and the

TRANSFAC database and include sets of genes sharing a 39-UTR

miRNA binding motif [41]. Even though these gene sets are not

based on the chicken genome, we reasoned that these results would

be of interest given the known conservation of miRNA targets

among mammals [42]. We further surmised that if the conservation

of miRNA targets is poorly conserved between mammals and non-

mammalian vertebrates then an enrichment analysis might produce

no statistically significant results. Any significant findings, however,

would warrant further examination.

In order to validate the GSEA results from the analyses

performed using the mammalian gene sets, GSEA was also run

using a gene set package that was generated by scanning the

portions of the chicken genome that are conserved with frog (Xenopus

tropicalis) to identify gene sets sharing particular transcription factor

motifs defined in the TRANSFAC database. These gene sets will

hereafter be referred to as the ‘‘chicken/frog conservation gene

sets.’’ Only conserved regions were used to reduce the number of

false positives, as there is evidence to suggest that transcription

factor recognition sites tend to be enriched in conserved portions of

the genome [43]. However, recent genome-wide studies have

demonstrated that many transcription factor binding sites are not

conserved [44,45] and are also found outside of the proximal

promoter region [44,46]. Thus, our approach should be considered

to be conservative in the sense that some true binding sites may be

overlooked, but those that are identified have a higher likelihood of

being functional. The frog genome in particular was used in light of

this organism’s close evolutionary relationship to chickens. The use

of conservation between more distantly related organisms, such as

chicken and mammals, would be very strict and would result in the

omission of many potentially significant positive results. To create

these gene sets we downloaded the transcription start site for all

chicken RefSeq genes, defined by the May 2008 RefGene table [47]

using the UCSC Genome Bioinformatics site (genome.ucsc.edu).

The region 2 kilobases around each transcription start site was

identified within the May 2006 genome-wide multiple alignment of

6 vertebrate species to the chicken genome [48], also available

through UCSC Genome Bioinformatics site. In order to identify

putative transcription factor binding sites, the chicken sequences,

along with aligned regions from frog, were analyzed using the

TRANSFAC MATCH algorithm with a cutoff chosen to minimize

the sum of false positives and false negatives [49]. The analysis was

performed for all vertebrate transcription factor matrices in the

2009.1 release of TRANSFAC [50], and putative binding sites were

considered to be evolutionarily conserved if matches were also

found at the aligned positions in both chicken and frog sequences

and had no gaps present in the multiple alignment of these species.

To assess the functional relevance of the pattern of differentially

expressed genes across a variety of organisms and systems, GSEA

was performed using a gene set package called ‘‘c2.all.v2.5.sym-

bols’’ which was also downloaded from the BROAD Institute

website. This package defines curated sets of genes based on

specific experimental findings from experiments on human and

model animal tissue, which includes canonical pathways and

chemical/genetic perturbations based gene sets. These gene sets

will hereafter be referred to as the ‘‘curated gene sets.’’ The

relevant reference is given on the BROAD website for each

curated gene set for assessment of relevance.

Gene set enrichment analysis
The GeneSpring processed data from the 38,535 original

probes was collapsed into 13,159 genes based on gene symbols.

Some genes were assigned to one or multiple gene sets
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downloaded with the GSEA package. There are a total of 837

gene sets in the mammalian gene sets package, 50 of which were

excluded by gene set size criteria (15–50), leaving 783 to be

included in our analysis. 359 of the 566 chicken/frog conservation

gene sets met this size threshold criterion, as did 1,197 out of the

1,892 curated gene sets (Table 1).

Genes were first ranked by their signal-to-noise ratio between

the forskolin and control groups. In other words, the genes most

consistently overexpressed in the forskolin samples were ranked at

one end of the list and those most underexpressed in this group

were ranked at the other end. GSEA asks whether the genes that

make up a particular gene set are randomly distributed throughout

the ranked list of genes, or whether they have a tendency to cluster

at the top or bottom of the list. This question was answered by

calculating for every gene set a running sum statistic, the

maximum of which is referred to as the enrichment score (ES).

Each ES is then normalized to the size of its corresponding gene

set to produce a normalized enrichment score (NES). Statistical

significance of each NES is determined by comparing that NES to

the distribution of ESs generated by randomly permutating the

genotype class labels of the data set. Therefore, the null hypothesis

of a GSEA is that the distribution of a gene set throughout the

ranked list of genes is random with regards to the two treatment

conditions being compared. The alternative hypothesis is that

location of genes in a set is associated with the treatment

conditions. Both the p-value and false discovery rate (FDR; q-

value) were calculated for each set. Gene sets with a FDR less than

0.25 and a p-value less than 0.05 were considered differentially

expressed. The GSEA parameters used were as follows: metric =

signal to noise; permutation number = 1,000; gene size mini-

mum = 15; gene size maximum = 500; enrichment statistic =

classic; permutation type = phenotype. One GSEA was performed

using the 24-hour control data and 72-hour control data to

negatively control for gene expression changes occurring with

culture duration, as well as false positives not reflective of the

treatment condition.

Pre-microRNA181a and anti-microRNA181a transfection
For functional miR181a experiments, basilar papilla explants

from 0-day-old chicks were cultured with or without forskolin for

72 hours as described above. Basilar papillae from both conditions

were also transfected with either a miR181a precursor (Ambion,

Austin, TX) or a non-targeting miRNA which served as a negative

control (Ambion, Austin, TX) at a final concentration of 100 nM.

Transfections were performed for six hours in serum-free medium

which was eventually replaced with regular medium. BrdU was

present at a concentration of 0.01% for the entire culture duration,

except for the six-hour transfection. Some basilar papillae were

also cultured for 24 hours with forskolin as described above and

then transfected with anti-miR181a (Ambion, Austin, TX) to

suppress endogenous miR181a. Transfections were performed

using the lipid-based X-tremeGENE SiRNA Transfection

Reagent (Roche, Indianapolis, IN) per the manufacturer’s

instructions.

Antibody labeling
After 72 hours in culture basilar papillae were fixed in 4% PFA

in PBS for 30 minutes. All fixative was removed by three 5-minute

washes in PBS. The tissue was blocked and permeabilized using a

solution of PBS with FBS (10%) and Triton-X (0.1%) for one hour.

Each basilar papilla was then incubated with mouse anti-BrdU

antibodies (1:40, BD, Franklin Lakes, NJ) in PBS for one hour.

After washing with PBS, alkaline phosphatase-conjugated goat

anti-mouse IgG (1:400, Santa Cruz, Santa Cruz, CA) in PBS with

Triton-X (0.1%) was added for one hour. After washing in PBS,

alkaline phosphatase substrate was produced using the NBT/

BCIP Reagent Kit (Invitrogen, Carlsbad, CA) per the manufac-

turer’s instructions and then added to the tissue for approximately

five minutes. All substrate was then thoroughly washed with PBS.

Statistics
Basilar papillae immunohistochemically labeled for BrdU were

viewed using brightfield microscopy and were imaged using a

digital camera attached to a Zeiss Stemi SV 11 stereoscope. The

borders of the sensory epithelium were easily viewed both by direct

microscopy and in the captured images. The intraepithelial

location of BrdU positive nuclei was confirmed through focal

plane adjustments. Only those nuclei which were clearly within the

epithelium were counted. Unpaired Student’s t-tests were

performed to determine the statistical significance of the

comparisons discussed in the text using a cut-off of p,0.05.

Co-labeling experiments
To determine whether any newly produced BrdU positive cells

express the early hair cell marker myosin VI, some basilar papillae

were transfected with pre-miR181a as described above and

Table 1. Gene set enrichment analysis results.

Gene Set Package Statistic Description 24H FSK 24H CTL 48H FSK 48H CTL 72H FSK 72H CTL

Mammalian Up/Total 407/783 376/783 512/783 271/783 146/783 636/783

p,0.05 72 26 165 29 37 210

q,0.25 66 0 198 5 41 331

Conservation Up/Total 323/359 36/359 256/359 103/359 219/359 140/359

p,0.05 176 2 127 22 95 31

q,0.25 230 0 162 53 128 45

Curated Up/Total 691/1,197 507/1,197 778/1,197 419/1,197 695/1,197 502/1,197

p,0.05 240 136 364 94 231 216

q,0.25 323 152 495 114 285 346

The number of mammalian miRNA/transcription factor motif based (‘‘Mammalian’’), chicken/frog conservation transcription factor motif based gene sets
(‘‘Conservation’’), and curated gene sets from the BROAD Institute (‘‘Curated’’) meeting the criteria p,0.05 and q (false discovery rate) ,0.25 for forskolin (FSK) and
control (CTL) samples after 24, 48, or 72 hours in culture.
doi:10.1371/journal.pone.0011502.t001
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cultured for 72 hours. At the end of the culture duration, the

tegmentum vasculosum and tectorial membranes were removed

prior to fixation in 4% PFA for 30 minutes. Basilar papillae were

cryoprotected overnight in 30% sucrose and then embedded in

PBS with 1% low melting point agarose and 18% sucrose. The

tissue was cryosectioned at 10 mm and then blocked and

permeabilized as described above. Sections were labeled for both

myosin VI and BrdU as previously described [12]. Sections were

then incubated with rabbit anti-myosin VI (1:350, Proteus,

Ramona, CA) in blocking solution for one hour. After washing,

sections were then incubated in Alexa Fluor 546 conjugated anti-

rabbit secondary antibodies (1:1,000, Invitrogen, Carlsbad, CA)

for one hour. After washing, basilar papilla sections were post-

fixed in 4% PFA for one hour. The cryosections were then washed

in PBS before 20 minute 2M HCl treatment to expose BrdU.

After thorough washing, sections were incubated with mouse anti-

BrdU antibodies (1:40, BD, Franklin Lakes, NJ) for one hour.

After 3 additional PBS washes, sections were incubated with Alexa

Fluor 647 conjugated anti-mouse secondary antibodies (Cell

Signaling Technology, Danvers, MA) for one hour. After thorough

washing, sections were mounted on glass slides in Vectashield

fluorescent mounting medium (Vector Laboratories, Burlingame,

CA). Images were captured using a Zeiss LSM 510 confocal

microscope.

Results and Discussion

Differential expression of genes in the forskolin and
control groups increases as a function of time

We report here a systematic comparison of genome-wide

expression between proliferating and non-proliferating chick

auditory epithelia using Affymetrix whole genome chicken

microarrays. The forskolin-induced proliferation paradigm was

chosen for this study given the robustness of the effect, which we

reasoned would facilitate identification of the molecular events

resulting in the production of new hair cells. RNA was isolated

from control and forskolin-treated samples cultured for 24, 48 and

72 hours. BrdU incorporation, a marker for S-phase entry, is seen

at 72 hours in the forskolin paradigm. Since S-phase entry is the

criterion that distinguishes the avian epithelium from that in

mammals, we have concentrated our analysis on this time point.

The isolated RNA from proliferating and non-proliferating

auditory epithelia was amplified, biotinylated, hybridized to

Affymetrix chicken arrays and scanned as described. The

normalized data were then filtered by expression to exclude all

probes that were expressed below 20% of the maximum

expression level in at least one of the samples at each time point.

This measure was taken to ensure that differential expression of

genes expressed at very low levels were not assigned a

disproportionate amount of significance. 32,509 out of 38,535

probes in the microarray met this initial criterion in the 72-hour

samples (Table 2). Of the 32,509 filtered probes, 5,032 had a

corrected p-value less than 0.05 at 72 hours. Of these 5,032 genes,

2,824 had at least a two-fold change in expression, which was used

as a criterion for functional significance. The same statistics from

the 24- and 48-hour samples are also shown in Table 2. A

proportional Venn diagram clearly shows differential expression of

far more genes at 72 hours than at 24 or 48 hours, but expression

of most of the genes differentially expressed at the two earlier time

points are also affected at 72 hours (Figure 1). It is not surprising

that far fewer genes are differentially expressed at 24 and 48 hours

than at 72 hours, given that there must be some latency following

exposure to forskolin before gene expression is affected. A heat

map revealed that directionality of fold-changes for specific genes

remained fairly consistent at 24, 48, and 72 hours (Figure 2).

There also appeared to be a general trend toward larger fold-

change differences at the two later time points.

Many genes thought to be related to cellular proliferation and

inner ear development were differentially expressed between the

two conditions at multiple time points (Table 3). The complete lists

of genes differentially expressed between the control and forskolin

conditions at 24, 48, and 72 hours are included as Supporting

Information (Tables S1, S2, and S3, respectively). Given that

cellular proliferation is first observed in the basilar papilla at

72 hours in culture with forskolin, the following discussion will

focus on data from this particular time point. One gene that is

differentially expressed after 72 hours of exposure to forskolin is

cyclin I (CCNI), a cell cycle regulator, which is over three-fold

Table 2. Microarray analysis statistics.

24 H 48 H 72 H

Statistical
Filtering

Number of
Probe Sets

Probe Sets
F.C

Probe Sets
F,C

Number of
Probe Sets

Probe Sets
F.C

Probe Sets
F,C

Number of
Probe Sets

Probe Sets
F.C

Probe Sets
F,C

Total 38,535 38,535 38,535

Expression above
backgrounda

31,692 31,793 32,509

Corrected p,0.05 46 25 5,032

.1.5-fold (of
p,0.05 list)

41 9 32 25 7 18 4,313 2,236 2,077

.2-fold (of
p,0.05 list)

39 9 30 24 6 18 2,824 1,291 1,533

.3-fold (of
p,0.05 list)

28 3 25 20 2 18 1,302 432 870

.4-fold (of
p,0.05 list)

26 3 23 18 1 17 760 194 566

aThe entire gene expression data set was filtered to exclude probes whose expression was not at least 20% in at least one out of the six 24-hour samples (24 H), six 48-
hour samples (48 H), or twelve 72-hour samples (72 H). The statistics reported are based only on those probes that met this criterion. Half of the samples from each
time point were treated with forskolin (F) and the remainder served as controls (C). Showed in boldface are the statistics for the list of genes defined to be differentially
expressed using p,0.05 and fold-change .2.
doi:10.1371/journal.pone.0011502.t002
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underexpressed in the forskolin samples at 72 hours and is

downregulated in proliferating murine cardiomyocytes (Table 3)

[51]. Wnt5a is underexpressed in regenerating tissue, a noteworthy

observation as inactivation of this gene has been linked to cellular

proliferation in a particular form of leukemia [52]. Wnt proteins

are also thought to play a role in the development of the lateral

line in zebrafish (reviewed in [53]) and chicken inner ears

[54,55,56]. Frizzled homolog 10, a gene likely to play a role in

cellular proliferation, is over 15-fold overexpressed in proliferating

versus non-proliferating tissue after 72 hours in culture [57].

Differential gene expression is confirmed by qPCR
Quantitative PCR (qPCR) was performed on select genes in

order to validate the microarray data. Primers were designed for

twelve genes that were found by microarray to be differentially

expressed between the two conditions at 72 hours; seven genes

were upregulated and five were downregulated in the forskolin

condition. QPCR confirmed the directionality of the microarray

findings for nine out of the twelve genes tested (75%). The fold-

changes of these nine genes were all significantly different from

one (95% confidence interval, data not shown), confirming their

differential expression as detected by microarray. These findings

validate the initial microarray results, so further analyses were

performed on the gene expression data set.

Curated gene set enrichment results
Our initial analysis of expression of individual genes that were

differentially expressed revealed that many are known to be

involved in control of the cell cycle and hair cell differentiation. To

more systematically identify genes that were correlated with

specific phenotypes, we used gene set enrichment analysis (GSEA),

a computational method to determine the expression of genes

associated with specific empirically determined phenotypes. Gene

sets packages were downloaded from the Broad Institute website

and were used for GSEAs on the Affymetrix expression data from

24, 48, and 72 hours (Table 1). An additional GSEA was

performed comparing the microarray data from the 24-hour

control samples to that in the 72-hour control samples to serve

as a negative control for changes in gene expression resulting from

the culture conditions rather than exposure to forskolin. This

GSEA produced no significantly (FDR ,0.25 and p-value ,0.05)

enriched gene sets for any of the three gene set packages used (data

not shown).

To assess the functional relevance of the genes that were

differentially expressed, a GSEA was performed using manually

curated gene sets downloaded from the Broad Institute website.

This package contains sets of genes found by individual experiments

to be associated with specific phenotypes. The complete GSEA

results for all utilized gene sets in this and all subsequent GSEAs are

included as Supporting Information (Tables S4, S5, S6, S7, S8, S9,

S10, S11, S12). Consistent with our observation of individual gene

expression, the GSEA performed using curated gene sets showed

that in forskolin treated basilar papillae many gene sets associated

with cell cycle control are significantly enriched at various time

points. For example, at 24, 48, and 72 hours there is enrichment of

the following gene sets: SERUM_FIBROBLAST_CELLCYCLE

[58], HSA04110_CELL_CYCLE [59], [60,61], CELL_CYCLE

[62], CELL_CYCLE_KEGG [59,60,61], GOLDRATH_CELL-

CYCLE [63], CELL_CYCLE_ CHECKPOINT, G1_TO_S_

CELL_CYCLE_REACTOME [64], and BRENTANI_CELL_

CYCLE [65] in explants exposed to forskolin (Table 4). The

enrichment statistics for all gene sets used in this GSEA are included

as Supporting Information (Tables S4, S5, S6). These findings are

expected and instill confidence about the rest of the enrichment

analysis results, given that forskolin treatment is known to stimulate

S-phase entry in normally quiescent cells [22,23].

The GSEA based on the curated gene sets also revealed that

targets of E2F1, a transcription factor known to be important for cell

cycle control, in human primary fibroblast cells identified by ChIP

analysis (REN_E2F1_TARGETS [66]) are enriched in the prolifer-

ating auditory epithelia at both 48 and 72 hours. Further, a set of

genes in the retinoblastoma pathway identified by microarray analysis

in human cell lines (VERNELL_PRB_CLSTR1 [67]) was found to

be significantly enriched after 24, 48, and 72 hours in culture with

forskolin. These findings further underscore the potentially important

role of the E2F1 transcription factor and the retinoblastoma protein

pathway in auditory hair cell regeneration.

A particularly interesting result of the GSEA using the curated

gene sets is the observation that a set of genes found to be

upregulated in mouse embryonic, neural and hematopoietic stem

cells (HSC) relative to differentiated brain and bone marrow cells

(STEMCELL_COMMON_UP [68]) is also enriched in the

basilar papilla after culture with forskolin for 24, 48, or 72 hours.

Further, a set of genes found to be downregulated in stem cells

(STEMCELL_COMMON_DN [68]) in the same study were also

enriched in the quiescent tissue relative to proliferating tissue after

48 or 72 hours in culture, suggesting that genes downregulated in

stem cells are also downregulated in the proliferating basilar

papilla.

Though not widely accepted, there is evidence for the existence

of stem cells within the postnatal organ of Corti [69]. Additionally,

approximately 4% of supporting cells show stem cell-like behavior

Figure 1. Far more genes were differentially expressed at
72 hours than at 24 or 48 hours of exposure to forskolin.
Shown is a proportional Venn diagram indicating the number of genes
significantly (p,0.05 and fold change .2) differentially expressed at 24,
48, and 72 hours of exposure to forskolin. The number of genes in each
category is indicated in parentheses. Far more genes are affected at
72 hours than at either of the two earlier time points. A little over half of
the genes differentially expressed at 24 or 48 hours are also
differentially expressed at 72 hours. Only one gene, AMPH, was affected
at all three time points.
doi:10.1371/journal.pone.0011502.g001
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in that they undergo multiple rounds of division [70]. Recent work

has shown that murine embryonic and induced pluripotent stem

cells retain the capacity to differentiate into mechanosensitive cells

which resemble immature hair cells [71]. It is interesting that

genes found to be upregulated in HSCs specifically are also

upregulated in proliferating basilar papillae given that HSCs are

thought to remain in a state of quiescence until stimulated to

proliferate by external signals [72,73]. The chick basilar papilla is

also quiescent until injury stimulates regeneration of hair cells by

signals that have not yet been identified. It is therefore very

interesting that proliferating basilar papillae overexpress genes that

are also overexpressed in HSCs [68]. If the basilar papilla does in

fact possess stem cells that share some properties with HSCs then it

may be possible to stimulate the production of new hair cells using

signals known to induce normally quiescent HSCs to proliferate.

These results are consistent with the hypothesis that in forskolin

treated basilar papillae some supporting cells are stimulated to

dedifferentiate and express stem cell markers, prior to division and

production of new hair cells.

It is worth noting that at 24 and 48 hours after exposure to

forskolin, there is enrichment of the following curated gene sets, all of

which are associated with cell death and/or apoptosis: BRENTA-

NI_DEATH [65], HSA04210_APOPTOSIS [59,60,61], APOPTO-

SIS [64], APOPTOSIS_GENMAPP [64]. There is also enrichment

of the gene set PASSERINI_APOPTOSIS [74] after 48 hours of

exposure to forskolin. It is believed that forskolin induces proliferation

in the inner ear without injury and subsequent regeneration, but this

has never been definitively proven. However, the proliferation that is

seen in the basilar papilla following exposure to forskolin is more

robust than that seen following exposure to gentamicin, which causes

hair cell death and regeneration [22]. Unpublished experiments

performed for the same paper also did not show a qualitative loss of

hair cells at 24, 48, or 72 hours, whereas hair cell ejection from the

basilar papilla is seen as early as 30 hours following subcutaneous

administration of gentamicin [75]. Markers of cell death in avian hair

cells can appear even earlier following injury and begin with TIAR

translocation as early as 12 hours after injury, before caspase

activation which can occur as early as 30 hours after injury [76,2].

Our gene expression data do not show differential expression of key

markers of hair cell death such as caspase-3 and caspase-9 [76].

Regardless, the GSEA results suggest a possible contribution of

apoptosis in forskolin induced proliferation in the avian inner ear. As

the aim of the present study was to identify novel genes and pathways

important for the production of new hair cells in deafened animals, the

reported findings are of considerable interest regardless of a possible

contribution of injury with subsequent regeneration in the forskolin-

induced proliferation model of hair cell regeneration. Additional work

will be needed to determine just how much, if any, of this proliferation

is in fact the result of injury to the auditory epithelium.

Mammalian gene set enrichment results
To determine which miRNAs were likely upregulated to give

rise to the observed pattern of differential gene expression detected

by microarray, an additional GSEA was performed using the

mammalian gene sets which are based on genomic conservation

between the human, rat, mouse, and dog genomes. These gene

sets were used on our chicken gene expression data because they

included not only transcription factor binding site, but also

Figure 2. Fold-change differences of selected genes of interest remain stable at 24, 48, and 72 hours. Shown is a heat map depicting
fold-changes between the forskolin and control conditions for a set of genes of interest the three time points indicated. The genes shown were
selected because of their known expression in the inner ear (i.e., RARB, CALB1, OCM), ion channel identity (e.g., KCNAB1, KCNJ15), or relevance to the
present study (i.e., E2F1). The genes span a range of fold-changes and are both up and downregulated with forskolin treatment. Fold-changes are
given as log2(expression in forskolin/expression in control). The directionality of fold-changes was fairly consistent across time points, but there was a
slight general trend toward increasing fold-change values from 24 to 72 hours.
doi:10.1371/journal.pone.0011502.g002
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miRNA binding sites, which are fairly well conserved between

species [42]. Using these mammalian gene sets and a false

discovery rate cut-off of 0.25 as suggested by [40], 210 out of 783

gene sets were significantly enriched in the control condition and

37 in the forskolin condition at 72 hours (Table 1). As a negative

control, enrichment of predicted targets of the transcription factor

PAX6 was examined, given its known role in retinal development

[77,78] and absence of expression in the developing chicken inner

ear [79]. That a pathway thought not to be important in the inner

ear was not activated by forskolin exposure underscores that

significantly enriched gene sets reflect real changes in gene

expression (Supporting Information).

The difference in the number of gene sets associated with the

control and forskolin conditions is striking, and it is worth pointing

out that many of the gene sets associated with the control

condition are miRNA gene sets, each of which represents a group

of genes that are predicted targets of a specific miRNA. The

association of these sets with the control condition implies that the

miRNA target genes are down-regulated following forskolin

treatment. Thus, we hypothesize that these miRNAs are

upregulated in the forskolin group. We put forward this entire

set of miRNAs as candidates whose role in hair cell regeneration

and cellular proliferation warrants further investigation. Specific

miRNAs and transcription factors of interest based on our analysis

using the mammalian gene sets are presented in Table 5. A

complete list of all significantly enriched gene sets from this

analysis are included in the Supporting Information section

(Tables S7, S8, S9).

Table 3. QPCR validation of gene expression data.

Microarray
24 Hours

Microarray
48 Hours

Microarray
72 Hours

qPCR
72 Hours

Gene symbol

Median Fold-
Change
(F/C)

Corrected p
Value

Median Fold-
Change
(F/C)

Corrected p
Value

Median Fold-
Change
(F/C)

Corrected p
Value

Average Fold-
Change
(F/C)

CCNI 1/1.68 0.26 1/2.46 0.28 1/3.00 5.22E-05 1/1.54

1/2.24 0.27 1/4.59 0.25 1/3.31 0.0017

1/2.57 0.23 1/3.32 0.33 1/3.44 0.0035

1/2.27 0.23 1/2.90 0.34 1/4.21 3.63E-04

WNT5a 1/3.88 0.15 1/2.56 0.41 1/2.31 0.017

WNT3 1.26 0.40 1.90 0.41 2.81 .023

FZD10 1.28 0.86 1/1.34 0.88 15.48 0.0092

BECN1 1.05 0.88 1.65 0.37 2.04 0.051 1.66

1.39 0.27 1.37 0.50 1.61 0.15

CDC45L 3.15 0.34 6.19 0.51 3.16 0.14

DPM1 1.10 0.79 1.51 0.19 2.40 5.00E-04 1/1.11

1.17 0.52 1.47 0.51 2.15 0.0024

SNX1 1.69 0.21 1.22 0.39 2.65 7.07E-04 5.62

EME1 1.03 0.27 1.03 0.65 5.29 0.0032 1.38

1.99 0.25 3.52 0.36 1.08 0.31

FBXO8 1.03 0.27 2.02 0.22 3.42 0.0072 1.96

1/1.99 0.25 2.05 0.37 2.16 0.031

PIGW 2.09 0.041 2.58 0.33 4.30 6.38E-04 1.64

CDH20 1/1.11 0.87 1/1.28 0.56 1/8.20 0.0018 1/8.11

1.13 0.89 1/2.19 0.51 1/22.25 4.52E-05

ITGA4 1.09 0.36 1/1.18 0.51 1/1.06 0.47 1/3.67

1/1.87 0.080 1/1.40 0.49 1/2.08 0.089

1.16 0.47 1/1.42 0.51 1/2.28 0.055

NLGN1 1.06 0.30 1/1.12 0.51 1.02 0.43 1/1.46

1.08 0.27 1/1.08 0.51 1/1.01 0.87

1/5.92 0.23 1/3.90 0.15 1/1.25 0.45

1/2.58 0.27 1/3.08 0.51 1/2.11 0.0046

1.06 0.28 1/1.05 0.51 1/2.99 0.011

CDKN1B (p27) 1/1.27 0.30 1/2.97 0.49 1/2.12 0.015 2.64

1/1.77 0.15 1/1.72 0.22 1/2.21 9.92E-04

OCM 1/1.27 0.307 1/153.66 0.14 1/64.33 1.81E-04 1/13.45

QPCR and microarray data for individual genes of interest and genes selected for qPCR validation as described in the text. Multiple microarray values represent different
probe sets for the same gene.
doi:10.1371/journal.pone.0011502.t003
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Table 4. Curated gene set enrichment analysis results.

Gene Set
Enriched
at 24H

24H
P-Value

24H
FDR

Enriched
at 48H

48H
P-Value

48H
FDR

Enriched
at 72H

72H
P-Value

72H
FDR

SERUM_FIBROBLAST_CELLCYCLE Forskolin 0.012 0.053 Forskolin ,0.001 ,0.001 Forskolin ,0.001 ,0.001

HSA04110_CELL_CYCLE Forskolin 0.002 0.014 Forskolin ,0.001 ,0.001 Forskolin ,0.001 ,0.001

CELL_CYCLE Forskolin ,0.001 0.004 Forskolin ,0.001 ,0.001 Forskolin ,0.001 ,0.001

CELL_CYCLE_KEGG Forskolin ,0.001 0.004 Forskolin ,0.001 ,0.001 Forskolin ,0.001 ,0.001

GOLDRATH_CELLCYCLE Forskolin 0.018 0.061 Forskolin ,0.001 ,0.001 Forskolin ,0.001 0.002

CELL_CYCLE_CHECKPOINT Forskolin ,0.001 0.003 Forskolin 0.002 0.008 Forskolin ,0.001 0.003

G1_TO_S_CELL_CYCLE_REACTOME Forskolin ,0.001 0.002 Forskolin 0.006 0.023 Forskolin 0.013 0.054

BRENTANI_CELL_CYCLE Forskolin ,0.001 0.004 Forskolin ,0.001 ,0.001 Forskolin 0.018 0.059

HSA04330_NOTCH_SIGNALING_PATHWAY Forskolin 0.577 0.679 Forskolin 0.037 0.084 Forskolin 0.896 0.949

STEMCELL_COMMON_UP Forskolin ,0.001 0.001 Forskolin ,0.001 ,0.001 Forskolin ,0.001 ,0.001

STEMCELL_COMMON_DN Control 0.107 0.294 Control ,0.001 0.022 Control ,0.001 0.008

REN_E2F1_TARGETS Forskolin 0.141 0.278 Forskolin 0.002 0.007 Forskolin ,0.001 0.001

VERNELL_PRB_CLSTR1 Forskolin 0.006 0.054 Forskolin ,0.001 ,0.001 Forskolin ,0.001 ,0.001

BRENTANI_DEATH Forskolin ,0.001 0.004 Forskolin 0.039 0.094 Forskolin 0.853 0.914

HSA04210_APOPTOSIS Forskolin ,0.001 0.017 Forskolin 0.004 0.012 Forskolin 0.016 0.049

APOPTOSIS Forskolin 0.002 0.010 Forskolin 0.004 0.044 Control 0.308 0.454

APOPTOSIS_GENMAPP Forskolin 0.016 0.052 Forskolin 0.002 0.019 Forskolin 0.146 0.256

PASSERINI_APOPTOSIS Forskolin 0.085 0.207 Forskolin 0.015 0.034 Control 0.045 0.132

Shown are the curated gene set enrichment analysis results for selected gene sets of interest at 24, 48, and 72 hours. The gene sets shown here were downloaded from
the BROAD Institute website and represent empirically defined sets of genes. References for each gene set are provided in the text. Italicized are those gene sets with p-
value ,0.05 and false discovery rate (FDR) ,0.25, which are taken as significant. Gene sets are directly as they appear in the Molecular Signatures Database on the
Broad Institute website.
doi:10.1371/journal.pone.0011502.t004

Table 5. Mammalian gene set enrichment analysis results.

Gene Set
Enriched
at 24H

24H
P-Value

24H
FDR

Enriched
at 48H

48H
P-Value

48H
FDR

Enriched
at 72H

72H
P-Value

72H
FDR

TGAATGT,MIR-181A,MIR-181B,MIR-
181C,MIR-181D

Forskolin 0.475 1 Forskolin 0.001 0.009 Control ,0.001 0.001

ACTGTGA,MIR-27A,MIR-27B Forskolin 0.238 1 Forskolin 0.406 1 Control 0.002 0.042

CAGTGTT,MIR-141,MIR-200A Control 0.683 1 Forskolin 0.017 0.648 Control 0.002 0.031

V$E2F_Q6 Forskolin 0.033 0.273 Forskolin 0.001 0.015 Forskolin 0.004 0.035

V$E2F1_Q6 Forskolin 0.003 0.009 Forskolin 0.003 0.102 Forskolin ,0.001 0.034

V$E2F_Q4 Forskolin 0.014 0.064 Forskolin 0.002 0.056 Forskolin 0.008 0.064

V$E2F_Q4_01 Forskolin 0.014 0.064 Forskolin 0.001 0.003 Forskolin 0.019 0.121

V$E2F1_Q3 Forskolin 0.126 0.994 Forskolin 0.014 0.53 Forskolin 0.006 0.121

SGCGSSAAA_V$E2F1DP2_01 Forskolin 0.056 0.733 Forskolin 0.008 0.301 Forskolin 0.014 0.121

V$E2F1DP2_01 Forskolin 0.055 0.549 Forskolin 0.001 0.016 Forskolin 0.031 0.14

V$E2F1_Q4_01 Forskolin 0.254 1 Forskolin 0.001 0.016 Forskolin 0.016 0.142

V$E2F4DP1_01 Forskolin 0.055 0.677 Forskolin 0.002 0.062 Forskolin 0.016 0.137

V$E2F_02 Forskolin 0.056 0.601 Forskolin 0.001 0.016 Forskolin 0.016 0.132

V$E2F1DP1RB_01 Forskolin 0.033 0.35 Forskolin 0.001 0.003 Forskolin 0.02 0.14

V$E2F1DP1_01 Forskolin 0.055 0.771 Forskolin 0.001 0.018 Forskolin 0.024 0.139

V$E2F1_Q6_01 Forskolin 0.003 0.009 Forskolin 0.007 0.256 Forskolin 0.073 0.224

V$E2F_Q3 Forskolin 0.194 1 Forskolin 0.002 0.069 Forskolin 0.068 0.227

Shown are the mammalian gene set enrichment analysis results for selected gene sets of interest at 24, 48, and 72 hours. Italicized are those gene sets with p-value ,

0.05 and false discovery rate (FDR) ,0.25, which are taken as significant. Gene sets are directly as they appear in the Molecular Signatures Database on the Broad Institute
website.
doi:10.1371/journal.pone.0011502.t005
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Some of the miRNAs identified by enrichment analysis are

interesting candidates for further study given what is already

known about their function. For example, miR141 and miR200a

are expressed in the chicken inner ear epithelium, and are

important regulators of epithelial-mesenchymal transition [30,80].

It is also interesting that the miR27 family showed up as one of the

most significant gene sets in this particular analysis given the

known role of this miRNA in cellular proliferation. Specifically,

downregulation of this miRNA seems to decrease proliferation in

the context of hepatic stellate cell activation, an early event in liver

fibrosis [81]. MiR27a is overexpressed in human gastric

adenocarcinoma, and inhibition of this miRNA limits proliferation

[82]. Another study has also shown that the oncogenic activity of

miR27a in human breast cancer cells is likely due to downreg-

ulation of genes controlling the G2-M cell-cycle checkpoint [83].

MiR181a is known to be expressed in the mammalian inner ear

[28], and has a pro-proliferative role in human leukemia cells,

which appears to be mediated by suppression of the cell cycle

inhibitor p27 [33]. Given the abundance and nature of evidence

for a role of miR181a, miR27a, and miR141/miR200a in cellular

proliferation or inner ear development, we put these forward as

particularly intriguing candidates for further study within the

context of auditory hair cell regeneration.

Chicken/frog gene set enrichment analysis
While the primary goal of the GSEA with the mammalian gene

sets was to identify miRNAs that may be important for hair cell

regeneration, interestingly some transcription factor gene sets were

found to be up- and downregulated in the forskolin condition. This

was surprising in light of the fact that these sets were based on

portions conserved across only selected mammalian genomes,

which were expected to differ significantly from gene sets based on

the chicken genome. To verify the up- and downregulation of

these gene sets in the chicken inner ear an additional GSEA was

performed using gene sets based on scanning the portions of the

chicken genome that are conserved with frog (Xenopus tropicalis) to

look for enrichment of sets of genes sharing particular transcrip-

tion factor recognition sites obtained from the TRANSFAC

database. Using a q-value cutoff of 0.25 there were 41 gene sets

associate with forskolin treatment, and 331 gene sets associated

with forskolin treatment (see Table 1). The enrichment statistics

for all gene sets included in this analysis are presented as

Supporting Information (Tables S10, S11, S12). Of the six gene

sets that were significantly enriched in the forskolin condition, four

are sets of genes that share known E2F1 binding sites (Table 6).

Additionally, some E2F1 gene sets are significantly enriched in

forskolin treated tissue at 24 and 48 hours relative to untreated

controls (Table 6), suggesting that upregulation of predicted E2F1

targets occurs early after forskolin treatment and is sustained until

72 hours in culture, when new cells are first seen [22]. Many E2F/

E2F1 gene sets are also enriched in the forskolin treated tissue

when the mammalian gene sets (Table 5) are used to compare the

expression data from forskolin samples fixed after 24 and 72 hours

in culture, suggesting agreement between the GSEAs performed

using the mammalian gene sets and chicken/frog conservation

gene sets. The identification of E2F/E2F1 by both analyses

strongly suggests a role for this transcription factor in forskolin

induced proliferation in the chicken inner ear.

E2F1 is an intriguing candidate for further study given its

known role in cell cycle control (reviewed in [84]) and potential

role in inner ear development (reviewed in [85]). E2Fs bind

hypophosphorylated pRBs which then sequester these factors.

PRBs can be phosphorylated by cyclin-dependent kinases (CDKs),

rendering these proteins unable to bind E2Fs thereby releasing

these factors which then become transcriptionally active

[86,87,88]. Interestingly, overexpression of E2F1 has been shown

to induce quiescent REF-52 cells to enter S-phase [89]. E2F1

forms part of an ‘activating’ E2F complex that can interact with

pocket proteins (pRBs) to control the cell cycle [90]. E2F1

exclusively binds the pRB RB1, and peaks in expression during the

G1-S checkpoint [90]. Given the central role of E2Fs in cell cycle

control, our finding that genes targeted by E2F1 are enriched

among the genes that are overexpressed in the proliferating chick

inner ear suggests a role for this transcription factor in hair cell

regeneration.

Table 6. Conservation gene set enrichment analysis results.

Gene Set
Enriched
at 24H

24H
P-Value

24H
FDR

Enriched
at 48H

48H
P-Value

48H
FDR

Enriched
at 72H

72H
P-Value

72H
FDR

V$E2F_Q2 Forskolin ,0.001 ,0.001 Forskolin 0.006 0.016 Forskolin ,0.001 0.003

V$E2F1_Q3_01 Forskolin 0.038 0.066 Forskolin 0.017 0.063 Forskolin 0.024 0.415

V$E2F_03 Forskolin 0.099 0.176 Forskolin 0.071 0.144 Forskolin 0.012 0.038

V$E2F1DP1RB_01 Forskolin 0.793 0.840 Forskolin 0.905 0.933 Forskolin 0.019 0.057

V$E2F1_Q4_01 Forskolin 0.345 0.430 Forskolin 0.573 0.639 Forskolin 0.041 0.096

V$E2F_Q3 Forskolin 0.342 0.416 Forskolin 0.418 0.532 Forskolin 0.038 0.101

V$E2F_Q3_01 Forskolin 0.681 0.734 Forskolin 0.416 0.483 Forskolin 0.038 0.108

V$E2F_Q4 Forskolin 0.175 0.249 Forskolin 0.365 0.456 Forskolin 0.040 0.108

V$E2F1_Q6_01 Forskolin 0.422 0.477 Forskolin 0.245 0.332 Forskolin 0.058 0.115

V$E2F1_Q3 Forskolin 0.511 0.564 Control 0.306 0.437 Forskolin 0.077 0.155

V$E2F_Q6 Forskolin 0.964 0.965 Control 0.714 0.832 Forskolin 0.073 0.155

V$E2F1_Q6 Forskolin 0.330 0.395 Forskolin 0.245 0.332 Forskolin 0.079 0.152

Shown are the results of the conservation gene set enrichment analysis performed on gene expression data from 24, 48, and 72 hours in culture. These analyses were
performed using gene sets based on transcription factor motifs in regions conserved between the chicken and frog genomes. The gene sets shown here were
downloaded from the BROAD Institute website and represent empirically defined sets of genes. References for each gene set are provided in the text. Italicized are
those gene sets with p-value ,0.05 and false discovery rate (FDR) ,0.25, which are taken as significant. Gene sets are directly as they appear in the Molecular Signatures
Database on the Broad Institute website.
doi:10.1371/journal.pone.0011502.t006
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Figure 3. MicroRNA181a overexpression produces proliferation in the chicken basilar papilla. Basilar papillae from 0-day-old chicks were
cultured for 72 hours in the presence of BrdU, the nuclear incorporation of which was detected by antibody labeling. In A–E sensory epithelia are
outlined with dashed white lines. The neural edge of each epithelium is at the bottom, the abneural edge is at the top, the distal end is to the right
and the proximal end is to the left of the image. BrdU-positive (i.e., recently divided) cells are immunohistochemically labeled and appear as purple
dots. Individual cochleas were treated with 100 nM pre-miR181a (A), 100 mM forskolin (FSK) (B), FSK + 100 nM pre-miR181a (C), 100 mM FSK+ 100 nM
anti-miR181a (D), or DMSO as a vector control (E). A pro-proliferative effect of miR181a can be appreciated. Further, knocking down endogenous
miR181a appears to have a large suppressive effect on forskolin induced proliferation. Transfection was achieved in the first 24 hours of culture using
X-tremeGENE siRNA Transfection Reagent in accordance with the manufacturer’s instructions (Roche, Indianapolis, IN). The miRNA containing media
was removed after 24 hours and replaced with normal medium. The summary of the average number of BrdU positive cells for the control (n = 7),
miR181a (n = 8), forskolin (n = 8), forskolin + miR181a (n = 8), and forskolin + anti-miR181a (n = 3) conditions. The following comparisons were all
statistically significant: control versus miR181a (p = 0.001), control versus forskolin (p,0.001), miR181a versus forskolin (p,0.001), forskolin versus
forskolin plus anti-miR181a (p = 0.008) and forskolin versus forskolin plus miR181a (p = 0.005). Scale bars in panels A–E = 0.2 mm.
doi:10.1371/journal.pone.0011502.g003
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Functional microRNA181a studies
Of all the miRNAs whose predicted targets were significantly

enriched in control relative to forskolin treated basilar papillae,

miR181a was specifically selected for functional studies in light of its

high level of statistical significance, known expression in the

developing mammalian inner ear [28], and pro-proliferative role

in human leukemia cells, which appears to be mediated by

suppression of the cell cycle inhibitor p27 [33]. To test whether

miR181a overexpression is sufficient to stimulate proliferation,

chick basilar papilla explants were transfected with either pre-

miR181a, which is converted to mature miR181a within cells, or a

non-targeting negative control miRNA. Incorporation of the

thymidine analog BrdU was used to assay proliferation. Basilar

papillae transfected with pre-miRNA had on average 68.75 (+/2

SEM = 13.54) BrdU positive cells, significantly more than organs

transfected with a non-targeting miRNA which averaged only 7.00

(+/2 SEM = 10.23) BrdU positive cells (p,0.01, Figure 3).

MiR181a overexpression is therefore sufficient to stimulate

proliferation in the normally quiescent chick auditory epithelium.

Basilar papillae cultured with forskolin for 72 hours and

transfected with a non-targeting miRNA had on average 178.25

(+/2 SEM = 19.02) BrdU positive cells, significantly more than is

seen with miR181a overexpression (p,0.05) which suggests that

miR181a upregulation may account for only a portion of

forskolin’s mitogenic effect (Figure 3). To determine whether

miR181a expression is necessary for forskolin induced prolifera-

tion, some basilar papillae were cultured with forskolin for

24 hours, then transfected with anti-miR181a to suppress

endogenous miR181a, then cultured with forskolin for an

additional 24 hours. Basilar papillae transfected with only anti-

miR181a without forskolin treatment had an average of only 14

(+/2 SEM = 3.06) BrdU positive cells per epithelium, not

significantly different from controls. Basilar papillae exposed to

forskolin and transfected with anti-miR181a had an average of

67.33 (+/2 SEM = 13.38) BrdU positive cells, significantly less

than the basilar papillae that were cultured with forskolin and

transfected with a negative control miRNA (p,0.01), suggesting

that endogenous miR181a contributes to the pro-proliferative

effect of forskolin in the chick inner ear.

To see whether miR181a could enhance the already robust pro-

proliferative effect of forskolin, basilar papillae were transfected

with pre-miR181a and cultured in the presence of forskolin for

72 hours. These basilar papillae averaged 289.63 (+/2

SEM = 28.04) BrdU positive cells per basilar papilla, which is

significantly higher than the forskolin effect alone (p,0.01). This

observation reaffirms the finding that endogenous miR181a is an

important mediator of forskolin induced proliferation in the chick

inner ear and is limited in part by the ability of forskolin to

stimulate upregulation of miR181a.

Given the observation that miR181a overexpression is sufficient

to stimulate proliferation in the chick auditory epithelium, basilar

papillae were transfected with pre-miR181a or nontargeting

negative control miRNA and then cryosectioned and labeled for

BrdU and the early myosin VI to determine whether any of the

newly produced BrdU positive cells express the early hair cell

marker. As is seen in Figure 4, some cells labeling for BrdU

72 hours after transfection with pre-miR181a are located at the

most apical portion of the basilar papilla, an area occupied by only

hair cells and thin supporting cell processes. Further, some cells

with nuclear BrdU labeling also have cytoplasmic myosin VI

labeling. No such co-labeling cells were observed in basilar

papillae transfected with a non-targeting miRNA. These results

Figure 4. Some new cells produced by miR181a transfection express the early hair cell marker myosin VI. Shown is a confocal image of
a basilar papillae that was transfected with pre-miR181a, cultured for 72 hours, then cryosectioned and labeled for BrdU (blue) and the early hair cell
marker myosin VI (red) (A). The apical surface of hair cells is to the left of the image and the neural edge of the basilar papillae is toward the bottom.
The tectorial membrane has been removed to allow for antibody labeling. The inset of A is also shown in panels B (myosin VI), C (BrdU) and D
(merge). The arrow in D shows a cell that expresss myosin VI and has a BrdU positive nucleus, whereas the arrowhead shows a cell that is labeling for
myosin VI but not BrdU. The double-labeled cell is one that has been stimulated to divide and subsequently begin differentiating toward a hair cell
phenotype. The scale bar in B also applies to C and D.
doi:10.1371/journal.pone.0011502.g004
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suggest that miR181a overexpression results in the production of

new hair cells.

It is not surprising that a single miRNA is able to stimulate S-

phase entry in the avian auditory epithelium given the mounting

evidence that miRNAs can affect cell cycle regulation in a variety

of systems. MiR181a specifically has been shown to have a pro-

proliferative effect in human myeloid leukemia cells [33].

Interestingly, this effect appears to be mediated in part by

producing downregulation of p27, which may represent a barrier

to hair cell regeneration in the mammalian cochlea [34,35,91,92].

There is also evidence that many different miRNAs, including

miR181a, are expressed in the developing mouse inner ear [28].

Despite these findings, studies on the role of miRNA in hair cell

regeneration are limited in number and scope. One study revealed

that the let-7 family of miRNA is downregulated in the

regenerating newt auditory epithelium [32]. An interesting

translational correlate to this finding is that let-7 reduces tumor

growth in a rodent model of lung cancer, providing additional

evidence for the antiproliferative effects of this particular family of

miRNA [93]. Studies such as these underscore the importance of

examining more closely the role of miRNA in hair cell

regeneration, as induced underexpression of antiproliferative

genes may ultimately allow regeneration of hair cells in mammals.

In summary, we have identified a possible role for miR181a

in avian auditory hair cell regeneration. We have further

identified additional miRNAs and transcription factors as

candidates that warrant further investigation as potential

targets for therapeutics aimed at replacing lost hair cells.

Presented additionally are results suggestive of the presence of

stem cells with properties similar to HSCs in the regenerating

chick inner ear. Of all the candidates identified miR181a is

specifically put forward for further study in in-vivo mammalian

models of induced hearing loss in light of its demonstrated

proliferative effect in the chicken inner ear as well as the fact

that a miRNA based therapeutic could potentially be locally

delivered to the middle ear and passively absorbed through the

round window. This scenario seems plausible given that small

molecules such as gentamicin can be delivered to the inner ear

of patients in this fashion [94]. Computational analyses of our

gene expression data suggest that the transcription factor E2F1

may also play a role in hair cell regeneration when many

normally quiescent supporting cells are stimulated to re-enter

the cell cycle and divide prior to differentiating into new hair

cells. Additional functional studies will be necessary to

ultimately determine what ability, if any, these players have to

replace lost hair cells and result in recovery of compromised

hearing thresholds in mammals.
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ABSTRACT Myosin Vlla is a newly identified member of
the myosin superfamily of actin-based motors. Recently, the
myosin VIIa gene was identified as the gene defective in
shaker-i, a recessive deafness in mice [Gibson, F., Walsh, J.,
Mburu, P., Varela, A., Brown, K. A., Antonio, M., Beisel,
K. W., Steel, K. P. & Brown, S. D. M. (1995) Nature (London)
374, 62-64], and in human Usher syndrome type 1B, an
inherited disease characterized by congenital deafness, ves-
tibular dysfunction, and retinitis pigmentosa [Weil, D., Blan-
chard, S., Kaplan, J., Guilford, P., Gibson, F., Walsh, J.,
Mburu, P., Varela, A., Levilliers, J., Weston, M. D., Kelley,
P. M., Kimberling, W. J., Wagenaar, M., Levi-Acobas, F.,
Larget-Piet, D., Munnich, A., Steel, K. P., Brown, S. D. M. &
Petit, C. (1995) Nature (London) 374, 60-61]. To understand
the normal function of myosin VIla and how it could cause
these disease phenotypes when defective, we generated anti-
bodies specific to the tail portion of this unconventional
myosin. We found that myosin VIIa was expressed in cochlea,
retina, testis, lung, and kidney. In cochlea, myosin VIIa
expression was restricted to the inner and outer hair cells,
where it was found in the apical stereocilia as well as the
cytoplasm. In the eye, myosin VIIa was expressed by the retinal
pigmented epithelial cells, where it was enriched within the
apical actin-rich domain of this cell type. The cell-specific
localization of myosin VIIa suggests that the blindness and
deafness associated with Usher syndrome is due to lack of
proper myosin VIIa function within the cochlear hair cells and
the retinal pigmented epithelial cells.

Myosin VIIa is a newly identified member of the myosin
superfamily of actin-based motors (1-3). The gene encoding
myosin VIIa is responsible for human Usher syndrome type 1B
(USH1B) (4), a disease characterized by sensorineural hearing
loss, absence of vestibular function, and a progressive retinal
degeneration termed retinitis pigmentosa. It affects -4.4 per
100,000 in the total United States population and 3-6% of deaf
children (5, 6) and is the most frequent cause of deaf-
blindness. Mutations in the myosin VIIa gene are also respon-
sible for a recessive deafness in mice termed shaker-1 (shl) (7).
shl mice exhibit hearing loss following early degeneration of
the sensory epithelium in the cochlea, and head tossing
behavior due to vestibular dysfunction (8). We have cloned a
large portion of the human myosin VIIa heavy-chain cDNA**
and have generated antibodies specific to a tail domain of
myosin VITa. Myosin VITa heavy chain is a 240-kDa polypep-
tide and its expression is restricted to retinal pigmented
epithelial (RPE) cells, cochlear hair cells, and certain cells of
the testis, lung, and kidney. These results provide compelling
evidence that the blindness and deafness phenotypes asso-
ciated with Usher disease are due to the lack of functional
myosin VIIa polypeptide within a specific subset of retinal

and cochlear cells and suggest a role for myosin VIIa heavy
chain in the development and maintenance of these sensory
organs.

MATERIALS AND METHODS
Isolation of Human and Porcine Myosin VIla cDNAs. The

130-bp PCR products encoding a portion of myosin VIIa
identified from human and porcine cell lines and tissues (ref.
1; EMBL accession nos. L29145 and L29133, respectively)
were used to screen a number of cDNA libraries. Screening of
a human liver AZAPII cDNA library (provided by James
Anderson, Yale Medical School) and a human testis AgtlO
cDNA library (Clontech) resulted in nine overlapping clones,
one of which, clone lOC, was found to encode the entire
N-terminal 1075 aa of human myosin VIIa (GenBank acces-
sion no. U34227). Screening of a kgtlO cDNA library prepared
from LLC-PK1 porcine kidney cells (provided by Robert
Reilly, Yale Medical School) resulted in two clones, one of
which, 14C, encompassed the N terminus of porcine myosin
VIIa (aa 1-566; GenBank accession no. U34226).

Preparation of Myosin VIIa-Specific Antibodies. A HindIl-
EcoRI fragment encoding aa 877-1075 of human myosin VIla
was cloned into pGEX2-T (Amrad, Melbourne, Australia) to
produce a 49-kDa glutathione S-transferase/myosin VIIa tail
fusion protein. This insoluble fusion protein was extracted from
the cell pellet with 0.5% (wt/vol) sodium N-lauroylsarcosine,
diluted 1:10, brought to 1% (vol/vol) Triton X-100, and purified
over a glutathione-Sepharose column. Rabbits were immunized
with two 300-,g injections of purified fusion protein spaced 3
weeks apart and were bled 10 days after the second injection. To
allow for affinity purification of serum, the same HindIII-EcoRI
fragment was cloned into pQE-30 (Qiagen, Chatsworth, CA) and
the resultant His6-tagged myosin VIIa tail peptide was purified
over a nickel-agarose column (Qiagen). The His6-tagged myosin
VIIa peptide was dialyzed into carbonate buffer containing 0.1%
SDS and coupled to cyanogen bromide-activated Sepharose
(Pharmacia). Rabbit serum was applied to the myosin-VIIa-tail
affinity column and bound antibodies were eluted with low pH
and dialyzed into phosphate-buffered saline (PBS: 10mM sodium
phosphate/137 mM NaCl, pH 7.4).
Immunoblot Analysis. Protein samples were homogenized

in 5% (wt/vol) trichloroacetic acid and standardized for
protein concentration by quantitation in the bicinchoninic acid
(BCA) assay (Pierce). The trichloroacetic acid precipitation
pellet was washed once with water before reconstitution in
boiling 5 x SDS/PAGE sample buffer to a final protein
concentration of 0.9 mg/ml. After SDS/PAGE separation,
proteins were transferred to poly(vinylidene difluoride) mem-
brane and incubated with affinity-purified myosin-VITa anti-

Abbreviations: DIC, differential interference contrast; RPE, retinal
pigmented epithelial.
**The sequences reported in this paper have been deposited in the
GenBank data base (accession nos. U34226 and U34227).
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bodies, and the bound antibodies were visualized with a
chemiluminescence kit (Boehringer Mannheim).

Immunolocalization Studies. Guinea pig temporal bones
were rapidly removed into PBS containing 50 mM EGTA
(PBS/EGTA). The round window membrane and stapes
footplate were removed, and a small fenestra was made in the
apical cochlear bony capsule in order to rapidly and directly
perfuse the cochlear scalae with 4% paraformaldehyde in
PBS/EGTA. After 5 min of initial perfusion, the remaining
bony capsule was chipped away, the spiral ligament and stria
vascularis were peeled away, and the cochlea were immersed
in fixative for an additional 15 min. Half-turns of the cochlea
spiral were cut free, and nonspecific binding sites were
blocked in PBS/EGTA/5% bovine serum albumin for 20
min. Affinity-purified anti-myosin-VIIa or control nonim-
mune IgG was added at a concentration of 10 ,gg/ml in
PBS/EGTA/0.1% bovine serum albumin/1% normal goat
serum for 1 hr at room temperature. Samples were washed
with PBS/EGTA for 20 min before incubation for 1 hr at
room temperature with a 1:150 dilution of rhodamine-
conjugated goat anti-rabbit antibodies (Cappel) and 40 nM
fluorescein-labeled phalloidin (Molecular Probes) in PBS/
EGTA/0.1% bovine serum albumin/5% normal goat serum.
Samples were washed with PBS/EGTA and placed in PBS/
glycerol mounting medium (Citifluor, Kent, England). Sam-
ples were observed with a Bio-Rad MRC600 laser scanning
confocal microscope.
Rat retina was excised and fixed for 5 min on ice in 4%

paraformaldehyde in PBS/EGTA. Samples were quenched,
cryoprotected, embedded for frozen sectioning, and prepared
for immunostaining as described (9). Antibody incubations
were as described above but were done for 20 min. Mounted
slides wore observed with a Nikon Diaphot 300 light micro-
scope equipped with epifluorescence and differential inter-
ference contrast (DIC) imaging.

RESULTS
A 130-bp PCR fragment encoding a portion of the motor
domain of human myosin VITa near the ATP binding site (1)
was successfully used to screen a human testis AgtlO cDNA
library. The isolated 3.5-kb cDNA encodes a myosin-like
molecule (GenBank accession no. U34227) that has a 730-aa
N-terminal motor domain, a 130-aa neck domain containing
five light-chain binding repeats ("IQ" motifs; ref. 10), and a
210-aa tail. This tail is made up of two domains, a region of
-70 aa predicted to form an a-helical coiled coil (11) and a
unique C-terminal globular domain. The human myosin VIIa
testis cDNA is 99% identical at the nucleotide level to the
1547-nt fragment of human myosin VIIa cDNA (ref. 4; Gen-
Bank accession no. U17180). The testis cDNA sequence differs
from the U17180 sequence at 11 sites (Fig. 1), reflecting a
frameshift (nt 1433-1440; U17180) and three single-base-pair
discrepancies. These differences in the human myosin VIla
cDNA result in changes in the predicted amino acid sequence
that match the murine ortholog at those sites (7). Human
myosin VITa is 96% identical to cloned portions of both mouse
(7) and porcine (GenBank accession no. U34226) myosin VIla
at the amino acid level and is 83% identical to the frog
homolog (2) (Fig. 1). By comparison, human myosin Vlla is
only 25-40% identical to the motor domain of members of
other unconventional myosin classes. In particular, the N-
terminal 100 aa and the C-terminal tail of myosin VIIa are
unique to this motor.
Repeated attempts to isolate the entire tail domain of

myosin VIla have been unsuccessful. Since the known por-
tion of the myosin VIIa tail domain is novel, we generated
antibodies directed against a bacterially expressed fusion
protein containing the available myosin VITa tail. These

affinity-purified antibodies were used in immunoblot studies
to analyze the expression profile of this protein. A 240-kDa
polypeptide was detected in rat retina, kidney, temporal
bone, and testis, while a 200-kDa polypeptide was detected
in lung (Fig. 2). No expression was observed in rat liver,
muscle, intestine, stomach, or brain. This finding is consis-
tent with the mRNA expression data of Gibson et al. (7),
which showed a 9.5-kb transcript in mouse kidney and testis
and a slightly smaller species in lung. The antibodies did not
recognize myosins II, I, or VI, all of which are known to be
expressed within these tissues and which exhibit molecular
weights different from that seen with the myosin VITa-
specific antibodies.
PCR evidence suggests that another member of the myosin

VITa family is expressed in humans, myosin Vllb (1). Myosin
VTIb has not been cloned, so we cannot specifically compare
it with myosin VITa. Several lines of evidence suggest that
myosin VITa-specific probes do not recognize myosin VIIb.
cDNA probes directed against either the conserved motor
domain or the novel tail domains of myosin Vlla recognize a
single mRNA of -9.5 kb in human testis by Northern blot
analysis (data not shown). Screening of additional human and
porcine cDNA libraries derived from liver, lung, small intes-
tine, testis, and kidney tissues did not identify myosin VTIb
clones when either motor- or tail-specific probes for myosin
VITa were used. When the 3.5-kb myosin VITa cDNA clone was
used as a probe for fluorescence in situ hybridization, it
hybridized specifically to human chromosome 11q13-15, the
position of USH1B, but not to additional loci (N. Mokady,
T.H., and D. Ward, unpublished data). These examples of lack
of cross-hybridization suggest that myosin VITa and myosin
VIIb are not highly homologous at the nucleotide level. The
antibodies to myosin VITa recognize appropriately sized
polypeptides only in tissues known to express this motor as
judged by Northern blot analysis (7) and by reverse transcrip-
tion-PCR analysis (4) in human and mouse tissues. Taken
together, these results suggest that myosin VITa-directed
probes are specific for this motor and do not recognize myosin
VlIb.
An indirect-immunofluorescence study was undertaken to

determine the cell-specific localization of myosin VITa within
the cochlea. Half-turns of guinea pig cochleal tissue were
double-labeled with antibodies to myosin VITa and with flu-
orescein-conjugated phalloidin and visualized as a whole
mount by laser scanning confocal microscopy. Optical sections
through the organ of Corti showed that myosin VITa was
concentrated within the outer and inner hair cells of the
sensory epithelium (Fig. 3). It was detected within the stere-
ocilia at the apex of the hair cell (Fig. 3 a and b) and within the
cuticular plate which anchors the bases of the stereocilia (Fig.
3 c and d). Myosin VITa was also present within the cytoplasm
of the hair cells (Fig. 3 e and f), although this region is not
enriched in F-actin. No myosin VITa was detected within
Hensen's cells or the pillar cells, two cell types within the organ
of Corti that are enriched in F-actin. Nonimmune control
experiments indicated that the staining of the stereocilia was
not simply due to bleedthrough of the phalloidin signal. Also,
no bleedthrough was seen from the bright phalloidin staining
of the actin ring at the zona adherens (Fig. 3 a and b) or
staining of the Hensen's cells and pillar cells (Fig. 3 c-f).
Similar results were obtained with frozen sections of isolated
cochlea and whole temporal bone (data not shown), indicating
that this staining pattern was not dependent on the method of
staining. No myosin VITa-specific labeling was observed within
any supporting cells or nerve cells within the cochlea. Similarly,
no myosin VITa-specific staining of the stria vascularis or other
vascular tissue was seen. The image shown in Fig. 3 reflects the
pattern of myosin VITa expression along the entire length of
the cochlea, with the staining intensity higher in inner hair cells
than in outer hair cells. Labeling was not brighter at the tips
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FIG. 1. Alignment of the myosin VII-class motors. The motor sequence of myosin VITa (HumM7) is compared with the available partial head

sequences of porcine myosin Vlla (PigM7), mouse myosin Vlla (MusM7; ref. 7), and bullfrog myosin VIJa (FrogM7; ref. 2). Nonidentical amino

acids are shown in lowercase type. The amino acid sequence identified previously by Weil et al. (4) in their analysis of Usher patients is underlined,

and amino acid differences between the two sequences are marked with an asterisk.

of the stereocilia, suggesting that myosin Vlla is not the

adaptation motor which is hypothesized to regulate tension on

the mechanically sensitive transduction channels (12).
To determine the distribution of myosin VITa in the eye,

immunostaining of frozen sections of rat retina was under-

taken. DIC imaging (Fig. 4 c and f) revealed eight layers
within the retina. Fluorescein-conjugated phalloidin labeled

four of these layers within the neural retina as well as the

apical domain of the RPE cells (Fig. 4 b and e) and the

vascular choroid. Antibodies to myosin VITa, however, spe-

cifically bound only to the RPE cell layer (Fig. 4 a and d).

Myosin Vlla was not found within the neural retina, al-

though these cell layers contain F-actin. The staining of the

vascular tissue (Fig. 4a) was not specific to the myosin VIIa
antibody, as it was seen in nonimmune controls. Myosin VITa

was enriched at the apical domain of the RPE cells and also

was found throughout the cytoplasm of these cells. The

apical domain contains actin-rich junctional com'plexes and

numerous microvilli. Analysis at higher magnifications (Fig.
4 d-f) indicated that myosin VITa was found specifically
within these microvilli and colocalized with F-actin within

these structures.

N..t,
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69-

<-Myosin-VIIa
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FIG. 2. Protein expression of myosin VIla in rat tissues. Total cell

extracts from rat tissues were electrophoresed in an SDS/5-16%

polyacrylamide gel for immunoblot analysis with the affinity-purified
rabbit anti-myosin-VIIa antibodies. Samples (4.5 gg of protein per

lane) are indicated as follows: HT, heart; SK, skin; BR, brain; RT,

retina; KD, kidney cortex; LI, liver; LU, lung; SP, spleen; TS, testis; SI,

small intestine; ST, stomach; BA, temporal bone (ear). Three times the

standard amount of protein was loaded in the ear lane. The antibody

recognized a 200- to 240-kDa polypeptide. The lower bands seen in the

testis and ear lanes were attributed to myosin Vlla degradation

products, since they increased in intensity upon storage of samples.
Molecular size (kDa) markers are shown at left.
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DISCUSSION
Our data establish that myosin VIIa is present within the hair
cells of the cochlea and the pigmented epithelium cells of the
retina, two tissues known to be affected in Usher disease. Some
patients with Usher disease exhibit abnormal sperm cells (13)
and defects in bronchial function (14); in keeping with this,
myosin VIIa was also found to be expressed in the testis and
lung. Myosin VIIa is also expressed in the kidney, but kidney
problems have not been reported in Usher patients. The
kidney, and in particular the proximal-tubule epithelial cells
contains a number of myosins, including two myosins II, at
least four myosins I, and myosin VI (reviewed in ref. 9). In
addition, at least six other unconventional myosins are ex-
pressed within this cell type (1). Perhaps these myosins serve
overlapping functions in the kidney, masking the loss of myosin
VIIa in Usher patients and shl mice.

shl mice exhibit degeneration of the organ of Corti and the
afferent spiral ganglion neurons in the first few weeks after
birth, at a time when the organ of Corti is normally still
developing (8). Hair cells are first detectably abnormal within
3 days after birth. Spiral ganglion neurons are also abnormal
at 3 days. Little is known of the histopathology of type 1 Usher
patients, as existing studies are apparently on usher types 2 or
3. Given the restricted localization of myosin VITa to the hair
cells, we suggest that the defect lies within this cell type and
that the degeneration of the afferent neurons is secondary.
Usher syndrome type 1 is also characterized by absence of

vestibular function. Although we have not located myosin VITa

in the vestibular system, amphibian myosin VIIa was identified
in the sensory epithelium of the bullfrog sacculus (2), suggest-
ing that myosin VITa may be expressed in mammalian vestib-
ular hair cells as well. Gillespie et al. (15) identified three
myosin-like proteins in bullfrog saccullar stereocilia by pho-
toaffinity labeling with uridine nucleotides; one of them had
an apparent molecular mass of 230 kDa. In addition, Walker
et al. (16) identified a 240-kDa calmodulin-binding protein in
saccular hair bundles which may be the same protein and,
perhaps, myosin Vlla. The neck domain sequence of myosin
Vlla has five light-chain-binding IQ repeats. These repeats
have been shown to bind calmodulin in other unconventional
myosins (10).
The primary cause of the retinal degeneration observed in

Usher disease is not known. The problem could lie in the
photoreceptors themselves or in the RPE cells, which support
the photoreceptors and function in photoreceptor renewal by
phagocytosing disks shed by the rod outer segments (17).
Myosin VITa expression is restricted to the pigmented epithe-
lium, suggesting that defects in these cells are the cause of the
retinitis pigmentosa in Usher type 1B. One animal model of
retinitis pigmentosa, the RCS rat, provides supportive evi-
dence. In these animals, the RPE layer is defective in phago-
cytosis (18). Cellular debris accumulates in the intercellular
space between the outer segments and the RPE layer, leading
to photoreceptor cell death. The genetic defect in the RCS rat
is not known, but studies in chimeric animals have determined
that the cellular defect lies in the RPE layer itself (19).

FIG. 3. Localization of myosin
VIIa and F-actin in guinea pig cochlea.
Immunofluorescence micrographs
show optical sections through the or-
gan of Corti perpendicular to the co-
chlear axis stained for myosin VITa (a,
c, and e) and F-actin (b, d, and f). (a
and b) Apical domain of the organ of
Corti. The locations of the inner hair
cell (IHC) and three outer hair cell
(OHC) rows are marked. The stereo-
cilia are clearly visible as V-shaped,
brightly stained bundles in the OHC
and as a row of brightly stained mate-
rial in the IHC. (c and d) Optical
section 2.4 ,um lower, at the level of the
cuticular plate. The location of the
actin-rich pillar cells (P) and Hensen's
cells (H) are shown. (e and f) Optical
section 7.8 ,um lower, at the level of the
IHC nuclei. (Bar = 50 ,im.)
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FIG. 4. Adult rat retina stained with myosin VIIa (a and d) and
F-actin (b and e) and visualized by DIC optics (c andf). Retinal layers
(demarcated in c and f) are as follows: solid line, inner limiting
membrane; broken line, external limiting membrane; 1, ganglion cell
layer; 2, inner plexiform layer; 3, inner nuclear layer; 4, outer plexiform
layer; 5, outer nuclear layer; 6, rod and cone outer segments; 7,
pigmented epithelium; 8, choroid layer. In b, the external limiting
membrane is marked by an arrow, and the inner plexiform layer by a
bracket. (Bar in c = 50 ,um; bar in f = 25 ,um.)

shl mice do not exhibit retinitis pigmentosa. As discussed by
Weil et al. (4), this may reflect the type of myosin VIIa
mutation observed within the shl mice. The three shl muta-
tions identified by Gibson et al. (7) reflected two different
single amino acid changes and a 10-aa deletion.' All mutants
expressed myosin VIIa at the mRNA level and therefore may
express the mutant protein (7). A human recessive nonsyn-
dromic deafness locus (DFNB2) also maps to 11q13 (20).
Perhaps this human deafness is more closely related to shl.
Alternatively, another unconventional myosin could be com-
pensating for the lack of myosin VIIa in the shl retina.

Unconventional myosins have been shown to be associated
with numerous actin-based motilities, such'-as phagocytosis,
endocytosis, chemQtactic movement, and vesicular transport
(21, 22). Perhaps myosin VIla serves a similar role in mem-
brane movements in sensory hair cells and in the RPE cells.
Both cell types undergo continuous and essential membrane
movements-specifically, phagocytosis in the retina and re-

lease of transmitter-containing vesicles at the afferent hair-cell
synapses (17, 23). Outer hair cells exhibit a much lower level
of constitutive transmitter release than inner hair cells (24),
consistent with the differential levels of expression of myosin
VIIa between these two hair-cell types. Our results, showing a
specific location of myosin VITa within the cochlea and retina,
should allow for an enhanced understanding of the molecular
causes of blindness and deafness in Usher patients.
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From Basilar to Plasma Membrane

Over 40 years ago the auditory community rejoiced
that frequency tuning in the auditory periphery had
been understood, and was proud that von Bekesy
received the Nobel Prize for showing us how the
basilar membrane (BM) traveling wave provides for
mechanical Fourier analysis (von Bekesy, 1960).
However, as soon as new techniques were devised to
measure smaller movements of the BM than Bekesy
could imagine, curious incongruities arose concerning
the significance of Bekesy�s measurements. Von
Bekesy made much of his measures on preparations
that were compromised in a way unknown to him.
Thus, the linear extrapolations from his high-inten-
sity measures, which put auditory threshold move-
ments below the diameter of an atom, were becoming
unraveled. The problem turns out to be an inherent
nonlinearity in the motion of the basilar membrane
that is lost upon the slightest insult to the organ of
Corti, that sensory epithelium of hair cells which is
stimulated by BM movements. This remarkable
observation of a compressive nonlinearity was made
by Rhode (Rhode, 1971; Rhode & Robles, 1974), and
has revolutionized our thinking on the micro
mechanics of the inner ear. We now know that BM
vibration is as sharply tuned to frequency as the
eighth nerve fiber activity it evokes (Narayan et al.,
1998). But what drives this nonlinearity? Why is it so
vulnerable to insult? The answer is that it depends on
the proper functioning of a particularly fragile cell

type within the organ, the outer hair cell (OHC)
(Dallos & Harris, 1978; Ryan & Dallo, 1975).

The OHC is one of the two types of hair cells
present in the organ of Corti. The other hair cell type
is the inner hair cell (IHC) which receives up to 95% of
the auditory nerve�s afferent innervation (Spoendlin,
1988), but is fewer in number than OHCs by a factor
of 3–4. Two decades ago, Brownell (Brownell, 1984;
Brownell et al., 1985; Kachar et al., 1986) discovered
that OHCs are capable of electrically evoked
mechanical activity. Again, a revolution in our
thinking began. The bottom line, after years of study,
is that though both inner and outer hair cells respond
to sound by generating receptor potentials (Russell &
Sellick, 1978; Dallos, Santos-Sacchi & Flock, 1982),
the OHCs alone are both receptor and effector –
incredibly fast, at that. (You can view a movie of the
OHC dance at www.YaleEarLab.org). Currently, the
consensus is that OHCs provide a frequency-depen-
dent boost to BM motion, which enhances the
mechanical input to IHCs, thereby promoting en-
hanced tuning and amplification. Indeed, the term
‘‘cochlear amplifier’’ is commonly used to describe the
work of the OHC (Davis, 1983). This review will
summarize much of what we know about the OHC�s
electro-mechanical capabilities — phenomena which
largely result from properties intrinsic to its plasma
membrane (PM) and associated structures.

OHC Somatic Electromotility and Its Electrical

Signature

The OHC is a cylindrically shaped cell whose length
varies from short (�10–20 lm) to long (>80 lm)
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along the length of the basilar membrane, with short
cells residing at the basal high-frequency regions of
the cochlear spiral. While initial investigations did
not identify OHC electrically evoked length changes
as resulting from voltage or current flow across the
PM, it soon became clear that this robust mechan-
ical response, amounting to about 5% of the cell
length, was evoked by voltage. This was indicated
by the persistence of mechanical responses in spite
of the block of a variety of membrane conductances,
and the identification of gating-like currents or a
nonlinear capacitance (NLC), which is characteristic
of voltage-sensor activity that underlies membrane-
based voltage-dependent processes. Consequently,
OHCs contract with depolarization and elongate
with hyperpolarization (Santos-Sacchi and Dilger
1988; Santos-Sacchi, 1990, 1991; Ashmore, 1989,
1990) Significantly, in isolated OHCs contraction/
expansion cycles can be elicited by ciliary displace-
ment (Evans & Dallos, 1993). OHC electromotility
is independent of ATP, calcium, and the microtu-
bule or actin system (Brownell et al., 1985; Kachar
et al., 1986; Ashmore, 1987; Holley & Ashmore
1988b; Santos-Sacchi 1989; Kalinec et al., 1992).
Motile responses can be seen at very high frequen-
cies (Dallos and Evans 1995; Gale & Ashmore 1997;
Frank, Hemmert & Gummer 1999). The mechanical
response is sigmoidal and corresponds inextricably
with those characteristics of the nonlinear charge
movement (Fig. 1). Both the mechanical response

and its associated charge movement can be fit well
with simple two-state Boltzmann functions and each
share indistinguishable fitted parameters; namely,
slope factors are near 30 mV per e-fold changes in
charge or mechanical response, and operating volt-
age ranges have their midpoints (V1/2) near negative
30–40 mV. Maximum charge movement in OHCs
ranges up to about 3 pC, and early on it was ob-
served that treatments that reduce this charge
transfer or shift its operating voltage range
correspondingly affect the mechanical response
amplitude and its voltage activation range (Santos-
Sacchi, 1991; Wu & Santos-Sacchi, 1998; Kakehata
and Santos-Sacchi, 1995, 1996). Most investigators
study charge movement in OHCs by measuring the
NLC, which is bell-shaped (the first derivative of
charge movement) with respect to voltage. Peak
NLC can be greater than the cell�s linear capaci-
tance, the latter corresponding to the cell�s surface
area.

There are several perturbations that can influence
the OHC motor mechanism, including membrane
tension, temperature, and initial (resting) voltage
conditions (Iwasa, 1993; Gale & Ashmore, 1994;
Takahashi and Santos-Sacchk, 2001; Zhao and
Santos-Sacchi 1998; Kakehata & Santos-Sacchi,
1995). In addition, lanthanides and salicylate can
block to some extent NLC and somatic electromo-
tility (Tunstall, Gale & Ashmore 1995; Kakehata &
Santos-Sacchi 1996; Santos-Sacchi, 1991). The most

Fig. 1. (A) The OHC has a highly partitioned membrane. Apical, lateral and basal membranes possess characteristic integral membrane

constituents with measurable electrical correlates. The apical stereocilia channels work to produce receptor potentials; the basal membrane

houses the voltage-dependent ion channels; the lateral membrane houses the molecular motors (prestin), whose electrical signature is a

nonlinear, voltage-dependent capacitance (NLC). Fits of the capacitance with the first derivative of a two-state Boltzmann provides

information on the motors’ operating range (characterized by V1/2, the voltage at peak capacitance) and the sensitivity of the motors to

voltage (an estimate of elementary motor charge, typically about 0.75). (B) The mechanical response (filled circles) of the OHC can also be fit

by a two-state Boltzmann function. The first derivative defines the mechanical gain of the cell at a particular resting potential.
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common effect on motor activity is a shift of the
operating voltage range, indicative of a shift in the
state probability of motor molecules residing in a
contracted or expanded state. Additionally, maxi-
mum charge movement is also susceptible to external
perturbations (see Santos-Sacchi, 2003, for a more
detailed review). It was the electro-mechanical char-
acteristics of the OHC motor that ultimately enabled
the identification of the protein responsible for the
unique function of the OHC.

The OHC Motor Protein Prestin

Although the existence of a unique motor protein
embedded in the OHC’s PM was proposed as early
as 1992 (Kalinec et al, 1992), it was not until five
years ago that the molecular nature of the OHC
motor was revealed (Zheng et al., 2000). The basic
strategy of this identification was based on the fact
that inner hair cells IHCs do not show somatic
electromotility but share many similarities with
OHCs. An OHC-IHC subtracted cDNA library was
created aiming to isolate the OHC-specific genes
that are abundantly expressed only in OHCs and
not in IHCs (Zheng et al., 2002a). The OHC motor
protein was identified in this library and named
prestin. Prestin is localized to the PM where the
motor was known to be located (Hallworth, Evans
& Dallos, 1993; Huang & Santos-Sacchi, 1993,
1994). When prestin was heterologously expressed in
several cell lines, the transfected cells exhibited
behaviors that are normally observed only in OHCs:
voltage-dependent NLC and shape changes (Zheng
et al., 2000); electro-mechanical reciprocality (San-
tos-Sacchi et al., 2001; Dong & Iwasa, 2004); tem-
perature sensitivity (Meltzer & Santos-Sacchi, 2001),
and mechanical force generation with constant
amplitude and phase up to a stimulating frequency
of at least 20 kHz (Ludwig et al., 2001). Ontogenic
expressions of the prestin gene (Zheng et al., 2000)
and prestin protein (Belyantseva et al., 2000a) are
the same as that of electromotility (He, Evans &
Dallos, 1994). In addition, the electromotile re-
sponses in prestin-transfected kidney cells can be
blocked by salicylate (Zheng et al., Oliver et al.,
2001), an inhibitor of somatic electromotility in
OHCs (Shehata, Brownell & Dieler, 1991; Tunstall
et al., 1995; Kakehata & Santos-Sacchi, 1996).
Furthermore, OHCs from prestin-null mice lack
somatic electromotility, and those mice also lose 40–
60 dB of hearing sensitivity (Liberman et al., 2002)
and lack frequency selectivity (Cheatham et al.,
2004). A splicing mutation in prestin gene causes
non-syndromic deafness (Liu et al., 2003).
Collectively, these results are consistent with the
idea that prestin is the motor protein of cochlear
OHCs.

Prestin�s Gene and Its Expression

Prestin belongs to a distinct anion transporter family
called solute carrier protein 26 (SLC26) (Zheng et al.,
2002b). At present, eleven members of this family
have been identified (Mount & Romero 2004). Several
proteins in this family, including prestin, are involved
in human diseases (for review, see Dawson and
Markovich, 2005). The human Prestin gene contains
21 exons crossing more than 90 kb in chromosome
7q22 (Liu et al., 2003), a location near to those of
other important SLC26 members, such as PDS
(SLC26A4) (Everett et al., 1997) and DRA
(SLC26A3) (Haila et al., 1998). The mouse Prestin
gene has 20 exons spanning nearly 55 kb in chromo-
some 5 (Zheng et al., 2003). Eighteen of these exons
code for prestin amino acids in both hPrestin and
mPrestin. Among coding exons, 12 exons are exactly
the same sizes as in other members of the SLC26
family, such as Pendrin, DRA and CFEX (Zheng et
al., 2003), indicating high homologies among these
genes. Several prestin isoforms have also been found
in different stages of human cochlear development
(Liu et al., 2003). However, these isoforms were not
found in mature mouse cochleae (Zheng and col-
leagues, unpublished data). The function of these pre-
dicted human prestin isoforms was not further
studied. Prestin mRNA was also found in testis, brain
and vestibular system through either RT-PCR or in
situ experiments (Adler et al., 2003; Zheng et al.,
2003). Anti-prestin labeling was found in the cyto-
plasm of vestibular hair cells, but not in the PM (Adler
et al., 2003). The behavior endowed by prestin, so-
matic motile activity, was never found in vestibular
hair cells (Adler et al., 2003). Overall, prestin is
abundantly expressed only in OHCs, where somatic
motile activity is observed. The time course of prestin
mRNA and protein synthesis in OHCs corresponds to
the emergence of somatic motile activity in OHCs
(Belyantseva et al., 2000a; Zheng et al., 2000). Fur-
thermore, a prominent longitudinal and radial gradi-
ent of prestin expression, ranging from base-to-apex
and first-to-third row of OHCs, was also observed
(Judice et al., 2002). Such tight regulation of prestin
mRNA expression is not fully understood. Thyroid
hormone was reported to regulate prestin mRNA
expression (Weber et al., 2002). In spite of the fact that
prestin�s promoter and other regulating regions have
not been precisely identified (Weber et al., 2002;
Zheng, Richter & Cheatham 2003), the prestin gene
has been modified to create transgenic mice that are
useful for studying hair-cell-specific gene targeting
(Tian et al., 2004).

Prestin is a highly conserved protein among dif-
ferent mammalian species. So far, the full-length
prestin protein has been identified from four species
including gerbil (Zheng et al., 2000), mouse (Adler
et al., 2003; Zheng et al., 2003), rat (Ludwig et al.,
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2001) and human (Liu et al., 2003). Among these
four, 92.7 % of amino acids are identical and 6%
show some similarity. Only 10 amino acids (1.3%)
were different as determined by the CLUSTALW
multiple alignment analysis (Thompson, Higgins &
Gibson 1994). Prestin-related SLC26 proteins were
also reported in non-mammalian vertebrates and in-
sects (Weber et al., 2002). The closest one
(AY278118) related to mammalian prestin was found
in the Zebrafish�s auditory organ. This prestin-related
gene has � 15 exons with 49.8% amino acids identical
to mammalian prestin. The function of Zebrafish
prestin is not fully investigated. The key question,
whether zPrestin demonstrates somatic motile activ-
ity, has not been answered yet. Therefore, whether
non-mammalian prestin has a similar function and
role in non-mammalian hearing needs further inves-
tigation.

Prestin Protein�s Structure and Its Modification

Prestin appears to share the overall structure and
specific protein domains of the SLC26 family: a
highly conserved central core of hydrophobic amino
acids (� 400 amino acids) predicted to form 10–12
transmembrane domains according to the topology
prediction programs chosen for the analysis (Oliver
et al., 2001; Zheng et al., 2001; Deak et al., 2005;
Navaratnam et al., 2005b). It is generally agreed that
Prestin can be divided into three domains: N-termi-
nus (�100 a.a,), hydrophobic core (�400 a.a.) inter-
acting with lipids of the PM, and C-terminus domain
(�240 a.a.) as shown in Fig. 2. Through immuno-
fluorescence experiments, the N- and C-termini were
shown to be located on the cytoplasmic side of the
PM (Ludwig et al., 2001; Zheng et al., 2001). The
‘‘sulfate transporter signature’’ is present in the
hydrophobic core, while a STAS (sulfate transporter
and antisigma-factor antagonist) motif (Aravind &
Koonin, 2000) is located in the C-terminus (a.a. 634–
710). There are two predicted N-glycosylation sites in
the hydrophobic core region: N163 and N166. While
two sets of experiments suggest that these two sites
are glycosylated, indicating that prestin is a glyco-
protein (Matsuda et al., 2004; Iida et al., 2003), there
are contrary data (Navaratnam et al., 2005b).

Aside from possible glycosylation, prestin can
also be phosphorylated by cGMP-dependent kinase
at S238 and T560 (Deak et al., 2005). Phosphoryla-
tion at these sites not only affects the operating
voltage range of prestin�s NLC (such as S238A), but
also significantly changes the slope of voltage
dependence (S238D) (Deak et al., 2005). There are
several other phosphorylation sites affecting prestin�s
function, such as PKC-dependent phosphorylation
(Matsuda et al., 2003). How these different phos-
phorylation sites cooperate with each other to

regulate motor function in vivo needs further inves-
tigation.

Prestin has 744 amino acids. The estimated size
of a prestin monomer is too small to form the 10-nm
particle originally found in the OHC�s lateral mem-
brane (Gulley & Reese 1977; Kalinec et al., 1992;
Santos-Sacchi et al., 1998). Hence, the possibility of
prestin�s oligomerization has been studied through
both genetic, biophysical and biochemical methods.
Data from FRET and FRAP experiments obtained
by several groups demonstrated that prestin can bind
to itself (Kural et al., 2004; Greeson, Organ &
Raphael 2005; Navaratnam et al., 2005b). In order to
investigate the possibility of higher-order oligomers,
we examined the quaternary structures of prestin by
LDS/PAGE, PFO/PAGE, a membrane-based yeast
two-hybrid system, and chemical cross-linker experi-
ments. Our data suggest that prestin forms a high-
order oligomer such as tetramer in OHCs (Zheng
et al., 2005b). Using a protein density calculation
method described by Fischer et al., (Fischer,
Polikarpov and Craievich 2004), we estimate a tet-
ramer of prestin transmembrane domains to be on
the order of �11 nm in diameter. Furthermore, 8–13
nm particles (likely to be prestin) were observed
through atomic force microscopy in prestin-trans-
fected CHO cells (Murakoshi, 2005). This size is
consistent with the motor protein complex observed
in the lateral membrane of OHCs (Gulley & Reese
1977; Kalinec et al., 1992; Santos-Sacchi et al., 1998).
How prestin forms tetramers and what amino acids
are involved in the formation of these structures is
still unknown, though N–terminal-based interactions
of prestin appear required for such homomeric rela-
tions (Navaratnam et al., 2005b).

Molecular Mechanism of Prestin Function

Prestin shows the greatest sequence similarity to
PAT1 (putative anion exchanger 1, SLC26A6)
(Dallos & Fakler, 2002). Based on early indications
that no anion transport was associated with prestin
function (Dallos & Fakler 2002), prestin was thought
to behave as an incomplete anion transporter. Thus,
although prestin demonstrates voltage-dependent
charge transfer manifest as NLC, other members of
the SLC26A family, such as SLC26A4 and SLC26A6,
do not show NLC under similar conditions (Zheng
et al., 2000; Oliver et al., 2001). How membrane
potential changes across the OHC membrane result
in conformational changes in prestin, corresponding
to its motor function, is not understood. In order to
find the voltage sensor of prestin, the nonconserved
charged amino acids (R, K, D and E) between prestin
and SLC26A6 in the hydrophobic core region were
changed to neutral amino acids as shown in Fig. 2.
However, all mutants continued to show NLC even
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though the parameter values in some mutants were
changed (Oliver et al., 2001; Bai et al., 2003). For
example, mutant D154N (grey dot) has V1/2 at )146.7
mV in contrast to )70 mV in wild-type prestin. There
are also negative and positive charge clusters in
prestin�s C-terminus, as shown in Fig. 2. Changing
charged amino acids in the C-terminus to either the
opposite charge (R, K fi D, E, D fi K) or a neutral
amino acid (Q), does not abolish NLC function either
(Oliver et al., 2001; Bai et al., 2003). It thus appears
that these charged amino acids in prestin do not play
a primary role as voltage sensors. Subsequent
experiments suggested that intracellular anions play a
crucial role either as extrinsic voltage sensors (Oliver
et al., 2001) or allosteric modulators of the voltage
sensor (Oliver et al., 2001; Rybalchenko & Santos-
Sacchi 2003). Chloride, in particular, has profound
effects on NLC and the motor�s operating voltage
range (Oliver et al., 2001; Song, Seeger & Santos-
Sacchi, 2005; Rybalchenko & Santos-Sacchi, 2003).
Most recently, prestin transfected into CHO cells has
been shown to exchange extracellular C14 formate for
intracellular chloride; this transport, which is blocked
by salicylate and DIDS, is competitively inhibited by
extracellular malate and chloride, but not sulfate
(Navaratnam et al., 2005a). Additionally, there is
evidence that prestin also provides electrogenic
transport of bicarbonate and chloride, and to trans-
port sugar (Chambard & Ashmore, 2003; Ashmore,
2005). This recently observed capability of prestin to
transport anions, and the ineffectiveness of anion
valence to alter the elementary charge movement
underlying NLC (Rybalchenko & Santos-Sacchi,
2003), seriously challenges the extrinsic voltage sen-
sor model (Oliver et al., 2001), and suggests that the
effect of anions on prestin activity results from allo-
steric modulation of the protein�s conformation
within the lateral membrane. The identity of the
charged voltage sensor, however, remains elusive.

Amino acids in the hydrophobic core are near
100% identical among human, mouse, rat and gerbil
prestin (only one amino acid is different). Since the
function of prestin is directly associated with an in-
crease and decrease of PM area (Kalinec et al., 1992;
Santos-Sacchi, 1993; Iwasa, 1994; Santos-Sacchi &
Navarrete, 2002), it is logical to assume that the
hydrophobic core (embedded in the membrane) is
more important for NLC than either the N- and C-
termini, since it alone should sense the membrane
field. Nevertheless, deletion of N- and C-terminus
sections has been shown to be lethal for prestin�s
function. In fact, deletions of more than 21 amino
acids at the N-terminus, or more than 32 amino acids
at the C-terminus result in loss of prestin function
(filled arrow in Fig. 2) (Navaratnam et al., 2005b).
There is conflicting evidence whether the loss of
function in truncated proteins is due to a lack of
membrane insertion (Zheng et al., 2005c) or other
causes (Navaratnam et al., 2005b). Replacing the C-
terminus of prestin (at position 515 or 644 indicated as
‘‘*’’ in Fig. 2) with the analogous C-terminus portion
of one of two closely related SLC26A proteins, Pen-
drin or PAT1, does not rescue the electrophysiological
function of prestin. However, these chimera mutants
are not delivered into the PM (Zheng et al., 2005c). In
addition, mutating some of the non-charged amino
acids in the C-terminus results in loss of electrophys-
iological function. Some of these mutants, e.g.,
Y520A/Y52A shown in Fig. 2, lose the ability to reach
the PM. Other mutants, e.g., V499G/Y501H, can
reach the PM; yet still lose function (Zheng et al.,
2005c). These data suggest that the C-terminus plays
an important role in both regulating membrane tar-
geting and overall prestin function (Zheng et al.,
2005c). Similar results are also found for the N-ter-
minus (Navaratnam et al., 2005b). Together, these
data suggest that both N-and C-termini play critical
roles for the motor protein�s function.

Fig. 2. Effects of mutated amino acids in

prestin sequence on prestin’s NLC function.

Open circles are the point mutants that

maintain prestin’s normal function. Black

dots are point mutants that produce total

loss of prestin’s function. Grey dots are

point mutants that maintain NLC but with

significant changes in properties such as

voltage dependence. Grey arrows indicate

truncation mutants (deleted at either the N-

terminus or C-terminus end) that maintain

prestin’s NLC function. Black arrows are

truncation mutants without NLC. Asterisks

mark positions where prestin-pendrin, and

prestin-pat1 chimeras were switched.
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Prestin-Associated Proteins

The PM of OHCs is enriched with protein compo-
nents. There is also a complicated structural network
underlying the PM, including a cortical lattice and
cisternal membranes. Although prestin is the key
player in somatic electromotility, evidence suggests
that other proteins are involved in modifying OHC
electromotility. The neurotransmitter acetylcholine
(Dallos et al., 1997; Kalinec et al., 2000) and sec-
ondary messengers such as cyclic GMP, can modify
OHC motor function (Szonyi et al., 1999). An aqu-
aporin-like protein has also been linked to OHC
motor function (Belyantseva et al., 2000b). Sugar
carrier Glut5 is associated with OHC length changes
in a voltage-dependent fashion (Geleoc et al., 1999),
Interestingly, Glut5 protein is absent in OHCs of
prestin knockout mice (Wu, 2004). The relationship
between prestin and Glut5 is still being investigated.

It is of interest to identify the prestin-associated
proteins. Several groups used the yeast two-hybrid
system to screen prestin-associated proteins. In this
system, the C-terminus of prestin was used as ‘‘bait’’
to identify prestin-associated proteins. Couplin was
first suggested as a novel protein that binds to both
prestin and actin (Dougherty et al., 2003). A tran-
scriptional represser, promyleocytic leukemia zinc-
finger protein (PLZP) was also identified as a protein
interacting with prestin in OHCs (Nagy et al., 2005).
PLZP gene produces a POZ/domain Kruppel-type
zinc-finger transcription factor reported to have pro-
apoptotic and anti-proliferative function. Currently,
it is not clear how and where PLZP may affect
prestin�s function. Other interacting proteins include
VCY2-IP1, whose sequence shows homology to
MAP1A and MAP1B, and the Na/K ATPase beta 1
subunit (Navaratnam et al., 2005c). Cystic fibrosis
transmembrane conductance regulator (CFTR) was
reported to activate several of the SLC26 family
membrane proteins including DRA, Pendrin and
PAT1 via interaction between the STAS domain of
SLC26 and the R domain of CFTR (Ko et al., 2004).
Prestin contains the conserved STAS domain like
other SLC26 family members. Preliminary data also
suggest that co-expressing CFTR with prestin in TSA
cells could enhance prestin�s function (Zheng et al.,
2005a). These observations indicate that the motor
does not normally act in isolation in the intact OHC
and indeed there are elaborate structural details
within the sub-membrane spaces. To be sure, the
motor must work in concert with these structures.

Development of Structural and Mechanical Charac-

teristics of the OHC

The OHC lateral wall is a unique trilaminate struc-
ture consisting of the PM, the cortical lattice, and

subsurface cisternae. Like the PM of other cell types,
the OHC PM has three main components: the lipids,
the proteins, and the glycocalyx. A high density of
integral membrane proteins in the lateral PM is one
of the distinguishing features of OHCs. When the
membrane bilayer is fractured using the freeze frac-
ture technique, a dense array of particles can be seen
on the inner surface of the cytoplasmic leaflet (Gulley
& Reese 1977). The particles are about 10 nm in
diameter and the packing density has been estimated
to be from 2500–3000/lm2 (Saito, 1983; Kalinec
et al., 1992; Santos-Sacchi et al., 1998) to as much as
7000/lm2 (Forge, 1991; Koppl, Forge & Manley,
2004). These values are much higher than those of
inner hair cells (1900–2800/lm2, (Koppl et al., 2004)),
non-mammalian hair cells (1880–2360/lm2, (Koppl
et al., 2004)) and axolemma of peripheral myelinated
fibers (1300–2500/lm2). The density of cochlear api-
cal and basal turn cells appears to be the same (Forge
& Richardson 1993). These particles in OHCs may
include many of the normal membrane proteins, such
as non–voltage-dependent ion channels and struc-
tural links with the cytoskeleton. However, it was
suggested the motor protein might account for a
major fraction (Kalinec et al., 1992), and as noted
above, it is likely that prestin multimers comprise
these structures. Indeed, when the PM of gerbil
OHCs between 2 and 16 days after birth (DAB) is
examined using replicas of the freeze fracture, the
particles are found to be present at low density at 2
DAB and increased in density from 2200/lm2 at 2
DAB to 4131/lm2 at 8 DAB, and continue to in-
crease in density until mature values are attained at
16 DAB (Souter, Nevill & Forge 1995). The increase
in density of the particles during this time period
matches the appearance and development of OHC
motility in the same species (He et al., 1994). Since
OHC somatic motility is required for normal hearing,
it might be expected that development of motility
would correspond in time to the development of
hearing. Both measures of OHC length changes and
NLC have been used to get at this issue.

To date, OHC motor development has been
studied in three species, namely, rat, gerbil and mouse
(He et al., 1994; Oliver & Fakler 1999; Belyantseva
et al., 2000a; Abe et al., 2005). In these species, slight
differences in the development of hearing are found.
Hearing onset and maturation in mouse are observed
at P10–12 and P18, respectively (Ehret, 1976; Steel &
Bock, 1980). In rats and gerbils, these periods are
somewhat extended, onset being P12 and P12–l4, and
maturation being P25 and P21 for rats and gerbils,
respectively. He et al., (l994) reported that the elec-
tromotile response elicited using a whole-cell micro-
chamber technique was detectable at P7 in cells from
the basal cochlear turn and at P8 from the apical
turn. All OHCs tested showed detectable responses at
P12 and the threshold of detectable response reached
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adult levels at about P12. Percentage ratios of maxi-
mal response amplitudes and cell lengths reached
adult levels of 1.3% at P15 in the basal turn and at
P17 apically. On the other hand, OHC cell length of
the apical turn continued to elongate until P17 with
decreasing cell width, while in basal cells only mini-
mal changes were found. In apical OHCs, voltage-
induced length change increased as the cell length
elongated. These results suggest that the density of
the motor in the longitudinal direction continued to
increase until maturation of somatic motility.

In the rat, NLC is detectable as early as P0 in
apical turn OHCs (Oliver & Fakler 1999). Oliver and
Fakler measured NLC from P0 to P14, demonstrat-
ing that NLC increased up to P14, the oldest day they
measured, while linear capacitance (Clin) showed
saturation between P3 and P11, but suddenly in-
creased from P13. Thus, the calculated value of
charge density displayed saturation after P11 because
Clin continued to increase after P11. The authors
concluded that motor protein density maturated at
P11 and that the increase in NLC after P11 was due
to an increase in membrane area containing the same
density of motor proteins. They further concluded
that characteristics of the OHC motor reach adult
level at the onset of hearing, P12, substantially before
the maturation of the hearing of P25 in rat. On the
contrary, the developmental time course of NLC and
intensity of immunolabeling of rat OHC lateral wall
with anti-prestin antibodies correlates well and ma-
tures at P17 (Belyantseva et al., 2000a).

Marcotti and Kros (1999) studied somatic
motility and capacitance of the OHCs from Swiss
CD-1 mice. They measured capacitance at a fixed
membrane voltage of )84 mV, and therefore could
not detect linear and nonlinear capacitance sepa-
rately. Total capacitance saturated beyond P16. All
the cells tested showed detectable motile response at
P12 (they recorded somatic electromotility at P6, 8, 9
and 12). In C57BL/6J mice, Abe and coworkers
measured NLC to investigate the development of
motor protein activity of apical OHCs each postnatal
day from P5 to P18 (Abe et al., 2005). It was found
that surface area or Clin of OHCs mature at p10,
whereas prestin activity – gauged as NLC – increased
until p18. These and other data (prestin qPCR) were
interpreted as evidence for a completed population of
prestin molecules within the PM early on, whereas
prestin function continues to mature, possibly
through heteromeric formations, changing chloride
sensitivity, establishment of other protein interactions
or phosphorylation effects. Such maturation may
correspond to ultrastructural particle formation in
the PM, as noted above. Of course, it should be noted
that the attainment of adult cochlear function
undoubtedly profits from a concerted developmental
contribution from a variety of cellular and acellular
structures that work with the motors.

OHC Stiffness, Forces and Lateral Wall Structure

Little is known of the lipid content of the PM in
OHCs, but it seems to include high levels of choles-
terol that may reduce its flexibility and fluidity
(Forge, 1991). Lipid lateral diffusion in the OHC PM
is a function of transmembrane potential and bathing
medium osmolality. Cell depolarization, hyposmotic
challenge, and amphipathic drugs reduce membrane
fluidity (Oghalai et al., 2000). The dynamic changes
in membrane fluidity may represent the modulation
of membrane tension by lipid-protein interactions.
This and the high protein content should mean that
the PM is relatively stiff. Indeed, the relatively high
stiffness of the PM is important for the expression
of somatic motility (Holley & Ashmore,1988a;
Tolomeo, Steele & Holley. 1996; He, Jia & Dallos
2003).

About 25 nm beneath the PM there is an elabo-
rate and highly structured cortical network called the
cortical lattice. The cortical lattice appears to be
composed of two distinct types of filament (Holley &
Ashmore 1990b; Holley, Kalinec & Kachar 1992).
The most obvious of these is the 6–7-nm diameter
actin filaments that follow a circumferential path
around the cell. Adjacent circumferential filaments
are from 30 to 80 nm apart, and they are held in
parallel arrays by thinner cross-links (2–3 nm in
diameter) that may appear single or branched. These
thinner cross-links appear to be spectrin (Holley &
Ashmore, 1990b). These arrays form discrete do-
mains that vary from just a few parallel filaments
only 200 nm long to at least 10 filaments of up to 1
lm long. Their mean angle to the transverse axis of
the cell is about 5�–15� with significant variability
((Kalinec & Kachar 1995; Holley et al., 1992; Holley
& Ashmore, 1990a). This wide range of orientations
suggests that the mechanical response of the OHC
lateral wall could be locally modulated. In this re-
gard, the OHC motor appears to be able to be
modulated by local stresses and conditions (Santos-
Sacchi, 2002). The Young�s modulus of the circum-
ferential filamentous components of the lattice were
calculated to be 1 · 107 N/m2. The axial cross-links,
believed to be a form of spectrin, were calculated to
have a Young�s modulus of 3 · 106 N/m2 (Tolomeo
et al., 1996). The lattice is sufficient to retain the
shape of the cell following demembranization and
mechanical deformation. The structure of the lattice
allows it to be described as a coiled helical spring but
with longitudinal stiffness primarily determined by
the crosslinks. The axial and circumferential stiffness
moduli for the cortical lattice measured in OHCs
without PM are 5 · 10)4 N/m and 3 · 10)3 N/m,
respectively (Tolomeo et al., 1996). Thus the cortical
lattice is a highly orthotropic structure. Its axial
stiffness is small compared with that of the intact cell,
but its circumferential stiffness is within the same
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order of magnitude. Direct measurements of longi-
tudinal stiffness indicate that the lattice contributes
only a fraction of the overall stiffness of OHCs
(Holley & Ashmore, 1988a; Tolomeo et al., 1996; He
et al., 2003). These measurements support the theory
that the cortical cytoskeleton directs electrically dri-
ven length changes along the longitudinal axis of the
cell. The cortical lattice is connected to the PM by
electron-dense ‘‘pillars’’ 7–10 nm in diameter and 25
nm long (Flock, Flock & Ulfendahl, 1986; Arima
et al., 1991) that are attached specifically to the cir-
cumferential filaments at intervals of about 30 nm
(Holley et al., 1992).

The lateral cisternae are a specialized and sub-
stantial fraction of the endoplasmic membrane within
the OHC (Gulley & Reese, 1977; Saito, 1983). They
form multiple, highly ordered layers that line the
lateral cytoplasmic surface of the PM (Gulley & Re-
ese, 1977). The number of layers and the morphology
of these membranes vary considerably among differ-
ent mammals, and between apical and basal turn
OHCs, and even at different regions of the same cell
(Fig. 3). In the guinea pig, as many as 12 layers have
been reported (Evans, 1990; Forge et al., 1993),
whereas in rats, only one layer is found in the apical
turn OHCs (Raphael & Wroblewski, 1986). Modeling
work suggests that the subsurface cisterna may
influence the electrical properties of OHCs (Halter

et al., 1997) A reduction in the width of the extra-
cisternal space decreases the whole-cell conductance
and capacitance. It is unclear whether the lateral
cisternae play an important role in the mechanism of
somatic motility (beyond that of structural mainte-
nance). Indeed, SSC are not required for normal
prestin activity, since disruption of the cisternae with
intracellular enzymatic treatments or expression into
cells lacking the SSC, shows unmodified NLC (Hu-
ang & Santos-Sacchi, 1994; Zheng et al., 2000).
Nevertheless, developmental studies show that the
appearance of the first layer of the cisternae (Pujol et
al., 1991; He, 1997) occurs at the same time when
neonatal OHCs begin to exhibit somatic electromo-
tility. The stiffness of the structurally irregular lateral
cisternae is very unlikely to contribute significantly to
that of the intact OHCs.

Under the influence of the cell�s turgor pressure,
the PM, the cortical lattice, and the subsurface cis-
ternae contribute to the global axial stiffness of
OHCs. The static axial stiffness of OHCs has been
measured by compressing the cell with a fine,
vibrating glass probe of known stiffness. The stiffness
value obtained by different studies from guinea pig
OHCs varies from 0.5 to 5 mN/m (Holley &
Ashmore, 1990a; Zenner et al., 1992; Gitter, Rudert
& Zenner, 1993; Hallworth 1995, 1997; Iwasa &
Adachi 1997; Ulfendahl et al., 1998; He & Dallos,
2000). Although the axial stiffness of OHCs varies
significantly among different studies, stiffness of short
OHCs from the basal turn is found to be much
greater than that of long OHCs from the apical turn
(Holley & Ashmore, 1988a; Hallworth, 1995; Russell
& Schauz, 1996). OHCs are capable of producing an
average maximum axial isometric (stall) force of �5
nN (He & Dallos 2000; Iwasa & Adachi, 1997). From
the number of molecules producing this force it can
be estimated that the individual molecular stall force
is on the order of 2.4 pN. In comparison, the stall
force of kinesin is 5–6 pN (Svoboda & Block, 1994).
The force generated per mV of command at the cell
membrane is estimated to be around 0.1 nN/mV
(Hallworth, 1995; Iwasa & Adachi, 1997).

Static stiffness and force of OHCs can also be
manipulated by various means (Hallworth, 1997).
Axial stiffness and electromotile forces are reduced by
65% when 5 mM salicylate is applied to the cell
(Russell & Schauz, 1996). Dallos et al. (1997) dem-
onstrated that delivery of the OHC�s efferent neuro-
transmitter acetylcholine (ACh) to the cell�s synaptic
pole also decreases the axial stiffness. Quinine at 5.0
mM concentration can also substantially affect the cell
mechanics and decrease active force generation in
isolated OHCs (Jarboe & Hallworth 1999).

While the axial stiffness ofOHCs has been studied,
relative stiffness of the lateral wall components is still
somewhat controversial. Some studies suggest that the
PM appears to be relatively stiff and may be the

Fig. 3. (a) An electron micrograph of a section of a guinea pig

organ of Corti showing two neighboring OHCs (separated by the

Nuel space), showing a ‘‘rippled’’ plasma membrane. Beneath the

PM is the continuous first sheet of subsurface cisternae. In places

where the pillars look intact, the PM appears to be flat, whereas its

bending is pronounced in regions where the pillars are disrupted

(b). Note the variability in appearance and number of cytoplasmic

cisternea, adjacent to the mitochondrion.
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dominant contributor to the axial stiffness of intact
cells (Holley & Ashmore 1990a; Tolomeo et al., 1996;
He & Dallos 1999; He et al., 2003), while a study by
Oghalai et al., (1998) indicates that the cortical lattice
may account for �70% of the axial stiffness. In addi-
tion, Adachi and Iwasa (1997) also show that diamide
can reduce the axial stiffness of OHCs by 65%. Dia-
mide presumably affects spectrin in the cortical lattice.
Functionally, the stiffness of the PM must be at least
within the same order of magnitude as that of the rest
of the cell cortex. If it were not sufficiently stiff, most of
the energy associated with conformational change of
the motor protein would be stored in the PM itself as
strain energy, whereas a stiffer cell cortex would resist
the deformation. With the PM dominating the lateral
wall stiffness, one hypothesis to explain OHC force
coupling is the cytoskeletal spring model proposed by
Holley and Ashmore (1988). In this model the molec-
ular motors rest within the PM, and the cortical lattice
is less stiff than the PM. When the motors change in
dimensions, they push against themselves and their
surrounding phospholipids, summating their forces
and creating cell length changes. Hence, by this model,
force coupling occurs within the PM because the PM
has a high stiffness. An alternative possibility, sug-
gested by Iwasa (1994) and further discussed by Tol-
omeo et al. (1996), is that motors in the PM transmit
their force down the pillars to the cortical lattice, which
then orients the forces. Because an equal and opposite
force would be required to hold the motors in place
within the PM, the PMmust be stiffer than the cortical
lattice in this theory, as well.

He and Dallos (1999, 2000) discovered that the
axial stiffness of isolated OHCs is also voltage-
dependent. They showed that cell stiffness increases
upon hyperpolarization and decreases when the cell is
depolarized. The stiffness change can be quite large —
on the order of 100%. The stiffness change and so-
matic electromotility appear to co-vary if manipulated
(He & Dallos, 2000). The general covariance of stiff-
ness and length changes suggests that they may arise
from a common mechanism, the motor protein
(He et al., 2003). Existing standard area models
(Iwasa, 1994, 2000) of OHC somatic electromotility
do not automatically yield stiffness changes of the
type that He and Dallos (1999, 2000) observed. Two
generic models (Dallos & He, 2000) have been pro-
posed to explain both phenomena via a single mech-
anism. The first model assumes that molecular motors
change both their axial dimension and stiffness upon a
voltage-dependent conformational shift. In the sec-
ond model, only a stiffness change is associated with
elementary motors. Corresponding cell-length change
is obtained if the quiescent cell is preloaded so that in
its resting state it is shorter than its natural length.
This model suggests that somatic motility may simply
be a consequence of stiffness change. This would then
render voltage-dependent stiffness the primary

mechanism, with length change being an epiphe-
nomenon (He & Dallos, 1999).

Honing in on the Role of the Cortical Actin-Spectrin

Cytoskeleton in OHC Somatic Motility

A well-known paradigm establishes that even the
simplest support system must be adapted to resist
tension, compression and bending, three very differ-
ent kinds of forces (Wainwright et al., 1982). The
relative amount of each type of force, together with
its intended function, will determine the particular
support system for a given cell type. Cell�s shape, in
turn, will largely be an expression of this mechanical
support system. Cochlear OHCs are a unique exam-
ple of this paradigm.

OHCs possess a hydraulic support system con-
sisting of a fluid under pressure (the cytoplasm), which
acts as a compression-resisting component, and the
container, which only resists tension (Brownell, 1990).
Like OHCs, organisms with a fluid support system are
either cylindrical or subcylindrical (Wainwright et al.,
1982). However, while the walls of plant cells are rigid
enough to support the cylinder at zero pressure, ani-
mal hydrostats are flabby and collapse without a po-
sitive internal pressure (Wainwright et al., 1982). For
a cylindrical vessel closed at its ends— like an OHC—
the stress in the longitudinal direction is

rL ¼ pR=2t ðt ¼ membrane thickness;

p ¼ external cell radiusÞ:

The stress in the circumferential direction, in turn, is

rH ¼ pR=t ¼ 2rL

This means that if slight increases in internal pressure
are not to cause disproportionate increase in body
diameter, the cylinder wall must be reinforced in order
to control the change of shape with changes in pres-
sure. Because of that, lateral walls in pressurized cells
are usually reinforced by helically oriented fibers. This
is precisely the case in OHCs.

As noted above, OHCs posses a membrane
skeleton — the cortical lattice (CL) — composed
of relatively long, helically oriented actin filaments
cross-linked by spectrin tetramers (Holley &
Ashmore 1990a; Holley et al., 1992; Holley, 1996).
The cortical actin-spectrin cytoskeleton is a structure
common to every known cell population, although its
molecular organization, extension and function are
cell-specific.

Red blood cells (RBCs) and OHCs, in particular,
expose two extreme cases of the functional adaptation
of this structure. RBCs, like OHCs, possess a very well
developed cortical actin-spectrin cytoskeleton (Ben-
nett, 1990; Matsuoka, Li & Bennet, 2000; Bennet &
Gilligan 1993). However, because of the particular

D.Z.Z. He et al.: Outer Hair Cell Membrane 9



mechanical requirements in each case, they are struc-
turally different. HealthyRBCs are highly deformable,
a crucial requirement for cells that need to flow
smoothly along very narrow capillary vessels. Conse-
quently, the cytoskeleton is composed of five or six
spectrin molecules linked to very short actin filaments,
forming a highly flexible ‘‘spider-web’’ sheet underly-
ing the plasma membrane. This arrangement ensures
that any stress, in any direction, will actually be re-
sisted by the highly deformable spectrin molecules
rather than the practically inextensible actin filaments.
In OHCs, in contrast, the cytoskeleton must primarily
provide mechanical stability to the cells, and defor-
mations are desirable only in the longitudinal direction
and in a controlled way. This is provided by orienting
the very long actin filaments in a near circular pattern
and the spectrin molecules near parallel to the OHC�s
longitudinal axis, facilitating the cell�s changes in
length while maintaining the cylindrical shape. Inter-
estingly, the connection between spectrin abundance,
localization and particular spatial orientation in
OHCs and one of the non-structural functions of these
molecules has not been explored yet. Spectrin mole-
cules have been described as ‘‘protein-sorting ma-
chines’’ that sort the proteins to be incorporated in
plasma membranes (Beck & Nelson 1996), as well as
‘‘protein accumulators’’ because they can trap and
stabilize particular protein species at specific points on
cell surfaces (Hammarlund, Davis & Jorgensen, 2000;
Moorthy, Chen &Bennet, 2000; Dubreuil et al., 2000).
Thus, spectrin could be involved in the sorting, accu-
mulation and organization of prestin molecules in the
lateral plasma membrane of OHCs and, consequently,
in the genesis of the OHC�s motor action.

The orientation and mechanical properties of the
circumferential filaments and their cross-links could
determine the nature of the shape changes observed
in isolated cells (Holley and Ashmore 1988a). Wain-
wright and co-workers (Wainwright et al., 1982)
mentioned as one of the ‘‘design principles for bio-
logical structural systems’’ that: ‘‘Thin-walled cylin-
ders are most effectively reinforced against explosion
and buckling by crossed-helically wound fibers. As the
cylinder changes shape, the fiber angle changes. For
instance, if the cylinder becomes short and fat the angle
increases, and vice-versa.’’ In a closed, fiber-wound
cylinder like an OHC, the circumferential and longi-
tudinal stresses will be balanced when the fiber angle
is 35� 16¢ with respect to the transversal axis of the
cell (55� 44¢ with respect to the longitudinal axis
(Clark & Cowey 1958; Wainwright et al., 1982)

rH=rL ¼ 2 ¼ ½tan2ð35�160Þ�	1

For angles smaller than 35�16¢, a given increase in
pressure would produce an even larger increase in rH

than in rL. For angles bigger than 35� 16¢, the
opposite will be true. Interestingly, cell volume would

be maximum for a fiber angle of 35� 16¢, and would
decrease for smaller or larger angles (Clark & Cowey,
1958; Wainwright et al., 1982). Therefore, the near
inextensible actin filaments should be forming an
angle smaller than 35� with the transversal axis of the
cell in order to keep the cell cylindrical. It should be
noted that a mechanism capable of controlling the
angle of the helically oriented actin filaments could
preserve the OHC�s cylindrical shape and at the same
time modulate the amplitude of OHC motility by
regulating the longitudinal component of the mem-
brane-generated forces, cell stiffness, and membrane
tension.

The question, of course, is which could be the
mechanism capable of dynamically controlling the
angle of actin filaments in the OHC cortical cyto-
skeleton. The answer could be in the modular orga-
nization of this structure.

The pillars have an important role in the recently
proposed ‘‘membrane bending model of outer hair
cell motility’’ (Raphael, Popel & Brownell 2000;
Oghalai et al., 2000; Brownell et al., 2001; Morimoto
et al., 2002). This model is based on the following
three considerations (Raphael et al., 2000):

1. Membranes are thin structures in which bending
deformations play a pivotal role in the response to
external forces.

2. Membranes are liquid crystals and exhibit flexo-
electricity.

3. The plasma membrane and the cytoskeleton are
tightly associated.

Clearly, consideration number 3 is absolutely depen-
dent on the presence as well as the structural and
functional properties of the pillars. In addition, there
are two points that, in our opinion, deserve a more
detailed discussion. The first and third considerations
should always be put in the context of the molecular
scale of the OHC lateral wall. In many publications,
either the membrane is represented thinner than the
CL and/or the separation between the pillars is
exaggerated. Although a conventional lipid bilayer
may be modeled as �8 nm-thick, a normal plasma
membrane also includes a high concentration of
integral membrane proteins and glycoproteins — with
entire hydrophilic regions protruding from both sur-
faces of the bilayer — as well as plenty of extrinsic
proteins adsorbed to the cytoplasmic side of the bi-
layer with strong interactions with plasma membrane
lipids, proteins or both. Without considering the
membrane glycocalyx — which in OHCs could be at
least 100–200 nm thick — the actual thickness of a
typical plasma membrane should be realistically as-
sumed to be � 25 nm. This value is more than twice
the pillar�s diameter, thrice the CL thickness, and
nearly identical to the average separation between
pillars along the actin filaments! From that point of
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view, plasma membranes are hardly ‘‘thin structures’’,
and membrane bending would not be an easy task.

However, a significant increase in the distance
between pillars — together with a positive cell turgor
— could make a significant difference in the mechan-
ical properties of the OHC lateral wall. For instance,
as already emphasized by Brownell and coworkers,
electron microscopy images of the OHC lateral wall
frequently show a plasma membrane ‘‘rippling’’ (Fig.
3 a). A careful study of this membrane rippling,
however, suggests that it is associated with regions of
the lateral wall where the pillar-mediated connection
between the CL and the plasma membrane is dis-
rupted (Fig. 3b). Moreover, experiments with activa-
tors and inhibitors of RhoGTPases, which control the
dynamics of the cytoskeleton, indicate that the
extension and size of membrane rippling is correlated
to the integrity of the pillar system (Kalinec et al.,
unpublished). Thus, not only the transmission but even
the generation of forces in the OHC plasmamembrane
by prestin molecules and/or flexoelectricity could be
somewhat regulated by the association between the
plasma membrane and the CL via pillars.

It is clear, then, that some data suggest that the
structure of the CL, the orientation of actin and
spectrin molecules, and the integrity of the pillars
could be important for the OHC electromotile re-
sponse. We did not mention, however, how the CL
structure, actin and spectrin molecular orientation,
and pillar-mediated PM-CL connection — and con-
sequently OHC somatic motility — could be regu-
lated. From numerous studies in other cellular
systems, it is currently accepted that the organization
and dynamics of the cytoskeleton and associated
molecules is mainly regulated by small GTPases of the
Rho family (Van Aelst & D�Souza-Schorey,1997;
Hall, 1998). The existence of a cellular mechanism of
homeostatic control of OHC motility involving small
GTPases of the Rho family and Rho-mediated cyto-
skeletal changes has been already suggested (Kalinec
et al., 2000). It has also been demonstrated that the
molecular machinery underlying this mechanical
homeostatic process requires the activation of Rho-
Kinases (ROCK) as well as ROCK-dependent and
ROCK-independent signaling pathways downstream
RhoA and Racl (Zhang et al., 2003).

A potential problem with experiments aimed at
elucidating the role of the cytoskeleton in the regu-
lation of OHC somatic electromotility is that the re-
sults could be ‘‘contaminated’’ with slow, prestin-
independent motile responses. For example, since
electromotile amplitude is proportional to OHC total
length, changes in the performance of the prestin-
dependent mechanism could be exacerbated — or
masked — by changes in total cell length. Recently
reported studies, however, described a simple ap-
proach — based on continuous measurement of
changes in cell length and longitudinal section area —

to evaluate the individual contribution of prestin-
dependent and prestin-independent mechanisms to
the total motile response of OHCs (Matsumoto &
Kalinec, 2005). It was demonstrated that if the rela-
tive change in OHC length (L) during the motile re-
sponse is expressed as L = A2 · V)1 (with A and V
being the relative changes in longitudinal section area
and volume, respectively), A2 will describe the con-
tribution of the prestin-dependent, while V)1 will
describe the contribution of the prestin-independent
mechanisms. Thus, relative changes in any two of
these cellular morphological parameters (L, A or V)
would be necessary and sufficient for characterizing
any OHC motile response. This simple approach may
become an important tool for increasing our under-
standing of the cellular and molecular mechanisms of
OHC somatic motility.

Putting the OHC into Action

It is certain that the evolution of the OHC was
designed to enhance basilar membrane motion in
order to amplify the mechanical input to the IHC,
thereby providing improved hearing capabilities for
mammals, which must register high-frequency
sounds. The apparent voltage-dependent nature of
OHC somatic electromotility necessarily encumbers
the effectiveness of the presumed stimulus — voltage
— in driving high-frequency mechanical activity.
This conundrum derives from the low-pass filter
effect of the cell�s plasma membrane (Santos-Sacchi,
1992; Santos- Sacchi, 1989). Consequently, receptor
potentials generated by stereociliary transduction
elements will be reduced at high acoustic frequency,
resulting in diminished feedback into the basilar
membrane. In addition to the several proposals ad-
vanced to explain how the OHC might deal with
this difficulty (Santos-Sacchi et al., 1998; Kakehata
and Santos-Sacchi, 1995; Dallos & Evans, 1995;
Spector et al., 2003), a stretch-and voltage-activated
conductance in the lateral membrane of the OHC,
GmetL, was recently shown to be permeable to
chloride anions (Song et al., 2005; Rybalchenko &
Santos-Sacchi, 2003). Because the state of prestin is
sensitive to the concentration of chloride near the
inner leaflet aspect of prestin, chloride itself by
fluctuating across the membrane could ‘‘gate’’ motor
activity in a manner which circumvents the low-pass
membrane characteristic (Rybalchenko & Santos-
Sacchi, 2003; Santos-Sacchi, 2003). Whether such a
scheme works in vivo remains to be determined.
Nevertheless, we have recently found that modulat-
ing extracellular chloride levels in the perilymph
bathing OHCs in the living animal (or other
manipulations that alter the chloride gradient across
the OHC membrane) can drastically alter cochlear
amplification in a reversible manner (Nuttall, Zheng
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& Santos-Sacchi 2005, Santos-Sacchi et al., 2006).
Because intracellular chloride activity is below 10
mM (Santos-Sacchi & Song 2005), and perilymph is
about 140 mM, modulation of the chloride gradient
could alter the gain of the cochlear amplifier. In
fact, changes in intracellular chloride concentration
(Song et al., 2005) shift the operating voltage range
of somatic electromotility. However, independent of
how modulation occurs, it is clear that anions play a
powerful physiological role in vivo.

Summary

In an attempt to expand on the pioneering work of
the latter part of the last century, a feverish quest
continues to uncover the events that lead to cochlear
amplification in mammals. The role of the OHC is
certainly paramount, and we now have identified
many of its membrane constituents that form the
basis of the cell�s unique contribution. As this review
intimates, the motor protein prestin and its interac-
tion with other players within and beneath the plas-
ma membrane drive the cell�s augmentation of
mammalian hearing acuity. Nevertheless, we are far
from understanding the full complement of cellular
elaborations that define the cell�s mechanical capa-
bilities, Surely, the next quarter century will tell more.
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Mapping the Distribution of the Outer Hair Cell Motility Voltage Sensor by
Electrical Amputation

Guojie Huang and J. Santos-Sacchi
Sections of Otolaryngology and Neurobiology, Yale University School of Medicine, New Haven, Connecticut 06510 USA

ABSTRACT The outer hair cell (OHC) possesses a nonlinear charge movement whose characteristics indicate that it rep-
resents the voltage sensor responsible forOHC mechanical activity. OHC mechanical activity is known to exist along a restricted
extent of the cell's length. We have used a simultaneous partitioning microchamber and whole cell voltage clamp technique to
electrically isolate sections of the OHC membrane and find that the nonlinear charge movement is also restricted along the cell's
length. Apical and basal portions of the OHC are devoid of voltage sensors, corresponding to regions of the cell where the
subsurface cisternae and/or the mechanical responses are absent. We conclude that the physical domain of the motility voltage
sensor corresponds to that of the mechanical effector and speculate that sensor and effector reside within one intra membranous
molecular species, perhaps an evolved nonconducting or poorly conducting voltage-dependent ion channel.

INTRODUCTION

The peripheral auditory system is responsible for the initial
decoding of spectral information within acoustic stimuli. In
the mammal, frequency selectivity and sensitivity afforded
by Bekesy's basilar membrane traveling wave is enhanced by
a metabolically labile process which involves one of the two
types of sensory cells which populate the organ of Corti, the
outer hair cells (OHC). Following the discovery of electri-
cally induced OHC motility (Brownell et al., 1985), evidence
has accumulated that the mechanical activity of the OHC
alters basilar membrane motion in such a way as to enhance
the tuning characteristics of inner hair cells and eight nerve
fibers (Ruggero, 1992).
OHC motility is transmembrane voltage-dependent

(Santos-Sacchi and Dilger, 1988; Iwasa and Kachar, 1989).
Hyperpolarization elongates and depolarization shortens the
cylindrically shaped cell. The mechanism underlying this
shape change which can occur at acoustic frequencies is un-
known. However, it is not based on typical cellular mecha-
nisms of motility (Kachar et al., 1986; Santos-Sacchi and
Dilger, 1988; Holley and Ashmore, 1988). In fact, recent
evidence indicates that the force generating mechanism may
reside within the plasma membrane itself, possibly corre-
sponding to 8-10-nm intramembranous particles observed
ultrastructurally in the lateral plasmalemma (Kalinec et al.,
1992).

Nonlinear charge movement in the OHC, which is be-
lieved to be indicative of a motility voltage sensor, has been
studied (Ashmore, 1989, 1992; Santos-Sacchi, 1990, 1991a,
1992), and many characteristics of the mechanical response
and charge movement coincide. Recently, Dallos et al.
(1991) have utilized a partitioning microchamber to map the
distribution of the mechanical response along the length of
the cylindrical OHC, and found that it resides within a central
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region, roughly corresponding to the extent of the subsurface
cistemae, an intracellular membranous system lying beneath
the plasma membrane. Ashmore (1992) presented prelimi-
nary evidence that the nonlinear charge movement measured
in cell-attached patches exists on the lateral portion of the
cell, but is absent on the basal end. We have evaluated the
extent of the motility voltage sensor using a combined mi-
crochamber and whole cell voltage clamp technique which
enables us to electrically amputate portions of the OHC. We
conclude that the distribution of the motility voltage sensor
corresponds to the extent of the mechanical responses ob-
served with the partitioning microchamber (Dallos et al.,
1991), that is, that sensor and effector mechanisms colocal-
ize.
A preliminary account of this work has been presented

(Santos-Sacchi and Huang, 1993).

MATERIALS AND METHODS

General
Guinea pigs were overdosed with halothane. The temporal bones were re-
moved, the apical two turns of the organ of Corti were microdissected free,
and OHCs were isolated enzymatically with collagenase (0.3 mg/ml for 10
min followed by gentle reflux through a tapered polyethylene pipette tip)
in Medium 199 with Hanks' salts (GIBCO). The cell-enriched supernatant
was then transferred to a 700-,ul perfusion chamber, and the cells were
permitted to settle onto the cover glass bottom. All experiments were per-
formed at room temperature (-23°C). A Nikon Diaphot inverted micro-
scope with Hoffmann optics was used to observe the cells during electrical
recording. Experiments were videotaped. A modified Leibovitz medium
(100 mM NaCl, 5.37 mM KCl, 2.0 mM CoCl2, 1.48 mM MgCl2, 20 mM
tetra ethyl ammonium, 2 pgM tetrodotoxin, 20 mM CsCl, 5.0 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid, 5.0 mM dextrose, pH 7.2)
was used in order to block ionic conductances (outward and inward K+,
Ca2+, Na+) which might otherwise interfere with capacitive current meas-
ures. OHCs maintained normal appearance in this solution for up to an hour.
Osmolarity was adjusted to 300 mOsm with dextrose.

Electrical Recording
OHCs were whole cell voltage-clamped with a Dagan 8900 patch clamp
amplifier at a holding potential of -80 mV, similar to the potential recorded
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in vivo (Dallos et al., 1982). Pipette solutions were composed of 140 mM
CsCl, 10mM EGTA, 5 mM tetra ethyl ammonium, 2 mM MgCl2, and 5 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffered to pH 7.2. Os-
molarity was adjusted to 300 mOsm with dextrose. Gigohm seals were
obtained either at the nuclear level of the cell membrane or just beneath the
cuticular plate depending upon experimental intent; electrode capacitance
and series resistance were compensated prior to whole cell recording. A
modified version of Clampex (Axon Instruments, CA) utilizing the Lab-
master board was used to collect data which were saved to disk for off-line
analysis. Current was filtered at 5 kHz with an eight-pole Bessel filter.

Determination of nonlinear capacitance

The electrical characteristics of the voltage-clamped OHC when ionic con-
ductances are blocked can be modeled most simply as an electrode resistance
(access resistance, Rs) in series with a parallel combination of a membrane
resistance (Rm), a linear membrane capacitance (Clin), and a voltage-
dependent membrane capacitance (Cv) (Fig. 1 A). The total membrane ca-
pacitance (Cm) at any given voltage is the sum of the linear and nonlinear
capacitances,

Cm = C, + Cli., (1)

R.

vc Cm

Rm C

I~~~~~~~~~~~~~~~~~~~~---(4 ---------

where C,, which results from the nonlinear charge movement associated
with the motility voltage sensor, is defined as the first derivative of
the two-state Boltzmann function (Qv = Qmaxl(1 + exp( -ze
(Vm - Vh)/kT)) which has been shown to adequately relate OHC nonlinear
charge movement and membrane voltage (Cv = dQv/dVm; see Santos-
Sacchi (1991a)). Thus,

( ze
VQmaxkT

exp
ze

k{V - VI})[ 1 + exp ( kT{Vmz -Vh})1
Cv

where Vm is the membrane potential, Vh is voltage at half-maximal nonlinear
charge transfer, e is electron charge, k is Boltzmann's constant, T is absolute
temperature, z is the valence, and Qmax is maximum nonlinear charge trans-
fer. Fits of the measured capacitance data with this equation permit the
estimation of nonlinear charge characteristics, similar to measures of these
characteristics determined by subtraction techniques (e.g., P/-4) which have
been utilized previously (Santos-Sacchi, 1991a).

The method employed to estimate membrane capacitance (Cm) and series
resistance (R,) is based on a linearized circuit at small excitation voltage
steps (Vj). It is robust despite filter settings and accurately takes into account
the effects of series resistance on capacitance measures (Santos-Sacchi,
1993).

For each response at a given step voltage (Fig. 1, b and c; see Appendix),

Cm (= (3)

(Rm )Vc

QRin + TV (4)

where

Rin = Rm + Rs, (5)

the input resistance readily obtained at steady state. Vc is the raw command
voltage. The time constant (T) is a single exponential fit to the decaying
capacitive current induced by the voltage step, and the charge (Q) is ob-
tained by integration (Fig. 1 D). Eq. 3 had been identified and used by
Mathias et al. (1981) to evaluate alternative explanations of nonlinear gating
charge movement. It is the proper evaluation of cell capacitance for the cell
model when the ratio of Rs and Rm does not approach zero. In this report,

voltage and charge were corrected for residual series resistance effects.
Furthermore, to account for voltage step size, the voltages used in the fits
of the capacitance data to Eq. 1 were taken to be the corrected voltage prior
to the step plus one-half the corrected step voltage, i.e., the average voltage,

C

c

2 ms

D

FIGURE 1 (A) Schematic of the OHC under voltage clamp. R,, series
resistance; Rm membrane resistance; Cm, membrane capacitance composed
of the parallel combination of a voltage-dependent capacitance (Cv) and
linear capacitance (CWH). (B) Voltage stair protocol. Holding potential was
-80 mV. (C) Typical current record obtained from an OHC. For illustration,
only one transient response is fitted to the extent of ten times its time con-

stant. (D) Data and single exponential fit from above with expanded time
scale. Charge was determined by integration of the shaded region.

as is predicted through modeling. All data analysis was performed with the
software package MATLAB (Mathworks, Natick, MA). Fits of the data to
Eq. 1 were made with the Nelder-Mead simplex algorithm.

The voltage protocol was a stair stimulus (2048 pts) whose nominal step
size was 10mV (Fig. 1 B), and whose step length was automatically adjusted
to 10 times the previously determined time constant at the holding potential
of -80 mV. Current records are averages of 20 collections. Since the time
constant at each step potential is influenced by the OHC's nonlinear ca-

pacitance and any residual nonlinear leakage conductance, it was impossible

(2) ....L-
..L- ,

k-

u0o
60

20 m
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to guarantee that the decaying current trace would reach steady state for each
step potential (Fig. 1 C). In order to overcome this limitation, the length of
the exponential fit was extended to 10 times the fitted time constant and the
fit was used for Q determination. The exponential fit was not extended back
to zero onset time but only to peak current time. However, integration was
performed back to zero onset time, utilizing pre-peak data points (Fig. 1 D).
The position of peak current is due to the filtering effects of the clamp
amplifier, and, as such, charge should be redistributed in time but not
reduced.

RESULTS

OHCs possess a membrane capacitance which depends upon
transmembrane voltage. In addition, despite efforts to block
nonlinear voltage-dependent conductances, a residual non-
linearity remains. Fig. 2 illustrates the voltage dependence of
the membrane capacitance and demonstrates the necessity of
correcting for series resistance effects. In this example, a cell
was chosen for which the series resistance and membrane
resistance were relatively high, 27 and 281 Mohm, respec-
tively (ratio of 0.096). Consequently, the time constants of
the capacitive current decay are very large at potentials where
the voltage-dependent capacitance is greatest. The series
resistance-corrected membrane capacitance (Fig. 2, solid
downward triangles) is plotted as a function of membrane
voltage and fitted (solid line) with Eq. 1. The open downward
triangles represent apparent capacitance estimates (Q/Vc),
i.e., no series resistance corrections were made. Note the
large differences in magnitude and voltage dependence be-
tween membrane and apparent capacitance. For comparison,
the upward triangles represents a model simulation (that of
Fig. 1 A) utilizing the parameters obtained from the fit to the
corrected membrane capacitance data and a linear average
membrane resistance. It is clear that the membrane capaci-
tance estimates of the model and the data superimpose, how-

60
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FIGURE 2 voltage-dependent capacitance of guinea pig OHC. Closed
symbols indicate the membrane capacitance at each voltage step after cor-
rection for series resistance effects. Biophysical data (downward triangles),
electrical model using fitted parameters of the biophysical data and a linear
membrane resistance (upward triangles), model incorporating residual non-
linear membrane resistance of the biophysical data (circles). The solid line
through these data points is a fit with Eq. 1 of the biophysical data (Vh,
-27.33 mV; z, 0.829; Qma, 2.66 pC; Cli,,, 23.24 pF). The open symbols
depict the apparent capacitance (Q/Vc) at each step, i.e., no series resistance
corrections were made. The solid line through these data points is a fit with
Eq. 1 of the biophysical data (Vh, -23.97 mV; z, 0.667; Qm,,x 3.89 pC; Clin,
14.75 pF). Note the requirement for series resistance correction in order to
obtain correct estimates of the membrane capacitance.

ever, apparent capacitance estimates differ somewhat. Fi-
nally, the circles illustrate results when the nonlinear leakage
conductance found in the biophysical data is included. Again
the corrected capacitance data closely corresponds to the bio-
physical data, but now the apparent capacitance does as well.
Simply modeling the cell with only a nonlinear leakage con-
ductance does not generate an artifactual voltage-dependent
capacitance. This exercise demonstrates that the method for
estimating membrane capacitance (filled symbols in Fig. 2)
is robust despite the existence of residual nonlinear leakage
conductance and indicates that the correction for series re-
sistance is required to obtain accurate estimates of membrane
capacitance.
An additional 12 cells were recorded from in which the

ratio of series resistance to average membrane resistance was
fairly low, namely 0.057. Fits to the data indicate that the
average maximum nonlinear charge transfer (Qmax) is 2.4 pC
per cell, with a valence (z) of 0.92. This corresponds to a peak
nonlinear capacitance of 21.55 pF at -34.8 mV, riding upon
a linear capacitance of 22.7 pF. The linear capacitance cor-
responds to the estimated whole cell surface area (based on
a cylindrical model of the OHC) with the ratio of about 0.01
pF/4Lm2 (Fig. 3; however, see Discussion). It should be noted
that nonlinear charge movement similar to that representing
the motility voltage sensor is not demonstrable in supporting
cells and is measurable in OHCs from species other than the
guinea pig, e.g., mouse (Fig. 4).

In order to determine whether the motility voltage sensor
is distributed within a restricted region of the OHC, a double
voltage clamp protocol using two independent clamp am-
plifiers was employed. That is, utilizing the partitioning mi-
crochamber of Evans et al. (1989), in combination with
whole cell voltage clamp we are able to electrically amputate
that portion of the OHC housed within the chamber (Fig. 5).
When identical voltage clamp stimuli are simultaneously de-
livered to the microchamber and the cell interior, only that
portion of the membrane outside the chamber is excited.
The efficiency of this amputation technique is dependent

upon the seal (shunt resistance, Rsh) which the microchamber
makes with the OHC. This is illustrated in Fig. 6, where an

30
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FIGURE 3 Linear capacitance (Clin) versus estimated surface area of
OHCs for nine cells.
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FIGURE 4 (A) Nonlinear membrane capacitance of a mouse OHC as a
function of membrane potential. Mechanical responses were observed as
well. (B) Membrane capacitance of a mouse Deiters cell demonstrates no
voltage dependence.

electrical model of the double voltage clamp is evaluated
with a model cell partitioned half-way. It is shown that when
the shunt resistance is zero (or the chamber voltage is
clamped to zero, i.e., ground), the system performs as a
simple whole cell voltage clamp, measuring the parallel com-
bination of the internal and external membrane capacitance.
A shunt resistance above 5-10 Mohm, which is typical with
the technique, provides good estimates of only the external
membrane capacitance. By altering the partitioning of an
OHC, it is possible to measure changes in linear and non-
linear capacitance utilizing the voltage stair protocol.

Fig. 7 presents the results from an individual OHC for
which it was possible to obtain capacitance measures under
three partitioning conditions and the whole cell condition. As
the cell is extruded from the chamber, both the linear and
nonlinear capacitance increase, because increasingly more
membrane is exposed to the voltage stimulus (Fig. 7 A).
Under the assumption that the change in linear capacitance
and nonlinear charge (or nonlinear capacitance) is colinear
as a function of cell extrusion, that is, that the voltage sensors
are evenly distributed within the membrane, a linear fit to the
partition data points provides evidence for the existence of
a restricted, voltage-sensing region within the OHC (Fig. 7
B). The motility data of Dallos et al. (1991) indicates that the
motor elements are evenly distributed along the length of the
cell. It is likely, therefore, that motility voltage sensors are
as well. The linear fit indicates that when the nonlinear
charge movement (Qmax) reaches zero, linear capacitance is
still measurable. That is, as the extent of cell inclusion is
increased, a point is reached where nonlinear capacitance is
absent, but linear capacitance exists and would continue to
decrease with further inclusion. Similarly, as the cell is ex-
truded, Qmax reaches a maximum but linear capacitance con-

i

FIGURE 5 (A) Photomicrograph of a guinea pig OHC under double volt-
age clamp condition. Basal region of cell is within microchamber, and whole
cell recording is established at the apical region. Scale is 20 ,um. (B) Dia-
grammatic representation of the double voltage clamp with the OHC under
three different conditions of cell extrusion.

tinues to increase with further extrusion. The slope of the
fitted line indicates a charge density of 12,373 e-10.01 pF
within the voltage-sensing region. As expected, the portion
of the cell within the microchamber which experiences no
transmembrane voltage drop demonstrates no mechanical re-
sponse, whereas the portion outside the chamber does (data
not shown). However, upon grounding the chamber voltage,
mechanical responses of that portion of the cell within the
chamber are evident. Thus, the amputation technique also
confirms the distributed nature of the mechanical effector
(Dallos et al., 1991).

It is extremely difficult to maintain the preparation during
changes in partitioning. Nevertheless, it was possible to ob-
tain data on six additional OHCs where at least two parti-
tioning conditions and the whole cell condition were
achieved. The average linear capacitance in the apical region
of the cells (n = 7) where no voltage sensors exist was 4.38
pF. In the base the average was 1.85 pF. The average charge
density of the voltage-sensing region for these cells was
10,669 e-10.01 pF. The average Rs:Rm ratio for these cells
was 0.24.
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FIGURE 6 (A) Electrical model of double voltage clamp. RSC, chamber series resistance; Rs, patch electrode series resistance; RSh, shunt resistance between
chamber electrode and ground; Rmb, membrane resistance of inserted portion of cell; Cmb, membrane capacitance of inserted portion of cell; Rma, membrane
resistance of extruded portion of cell; Cma, membrane capacitance of extruded portion of cell. (B) The above model was numerically evaluated with parameters
representing a cell inserted half way into the chamber, and the shunt resistance was varied to observe the effects on the efficiency of electrical amputation
of the inserted portion. Rs,C 0.5 MQ; Rs MQ; Rmb and Rma, 100 Mfl; Cmb and Cma, 20 pF. Current traces (I) in response to a 10 mV (V) step were used
to determine input capacitance (see Methods) as a function of Rsh- When RSh is zero the system functions as a simple whole cell voltage clamp, indicating
a capacitance of 40 pF. Above 5-10 Mfl, the system provides good indications of that capacitance of the extruded portion of the cell, 20 pF.

DISCUSSION

Several lines of evidence indicate that the mechanical re-

sponse of the OHC is voltage-dependent (Santos-Sacchi and
Dilger, 1988; Iwasa and Kachar, 1989; Ashmore, 1989;
Santos-Sacchi, 1991a, 1992). The nonlinear charge move-

ment, which presents itself as a voltage-dependent capaci-
tance, is believed to represent the activity of the OHC's mo-

tility voltage sensor. Indeed, many of the characteristics of
the nonlinear charge movement correspond to those of the
OHC mechanical response, including extent and slope of
voltage dependence, kinetics (which have yet to be fully de-
scribed due to the limitations of the clamp time constant),
block by gadolinium ions, and susceptibility to charge
screening (Ashmore, 1992; Santos-Sacchi, 1991a, 1992).
The present results indicate that the OHC nonlinear capaci-
tance is restricted along the length of the cell, just as the
mechanical response is restricted (Dallos et al., 1991).

Estimation of membrane capacitance and
nonlinear charge

Under whole cell voltage clamp, OHCs from the apical turn
of the cochlea possess a fairly low membrane resistance.
Original estimates were between 20 to 40 MQ (Ashmore and
Meech, 1986). More recent average estimates are between 75

and 100 MQl (Santos-Sacchi and Dilger, 1988; Housley and
Ashmore, 1992). Because the ratio of series resistance to
membrane resistance under whole cell voltage clamp is not
ideal, i.e., zero, it is necessary to correct for series resistance
effects. In the present report, membrane capacitance mea-

sures were corrected for such effects, and the efficacy of the
correction procedure was verified through modeling. Cor-
rections were especially important for those cells partitioned
with the microchamber, where the membrane resistance was
low (and the Rs:Rm ratio high) as a result of the physical
trauma necessarily imposed upon the cell. Eq. 3 indicates that
not only corrections to steady state voltage (Vc X Rm/Rin) are

required, but also corrections to charge magnitude (Q X Ri/
Rm) are required. In a previous study by Santos-Sacchi
(1991), steady state voltage corrections were used to correct
voltage dependence measures of nonlinear charge move-

ment; however, corresponding corrections to the charge
magnitudes were not made. In that study, average maximum
charge movement (2 pC) was probably underestimated. The
average Qmax in the present study was 2.59 pC (n = 19).

Area of OHC devoid of voltage sensors

A linear fit to the partition data points provided average es-

timates of linear capacitance in the sensor-devoid basal and
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FIGURE 7 (A) The voltage-dependent membrane capa
OHC was evaluated at three levels of partitioning (closed
whole cell condition (open symbols). Linear and nonline;
crease as the cell inclusion is increased. The whole cell d
the Nelder-Mead simplex algorithm. Partition data were
holding z constant and varying Qmax. z: 1. Vh of whole c
others shifted to coincide; filled squares, triangles, and
-53, and -48 mV, respectively. (B) Relation between
termined from above fits for the different levels of parti
to the partition points indicates the extent of the OHC moti
along the length of the cell. The vertical line indicates
capacitance; the horizontal dotted line indicates whole
capacitance denoted by ap (2.65 pF) represents the area of
of the cell devoid of voltage sensors; that denoted by ba (2
the area of the basal portion of the cell devoid of voltage
fitted line indicates a charge density of 12,373 e-/0.01 pF'
region. Ratio of R. to Rm: 0.19.

apical regions of the OHC. The values were
pF, respectively. The actual membrane surfa
OHC is greater than that estimated with light r

a factor of about 1.3 (due to lateral membrane
lation; see Dallos (1983)). This indicates that
cific capacitance measures obtained in the
should be corrected' to a value of about 0.008
sequently, the above capacitance values transl
231 and 547 _Lm2, respectively. It is possib]

'The correction is based on the assumption that the linear-specific capaci-
tance is the same in sensor-containing and sensor-devoid membranes. It is
possible that the sensor-containing region has a somewhat higher specific
capacitance due to a higher dielectric of the protein particles residing therein.
The corrected value should be considered approximate.

these results with the surface areas of OHC plasmalemma
which lack adjacent subsurface cisternae and/or mechanical
responses.

Microchamber analysis ofOHC motility demonstrates that
a mechanical response is absent in the cell's most basal re-
gion (7 ,um in length (B. Evans, personal communication)).
The subsurface cisternae are poorly developed or absent in
this region, as well. By modeling this basal region of the
OHC as a half sphere of 5-,um radius, with a 2-,um cylindrical
extension, an area of 220 gum2 is obtained. This compares

50 1 00 favorably with the present estimate ofbasal surface area lack-
ing voltage sensors. At the apical region of the cell, sub-
stantial amounts of subsurface cisternae do not arise until
about 5 ,um from the top of the cell (Ades and Engstrom,
1974; Saito, 1983). The apical region of the OHC is oddly

ba shaped (Fig. 5 a); however, if this portion is modeled as a
simple single-ended cylinder (which is likely to underesti-
mate its actual area) with a radius of 5 ,um and length of 5
p,m, then the calculated surface area is 236 _Lm2. Accounting
for stereociliar surface area2 (average of 50 per cell, with a
radius of 0.15 ,um and length of 6 p,m; B. Evans, personal
communication), the total apical area increases to 518 gm2,

20 25 which is similar to the present estimate of apical surface area

lacking voltage sensors. These calculations provide strong
support for the notion that the regions of the OHC which lack
motility voltage sensors correspond to those which lack sub-

citance of a single surface cisternae and/or voltage-dependent mechanical re-

rcymbols)andthe sponses. Ultrastructural studies also indicate that only the
iata were fit using lateral portion of the OHC plasmalemma possesses dense
e fit by eye while arrays of intramembranous particles (Saito, 1983; Kalinec et
ell data: -46 mV, al., 1992).
circles were -51, The correspondence of the nonlinear capacitance with

tioningd Linear fit plasmalemmal regions bordering subsurface cisternae may
lity voltage sensor imply some sort of electrical interaction between plasma and
whole cell linear subsurface membrane. Such a possibility was considered by
cell Qmax. Linear Santos-Sacchi (1991a) to account for nonlinear capacitance
Fthe apical portion in this cell. That is, electrical interactions between the two
!.06 pF) representss6 pFensres. ntso membranous systems might affect capacitance measures, assensors. Slope of
within the sensing occurs for input capacitance measures in inner ear supporting

cells which are coupled via gap junctions (Santos-Sacchi,
1991b). Recently, however, it has been demonstrated that,
following disruption of OHC subsurface structures with in-

1.85 and 4.38 tracellularly applied trypsin, mechanical responses of the
Lce area of the plasma membrane remain (Kalenic et al., 1992). This indi-
microscopy by cates that the mechanical effector resides within the plasma
surface crenu- membrane. Similar treatments do not abolish the nonlinear
the linear spe- capacitance (Huang and Santos-Sacchi, unpublished results),
present study which implies a colocalization of motility voltage sensor and
pF/4Lm2. Con- effector within the plane of the plasma membrane. Never-
late to areas of theless, it is interesting that the subsurface cisternae and volt-
le to compare age sensors coincide, and it is possible that the subsurface

2While it was often noted that stereociliar were absent in isolated OHCs, it
is possible that the isolation procedure caused resorption of the structures.
For example, hair cell trauma often causes fusion and clumping of stereocilia
(Engstrom, 1983). We never observe isolated stereocilia which may have
been sheared off during isolation.
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membrane represents a normal molecular turnover route for
the motility voltage sensor and/or effector.

Uniform nature of voltage sensors within the
OHC

It has previously been noted that some of the nonlinear
charge movement in OHCs should be due to gating of
voltage-dependent ionic channels (Santos-Sacchi, 1991a).
However, while the supporting cells undoubtedly possess
channel gating charge, charge movement of the magnitude
recorded in OHCs is not seen. It appears that the charge
moved by the motility voltage sensor far outweighs that con-
tributed by channel gating, indicating that the characteristics
of the nonlinear charge movement in the OHC overwhelm-
ingly reflect that of the motility mechanism. Using similar
logic, Fernandez et al. (1983) were able to evaluate charac-
teristics of the membrane bound charge movement produced
by the lipophilic molecule DpA- despite the existence of
smaller channel gating charge.
Some aspects of the nature of the voltage sensors along the

length of the OHC can be gleaned from the results of the
partitioning experiments. That is, it is possible to determine
whether sensor characteristics (e.g., voltage sensitivity)
along the extent of the active, voltage-sensing region vary
from the average obtained under whole cell conditions. The
only factor which changed significantly during changes in
the degree of partitioning was the value of Qmax (except for
the linear capacitance, of course). That is, the same nonlinear
capacitance function (namely, z kept constant) which fit the
whole cell data could adequately describe capacitance mea-
sures obtained from increasingly smaller portions of the cell.
Vh was seen to vary sometimes, and may be due to charge
screening effects, or changes in the metabolic state of cells
during the course of the experiments. For example, it is
known that phosphorylating agents can shift Vh without al-
tering other parameters of the OHC nonlinear capacitance
function (Huang and Santos-Sacchi, 1993). The maintenance
of the form of the Cv function during successive amputations
indicates that the nature of the voltage sensor along the extent
of the OHC is constant, and that partitioning simply alters the
number of sensors which are activated. That is, the voltage
sensors (and possibly effectors) are probably of one type
along their extent.

Density of voltage sensors

The number of independent elementary charges moved per
square micrometer has previously been estimated to be about
4000 (Santos-Sacchi, 1991a), based on a Qmax of 2 pC and
a total surface area of a model OHC of 70-,um length. In the
present report, the linear capacitance values obtained in
whole cell configuration translate to an average membrane
surface area of 2917 p1m2 (n = 19). Thus, with the present
Qmax value of 2.59 pC, an average charge density of 5542
e-/um2 is obtained. However, it is now clear that the extent

length of the cell. It is necessary, therefore, to compute
charge density based on surface area estimates for that por-

tion of the OHC which possesses the motility voltage sen-

sors. After removing the average surface area of the OHC
devoid of voltage sensors (sum of apex and base: 6.23 pF or

778 ,um2 (n = 7)) from the total average surface area, we

obtain an average charge density of 7558 e4-/,m2. Since the
voltage dependence of the nonlinear charge movement and
motility are comparable (z close to 1 (Ashmore, 1992;
Santos-Sacchi, 1991a)), itis concluded, based on a two-state
model, that about 7500 e-I Am2 independent elementary
charged particles control the mechanical activity of the OHC.
It is tempting to attribute the measured charge movement to
integral membrane proteins represented by the membrane
particles observed in the lateral plasmalemma of the OHC
(Gulley and Reese, 1977; Saito, 1983; Forge, 1991; Kalinec
et al., 1992). In a similar fashion, Roberts et al., (1990) sug-

gested, based on colocalizing ultrastructural and electro-
physiological evidence, that membrane particles located at
synaptic areas of the hair cell may represent K+ and Ca21
channels. One possible interpretation of the colocalization of
sensor and effector along the length of the OHC is that the
sensor and effector reside within one molecular species,
similar to ionic channels where sensor movement in an elec-
trical field is believed to promote gating via a conformational
change of the channel protein.

However, the present charge density estimate is no longer
in line with the suggestion of Santos-Sacchi (1991a) that the
number of elementary charges corresponds to the number of
particles observed ultrastructurally in the OHC lateral mem-
brane. Recent estimates of the number ofmembrane particles
indicate about 2500/4m2 (Holley et al., 1992). It may be that
each membrane particle possesses three charges which must
each independently move between two states to effect a me-

chanical response. An interesting reinterpretation of the
OHC charge data may be made by utilizing the electrodif-
fusion model of Neumcke et al. (1978), in which charge
movement is viewed as a multistate phenomenon. For ex-

ample, using this Langevin type fit to their data, they de-
termined that the valence (z) of Na+ channel nonlinear
charge movement was about three times that of a two-state
model. The multistate model more accurately accounted for
Na+ channel gating and conductance characteristics. Drews
(1988) reached a similar conclusion. Under such an inter-
pretation, the valance (z) of OHC charge movement would
be closer to 3, and this might suggest that three charges cor-

respond to each ultrastructurally observed membrane par-

ticle, all charges needing to traverse a characteristic distance
across the membrane before a mechanical effect ensues. The
multistate model would predict that the onset of the me-

chanical response would be delayed following a step voltage
stimulus, and this type of response has been observed (Ash-
more, 1987; Santos-Sacchi, 1992). However, because of the
limitations of clamp amplifier speed, the true time course of
the OHC mechanical response is not known (Santos-Sacchi,
1992). In addition, a loss of OHC cell turgor (known to in-

of the OHC motility voltage sensors is restricted along the
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Santos-Sacchi, 1991a)) which necessarily accompanies
whole cell voltage clamp configuration, may also contribute
to a delayed response. It cannot be judged at this point
whether charge movement in the OHC is two-state or
multistate.

APPENDIX

For the model (Fig. 1 A), the steady state (1.) and instan-
taneous (IO) current responses to a voltage step are defined
as

I C IO=_ 6R++R Rs (6)

with the exponentially decaying capacitive current given as

-t
Icm = (Io- Icn)e-, (7)

where

T= RilCm, (8)

RMRSR Rn s (9)
in

and

Rin= Rm + Rs9 (10)

the input resistance readily obtained at steady state.
The charge moved is then obtained by integration

J Imdt Q = R (11)

Solving for Cm,

R? Q
Cm 2 V' (12)Rmc

and utilizing Eqs. 4 and 8, we obtain

Rm,TVcR QR+= Vc (13)

The time constant (T) of the exponentially decaying cur-
rent, and the charge moved (Q) are little affected by filter
settings as low as 2 kHz (eight-pole Bessel).
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Motility voltage sensor of the outer hair cell resides within the
lateral plasma membrane
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ABSTRACT The outer hair cell (OHC) from the organ of
Corti is believed to be responsible for the mammal's exquisite
sense of hearing. A membrane-based motile response of this
cell underlies the initial processing of acoustic energy. The
voltage-dependent capacitance of the OHC, possibly reflecting
charge movement of the motility voltage sensor, was measured
in cells during intracellular dialysis of trypsin under whole cell
voltage clamp. Within 10 min after dialysis, light and electron
microscopic examination revealed that the subplasmalemmal
structures, including the cytoskeletal framework and subsur-
face cisternae, were disrupted and/or detached from adjacent
plasma membrane. Dialysis of heat-inactivated trypsin pro-
duced no changes in cell structure. Simultaneous measures of
linear and nonlinear membrane capacitance revealed minimal
changes, indicating that contributions by subsurface structures
to the generation ofthe nonlinear capacitance are unlikely. This
study strongly suggests that voltage-dependent charge move-
ment in the OHC reflects properties of the force generator's
voltage sensor and that the sensor/motor resides solely within
the lateral plasma membrane.

The mammalian outer hair cell (OHC) possesses a unique
transmembrane voltage-driven mechanical response that can
occur at acoustic frequencies (1-5). This mechanical activity
is believed to underlie the enhanced ability of the inner ear to
detect and analyze sound (6) and is especially interesting
since it is not directly dependent upon Ca2+ or metabolic
substrates (3, 7, 8). A nonlinear charge movement, or cor-
responding voltage-dependent capacitance, has been ob-
served in this cell and it probably reflects the activity of the
motility voltage sensor, as many of its characteristics and
those of the mechanical response coincide (9-12). Recently,
the mechanical response and the extent of the nonlinear
capacitance have been mapped along the central portion of
the cylindrical OHC (13, 14); each corresponds roughly to the
extent of subplasmalemmal structures, the cortical network
of cytoskeletal filaments, and the subsurface cisternae. It is
ofinterest to determine whether such structures contribute to
the motile mechanism or nonlinear charge movement or if the
cell's plasma membrane alone is responsible for these phe-
nomena. The experiments of Kalinec et al. (15) have shown
that intracellular dialysis of trypsin does not abolish OHC
membrane movements. However, no electron microscopic
analysis of the effects of the trypsin treatment was per-
formed, so it is unclear whether the plasma membrane was
totally isolated from intracellular structures in their experi-
ments. We report here that following intracellular trypsin
treatments, most of the plasma membrane is isolated from
subsurface structures as evidenced electron microscopically.
Furthermore, the nonlinear charge movement remains intact
during such treatments, indicating that the motility voltage
sensor, as well as the motor, reside within the plane of the
OHC plasma membrane.

MATERIALS AND METHODS

General. Guinea pigs were euthanized with halothane
overdose. The isolated organ of Corti was treated with
collagenase (0.3 mg/ml for 10 min) and triturated gently
within a polyethylene pipette in medium 199 with Hanks'
salts (GIBCO). The OHC-enriched supernatant was then
transferred to a 700-gl perfusion chamber. Experiments were
performed at room temperature (22TC).

Electrical Recording. OHCs were whole cell voltage
clamped with a Dagan 8900 patch clamp amplifier at a holding
potential of -80 mV. Cells were bathed in a modified
Leibovitz medium (in mM: NaCl 110, KC1 5.37, CoCl2 2,
MgCl2 1.48, tetraethylammonium chloride 20, CsCl 20,
Hepes 5, and dextrose 5; 300 mosM, pH 7.2) in order to block
ionic conductances. Pipette solutions were composed of
(mM) CsCl 140, EGTA 10, tetraethylammonium chloride 5,
MgCl2 2, and Hepes 5 (300 mosM, pH 7.2). Gigohm seals
were obtained at the middle portion of the lateral wall. In
order to introduce trypsin into the cell, relatively large patch
pipette tips were used (1.5- to 2-1km inner diameter; series
resistance, 2-3 MW). For trypsin treatments, 300 ptg of
trypsin (source: bovine pancreas, Mr 23,281; Calbiochem)
was dissolved in 1 ml of pipette solution and the osmolarity
and pH were readjusted to 300 mosM and pH 7.2. As a

control, heat-inactivated trypsin (enzyme pipette solution
heated for 30 min in 560C water bath) was also used. Elec-
trode capacitance was compensated after gigohm seal for-
mation, and series resistance compensation was used in
whole cell configuration. A modified version of Clampex
(Axon Instruments, Burlingame, CA) was used to apply
voltage stimuli and collect data that were saved on disk for
off-line analysis. Current was filtered at 5 kHz with an
eight-pole Bessel filter. All experiments were videotaped.
Three methods were used to evaluate the effects of trypsin

treatment on cell capacitance. The first method simply mea-
sured cell capacitance near the cell's normal in vivo resting
potential. The cell was nominally held at -80 mV and a -10
mV step command voltage (4 ins) was applied repeatedly
over time. At this potential both linear and a substantial
amount of nonlinear capacitance contributes to the genera-
tion of a transient capacitive current (12). From averaged
(x20) current records, an on-line analysis of membrane
capacitance (Cm), membrane resistance (Rm), and series
resistance (Rs) was performed and saved to disk. The tran-
sient analysis calculations have been published elsewhere
(16).
The second method evaluated the voltage dependence of

nonlinear capacitance using a voltage stair protocol. The
technique has been fully described elsewhere (14). Briefly,
the cell was stair-stepped from a holding potential of -170
mV to voltages between -160 mV and +50 mV, in incre-
ments of 10 mV. From each step response, Cm, Rm, and Rs
were calculated as a function of membrane voltage. The

Abbreviation: OHC, outer hair cell.
*To whom reprint requests should be addressed.
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measured membrane capacitance has two components, a
linear one, which is a function of the total cell membrane
area, and a nonlinear one, which is a measure of the charge
movement ofthe motility voltage sensor. The total membrane
capacitance (Cm,) at any given voltage is the sum of the linear
(Cli,) and nonlinear (Cv) capacitance. The nonlinear capaci-
tance (Cv) can be described as the first derivative of a
two-state Boltzmann function relating nonlinear charge
movement to voltage, and such a fit provides estimates ofthe
charge characteristics, including the voltage at half-maximal
nonlinear charge transfer (Vh), and charge valence (z) (see
Fig. 3 and ref. 14 for further details). Measures were made at
1- to 5-min intervals following whole cell configuration.
The third method was used to overcome potential harmful

effects of the large voltages of the stair protocol. To estimate
maximal nonlinear capacitance, a software tracking protocol
using step analysis was developed to monitor peak capaci-
tance by iteratively adjusting the holding potential to main-
tain the cell at Vh-i.e., the voltage at which nonlinear
capacitance is greatest. Should Vh change during an experi-
ment, the tracking technique, utilizing -10 mV steps, will
continue to determine peak capacitance.

Electron Microscopy. Following single cell capacitance
evaluations, primary fixation was accomplished by slowly
perfusing the recording chamber with 0.75% glutaraldehyde
in 0.1 M sodium cacodylate buffer with 2 mM CaCl2 (300
mosM, pH 7.3). The perfusion rate was about 0.05 ml/min in
order to minimize distortion ofthe cell. After perfusion for 30
min, cells were washed with buffer for 10 min and released
from recording pipettes by gently breaking the tip on the
chamber floor. To continue processing without losing the
cell, a microchamber embedding method was devised. A
polypropylene disposable pipette (Fisher) was heated and
pulled to approximately 20- to 30-Arm internal radius and 10-
to 15-pm wall thickness. Under a dissecting microscope, the
tube was shoed to the tip of a glass pipette. Cells were gently
sucked into the microchamber, and the microchamber was
affixed to the bottom of a new perfusion dish. Cells were
postfixed with 1% OsO4 in 0.1 M sodium cacodylate buffer
(pH 7.3, 300 mosM) for 30 min, followed by dehydration in
a graded series ofethanol up to 100%. Cells were stained with
2% uranyl acetate (while in 70% ethanol) for 30 min in the
dark.

Poly Bed 812 was prepared according to the Mollenhauer
mixture 1 formula (Polyscience). Three changes in graded
concentrations of Poly Bed 812 (epoxy resin/ethanol, 1:3,
1:1, 3:1; 4 hr each) were followed by three changes in pure
Poly Bed 812 (4 hr each). Polymerization was at 600C
overnight. The plastic microchamber was then cut out and
reembedded in an Epon block. Ultrathin sections (70-80 nm)
were taken at various points through the cell extent, placed
on Formavar-coated 200-mesh copper grids, and stained with
uranyl acetate (10 min) and lead citrate (2 min). Sections were
observed with a Phillips 300 electron microscope at 60 kV.

RESULTS
During the course of whole cell electrical recording, trypsin
enters the OHC and alters the cell's normal cylindrical
structure. In a group of 15 OHCs, simultaneous capacitance
measures were obtained at a nominal holding potential of -80
mV. Within 3-23 min (10.2 ± 6.7 min; mean ± SD), these
cells were transformed into spherical structures, which ap-
peared at the light microscopic level to have undergone an
involution and separation of the cell's subplasmalemmal
structures from the plasma membrane. Fig. 1 illustrates the
progression of this phenomenon. After the OHCs became
fully spherical, the cells were fixed for electron microscopy.
However, in some cells that were not fixed, continued
dialysis eventually caused dissolution of the nucleus and

A B
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FIG. 1. Light microscopy of an OHC during the course of trypsin
treatment and capacitance measurement, illustrating the loss of the
cell's cylindrical shape and involution of intracellular cortical struc-
tures. (A) Cell 5 min after established whole cell configuration. (B and
C) At the 12th and 16th min, respectively. The arrowheads indicate
the area where the cortical structures began separation from the
plasma membrane. This cell eventually became fully spherical at the
20th min and was then fixed. (D) Cell within a plastic microchamber,
prior to embedding. (Bar = 10 pm.)

much of the cuticular plate. Although dramatic alterations in
cell structure were observed, Cm at -80 mV did not decrease,
as might have been expected if subplasmalemmal structures
were requisite for the nonlinear capacitance component.
Average data are presented in Fig. 2 and show that Cm
actually increased in this sample from an initial value ofabout
35 pF to 39 pF. Rm decreased during the recording to about
75% of the initial 103 MU average. The electrode series
resistance remained constant at about 6 MU, indicating that
efficient dialysis was maintained throughout the recording
period.
During capacitance measures obtained at a fixed holding

potential, it is possible that either holding potential changed,
as a consequence of changes in the ratio of series resistance
to membrane resistance (the voltage divider effect), or Vh
changed, as a consequence of trypsin treatment. Such oc-
currences could account for the observed change in total
membrane capacitance in Fig. 2. In fact, using the stair-step
voltage protocol, it was determined that Vh shifts occurred in
some cells. Fig. 3 illustrates the data obtained using the stair
protocol. The results from a single cell are presented in Fig.
3 Upper and the average capacitance for 9 cells is presented
in Fig. 3 Lower. In each panel, the voltage-dependent ca-
pacitance was measured within a minute after cell entry
(closed circles) and after the cells had become spherical (open

Biophysics: Huang and Santos-Sacchi
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FIG. 2. Average Cm, Rm, and Rs of 15 OHCs during treatment
with trypsin. The cells changed shape from cylindrical to spherical
during the trypsin treatment, but the time to reach a spherical shape
varied among cells, with an average time of 10 ± 6.7 min. Two other
cells spontaneously burst at the nuclear pole during recording. The
data were normalized by decimation along the time dimension to
provide an end point corresponding to the time of sphere formation.
Initial values were as follows: Cm, 35.12 ± 4.7 pF; R., 103 ± 54 Mfl;
Rs, 6.3 ± 2.5 MO. Note a slight increase in Cm.

circles). The data indicate that despite changes in Vh in some
cells (average shift of -11 mV; see legend to Fig. 3),
voltage-dependent characteristics of the nonlinear capaci-
tance remained near normal, as did peak capacitance values.
We have recently observed that a reduction of membrane
tension, caused by reduced intracellular pressure, increases
nonlinear capacitance and shifts Vh in the negative direc-
tion-up to a limiting voltage approaching the membrane
potential of OHCs in vivo-namely, -70 mV (S. Kakehata
and J.S.-S., unpublished observations). We speculate that
trypsin treatment reduces tension on the membrane by de-
stroying cortical cytoskeletal interactions with the mem-
brane, causing a negative shift of Vh, and probably account-
ing for the increase of OHC Cm observed at a holding
potential of -80 mV (Fig. 2).
We also confirm the results of Kalinec et al. (15), since we

observe robust mechanical responses under this voltage
protocol despite the fact that the plasma membrane appears
divorced from intracellular structures. Nevertheless, the
motility that remains in trypsin-treated cells is not the same
as in normal cells. This results from the disruption of the
cell's normal cytoarchitecture and mechanical properties that
provide for the normal longitudinal length changes. Thus,
despite the fact that the cell continues to respond to voltage
changes by modifying its shape, motility characteristics (e.g.,
frequency response) may be altered and require further
evaluation.
The stair protocol subjects the cells to very large, rapid

voltage changes, which, over repeated application, tend to
damage the cell or electrode seal. This is especially the case
for trypsin-treated cells, which are by definition already
compromised. In fact, many spherical cells were lost during
such collections. In 19 cells that underwent the stair protocol,
the electrode seal was lost in 10 cells, and in another 2 cells
the membrane burst at locations remote from the electrode
location, near the nuclear pole. Therefore, estimates of peak

C
-.

E

0

C
CaE

40 -

35 -

30 -

25 -

20-
-1 50-120 -90 -60 -30 0 30 60

:5U n = 9

45

35 -, . l .l . ,

250
-150-120-90 -60 -30 0 30 60

Membrane potential (mV)

FIG. 3. Voltage-dependent capacitance of OHCs measured with
the stair-step protocol during trypsin treatment. The voltage-
dependent capacitance rides upon a linear membrane capacitance
(Cm = Cv + Ciin. S, Cm recorded immediately afterthe establishment
of whole cell configuration; o, data obtained after the OHCs became
spherical. During stimulation, OHCs responded with robust motility,
either before or after trypsin effects were evident. (Upper) Results
from a single OHC. In this case, the voltage at peak capacitance (Vh)
remained constant before and after trypsin treatment. Fits ofthe data
to the first derivative (with respect to membrane voltage) of a
two-state Boltzmann function [Q(v) = Q.11/1 + exp(-ez(Vm -

Vh)/kT), where e, k, and T have their usual meanings] are indicated
by the solid lines, with an additional linear capacitance added (CW,).
For the control condition (e), z = 0.82, Q.. = 1.97 pC, Vh = -38
mV, and Clin = 22.4 pF. The fit through the open circles is the same,
with Clin reduced by 1.25 pF. (Lower) Averaged results from nine
cells. The voltage at peak capacitance (Vh) was found to vary among
cells. To average the capacitance measures from different cells, all
functions were shifted along the voltage axis so that Vh resided at 0
mV. Since the actual voltage at each step differed for each cell
because of differences in the ratios ofRs to Rm, the data were binned
into 10 mV ranges. Both voltages and capacitance values were
averaged within bins. Symbols as above. The fit through the closed
circles provided average parameters of z = 0.98, Q, = 1.7 pC, and
Clin = 27.7 pF. The actual average voltage at peak capacitance (Vh)
for the control condition was -15 mV and after trypsin effects were
evident, -26 mV. The capacitance values after trypsin treatment (o)
are similar (or slightly increased) to the control except at hyperpo-
larized voltage steps, where it appeared that membrane character-
istics became unstable.

capacitance were also obtained by the tracking technique
described in Materials and Methods. Fig. 4 provides an
example ofa cell that was monitored during trypsin treatment
well beyond the point where it reached a fully spherical
shape. Peak capacitance remained relatively constant
throughout the recording period (n = 7).

Fig. 5 presents a low-power electron micrograph of an
OHC after trypsin had caused the cell to become spherical.
The striking feature of the trypsin treatment was a separation
of the plasmalemma from subsurface cisternae and cortical
cytoskeleton. Vast amounts of plasma membrane appeared
free of any subsurface interactions. In higher magnification

010 _. ... . -.. -
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FIG. 4. Peak capacitance (C,) of an OHC that was monitored
with the tracking procedure during trypsin treatment (see text). The
arrow indicates the point at which the cell became fully spherical.
Note that peak capacitance remains nearly constant in this example.
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FIG. 5. Low-power electron micrograph of a trypsin-treated
OHC within a microchamber. Five minutes after the initiation of
recording the cell became spherical and was fixed. Arrows point to
the plasmalemma, which is divorced from intracellular structures.
(Inset) Schematic illustrating the section orientation through the
spherical cell. Note, in the electron micrograph, on one side of the
cell the nucleus (Nuc) is sectioned, and on the other side more apical
regions are sectioned. (Bar = 1 pm.)

views (Fig. 6), it was apparent that the cytoskeletal attach-
ments between the plasma membrane and subsurface cister-

A
A

I

nae were digested by the enzyme, allowing the cisternae to
peel away from the plasma membrane. In five cells success-
fully recovered for electron microscopy, the bulk of plasma
membrane was cleanly isolated, indicating that the capaci-
tance measures reflected simply the intrinsic properties of
plasma membrane components.

DISCUSSION
The OHC possesses a unique ability to alter its length in
response to electrical stimulation (1). The driving force for
this phenomenon is currently considered to be transmem-
brane voltage (3, 5), and in line with this hypothesis is the
demonstration of a gating charge or nonlinear capacitance in
the OHC that is associated with the mechanical event (9, 11).
The charge displacement may reflect the movement of a
proteinaceous motor's voltage sensor, just as voltage sensors
of ionic channels demonstrate transient charge movements
during channel gating. This contention is based upon simi-
larities between some of the characteristics of the gating
charge movement and the mechanical response in the OHC
(12, 17). For example, the time course of gating charge
movement and OHC motility are similar, and factors affect-
ing the gating charge also are reflected in the motion of the
cell. Another indication is that the extent of the charge
movement along the length of the cell corresponds to those
regions of the cell that are mechanically active (14). Further-
more, both motor activity and nonlinear charge movement
are discretely distributed along the cell body and can be
activated independently in different regions of the cell (13,
14).

Nevertheless, structural features exist in the OHC that
could potentially account for a voltage-dependent charge
movement that coincidentally occurs during the mechanical
activity of the OHC. The OHC plasmalemma is intimately
associated with an adjacent cortical cytoskeleton composed
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FIG. 6. Higher-maification view of the same cell as in Fig. 5 at a different level. (A) Area in which the plasma membrane (PM) has peeled away
from underlying structures. The subplasmalemmal cytoskeleton (SK) appears digested and has been freed from the intracellular aspect ofthe plasma
membrane. As a result, the subsurface cisternae (SSC) are able to involute into the cell. In some cells there was evidence for cisternal vesiculation.
(B) Area where the digestion process is in an early stage. Attachments between the plasma membrane and subsurface cisternae via the cytoskeleton
are still visible. (C) At higher magnification, an area of plasma membrane fully clear of intracellular structures. (Bars = 100 nm.)
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of circumferential actin filaments, cross-linked by spectrin
(18). In addition, filamentous pillar processes extend from the
plasma membrane to the circumferential filaments and sub-
surface cisternae (19), a membranous system whose surface
area can be greater than that of the cell's plasma membrane.
While the potential electrical interaction between subsurface
cisternae and plasmalemma had been initially dismissed
based on the observation that OHC capacitance could be
accounted for by the linear dielectric properties of the OHC
surface plasma membrane (2), subsequent experiments indi-
cated that this was not the case (20). Clearly, it is now known
that a portion of OHC capacitance is voltage dependent and
can be of the same order of magnitude as the cell's linear
capacitance (11, 12). Electrical interactions between two
membranous systems could increase input capacitance, just
as occurs during alterations ofgap junctional communication
in inner ear supporting cells (21). It is not inconceivable that
the OHC plasma membrane could recruit cisternal membrane
in a voltage-dependent manner, either through reversible
membrane fusion or through some electrical interaction ofthe
cisternae with the extracellular space, perhaps via the pillar
processes spanning the region between plasma membrane
and cisternal membrane.
Another potential generator of nonlinear charge movement

might exist due to the restrictive subplasmalemma space,
resulting in a series resistance between the OHC plasma
membrane and axis core (9). For example, it has been
suggested that the pillars or spectrin may be associated with
the mechanical response in a charge-dependent manner (9,
18). Perhaps movement ofthese structures or transmembrane
ionic flow into the restrictive subplasmalemmal space can
generate capacitive-like charge movements measurable
across the intracellular series resistance. Indeed, a residual
nonlinear ionic conductance exits in the OHC even after
substantial efforts to block voltage-dependent currents (12,
14). Simple circuits of skeletal muscle membranous systems
have been envisioned that theoretically could generate non-
linear charge movement based solely on a voltage-dependent
conductance (22). While these possibilities have been dis-
missed for muscle, because evidence of the molecular basis
of excitation-contraction charge movement exists (23), hy-
potheses of this type are appropriate for the OHC, where the
molecular basis of the charge movement remains uncharac-
terized.
The present experiments were conducted in order to rule

out these potential contributions of OHC subplasmalemmal
structures to the generation of voltage-dependent nonlinear
charge movement or capacitance. By using high concentra-
tions of trypsin (300 ,ug/ml) in fairly large patch pipettes, the
subplasmalemmal cytoskeleton of OHCs was rapidly dis-
rupted, leaving expansive areas of clean plasma membrane,
as evidenced by electron microscopy. Not only is the restric-
tive space no longer present but the subsurface cisternae are
also physically remote to the plasmalemma following trypsin
treatment. Despite such treatment, the nonlinear capacitance
and motility of the cell remained intact. Kalinec et al. (15)
used similar trypsin treatments (150 ug/ml) to study the
robustness of the motility and concluded based on light
microscopy that after disruption of the subplasmalemmal
structures motility remained intact. Our electron microscopic
results confirm that their treatments should have provided
isolated plasma membrane. Disruption of the subsurface
cisternae has been shown to interfere with the normal lon-
gitudinal length changes of the OHC (24, 25). It is clear now,
however, that the subplasmalemmal structures, while pro-
viding structural and other support for the normal OHC, do
not contribute directly to the generation of gating currents or
the underlying mechanical response of the plasma mem-
brane. The only logical explanation for the persistence of the

OHC's nonlinear capacitance is that it is intrinsic to the
lateral plasma membrane, just as the mechanical response is.
Furthermore, both sensor and effector appear to be protected
from enzymatic digestion, possibly indicating that (i) the
complex is proteinaceous and buried within the lipid bilayer,
(ii) some sites of the proteinaceous complex are external to
the bilayer but lack trypsin cleavage sites, (iii) portions of the
complex external to the bilayer are digested but do not
contribute significantly to sensor/motor activity, or (iv) the
underlying mechanism is somehow lipid based.

Current theories of OHC motility envision molecular mo-
tors within the lateral plasma membrane, which change
conformation upon sensing alterations in transmembrane
voltage (15, 26, 27). The colocalization of sensor and effector,
not only along the extent of the OHC's length (13, 14) but also
within the plane of the OHC plasma membrane, may indicate
that the densely packed intramembranous particles first
observed nearly two decades ago (28) ultimately underlie the
inner ear's remarkable sensitivity and frequency selectivity.
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FIRING UP THE AMPLIFIER: TEMPERATURE, PRESSURE AND 
VOLTAGE JUMP STUDIES ON OHC MOTOR CAPACITANCE 
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New Haven, Ct 06510, USA 

The outer hair cell (OHC) possesses molecular motors that drive electromotility and cochlear 
amplification. Here we look at the effects of fast perturbations of biophysical forces that affect the 
OHC, including voltage, temperature and pressure, on the electrical signature of motor activity, 
namely nonlinear capacitance (NLC). Under whole cell voltage clamp, we measure changes in NLC 
at fixed holding voltages following steps in voltage, jumps in temperature induced by ir laser, or 
jumps in intracellular turgor pressure. In each case we find time dependent changes in NLC resulting 
from induced shifts of the NLC function across the voltage axis. The time course of these shifts 
depends on the stimulus, with voltage jumps inducing shifts with fast exponential components less 
than a millisecond. Those induced by temperature and pressure are within the tens of millisecond 
ranges and may be limited by cellular and experimental constraints that voltage is able to overcome. 
The overall observation of time dependent changes to the electromotility function upon stimulation 
indicates a more complex mechanism than provided by a simple two-state Boltzmann model.  

1 Introduction 

The outer hair cell (OHC) drives cochlea amplification though a cellular mechanism 
that works at kilohertz rates [1,2,3,4].  Molecular motors that are housed within the OHC 
lateral membrane, comprising at least the molecule prestin [5], produce conformational 
changes in response to voltage which alter the somatic length of the cell[6,7,8]. The 
deformations of these cells within the organ of Corti feedback energy into the basilar 
membrane, thus amplifying the auditory stimulus that is delivered to IHC stereocilia [9].  
The ultimate effect is a boost in our auditory sensations. 

The OHC motor, or prestin transfected into non-auditory cells, produces a signature 
electrical response analogous to gating currents observed in other voltage dependent 
membrane bound proteins [2,10,11]. The gating currents, because they are restricted 
charge movements within the membrane dielectric, can also be measured as a nonlinear 
capacitance (NLC), bell-shaped as a function of voltage. This charge movement or NLC 
can be fit most simply by a two-state Boltzmann function, allowing extraction of 
Boltzmann parameters that provide information on voltage dependence, voltage sensor 
valence, and maximum charge moved. These steady state parameters do not provide 
dynamic information about the motor, but the time course of underlying gating charge 
movements or of shifts in the C-V function can provide hints on the motor’s 
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conformational kinetic properties. Here we report on the effects of fast perturbations of 
biophysical forces that affect the OHC, including voltage, temperature and pressure, on 
the electrical signature of motor activity, namely NLC. The occurrence of time dependent 
changes to the C-V (or equivalently, electromotility) function upon such stimulation 
indicates a more complex mechanism than provided by a simple two-state Boltzmann 
model.  

 

2 Methods 

Guinea pigs were decapitated following anesthetic overdose with halothane. OHCs 
were freshly isolated from the guinea pig cochlea using Dispase (1 mg/ml) followed by 
trituration, and were whole-cell voltage clamped at room temperature using an Axon 
200B amplifier. Membrane voltages were corrected for the effects of residual series 
resistance, which ranged from 3-5 M. Ionic blocking solutions were used to remove 
voltage-dependent ionic conductances so that capacitive currents could be analyzed in 
isolation [11]. Extracellular solution: 100mM NaCl, 20mM TEA, 20mM CsCl, 2mM 
CoCl2, 1.48mM MgCl2, 2 mM CaCl2, 10 mM HEPES, and 5mM dextrose, adjusted to pH 
7.2 with NaOH, and adjusted to 300mOsm with dextrose. Pipette solution: 140mM CsCl, 
10mM EGTA, 2mM MgCl2, and 10mM HEPES, adjusted to pH 7.2 with CsOH, and 
adjusted to 300mOsm with dextrose. In some cases, TEA, CsCl, CoCl2, CaCl2, and 
MgCl2 were omitted.  Also, in some experiments, the extracellular solution was used in 
patch electrodes. In a few experiments, 50 M GdCl3 was included in the extracellular 
solution to decrease residual currents. At this concentration, gadolinium has an 
insignificant affect on OHC capacitance [12].  Additional solution modifications are 
noted in figure legends. 

In order to deliver rapid changes in membrane tension, we used a pressure clamp 
system from ALA instruments. Pipette tip diameters were increased in size for these 
experiments (~1 M). In order to deliver rapid changes in temperature a Capella IR laser 
was used to deliver via fiber optic 5-20 ms light pulses (1850 nm).  

OHC capacitance was measured with a continuous high-resolution two-sine voltage 
stimulus protocol (20mV peak at both f1 and f2; f2=2*f1; f1 ranging up to 3906.3 Hz), 
and subsequent FFT based admittance analysis [13,14]. These small, high frequency 
sinusoids were superimposed on voltage steps or  ramps that spanned up to +/- 200 mV.  

OHC C-V plots were fitted with the function Cm=Clin+Cv, where Clin is the voltage-
independent (linear surface area component) capacitance of the lipid bilayer, and 
Cv=dQnonL/dV is the voltage-dependent component of Cm originating from prestin’s 
voltage-sensor activity. The first derivative with respect to Vm of a two-state Boltzmann 
function Q=Qmax/(1+exp(-ze(Vm-VpkCm)/kBT)) was used to fit the C-V data [11]. Qmax is 
total charge moved. The measured apparent valence of prestin voltage-sensor (z) is 
defined as z=q*d, where d is a normalized perpendicular projection of distance traveled 
by the voltage sensor charge (q) within the plasma membrane field. VpkCm is the 



 

membrane potential (Vm) at which prestin molecules are equally distributed between 
expanded and contracted states. It corresponds to the peak of the Cv function. 

All data collection and most analyses were performed with an in-house developed 
Window's based whole-cell voltage clamp program, jClamp (www.scisoftco.com), 
utilizing a Digidata 1320 board (Axon, CA). Matlab (Natick, MA) or SigmaPlot was 
used for fitting the Cm data. 

 
3 Results 

 
3.1   Voltage jumps induce time dependent changes in NLC 

 
When OHC voltage is stepped away from the holding potential, a nearly instantaneous 
change in Cm is observed because membrane capacitance is a bell shaped function of 
voltage (Fig. 1). However, unlike memory-less systems, the C-V function is not static but 

Figure 1 A) An OHC was held under voltage clamp at +50 mV and stepped to 30 (red),10,-10,-30,-50,-70,-
90,-110,-130,-150 (blue) for 200 ms. The hyperpolarizing steps induced a time dependent change in Cm, 
increasing for steps approaching Vpkcm, and decreasing for steps beyond Vpkcm. B) Another OHC (held at 0 
mV) showing that hyperpolarizing steps cause Cm relaxations (red line) due to depolarizing shifts in Vpkcm. A 
ramped voltage from -150 to +150 mV produced the bell shaped Cm response, indicating the rightward shift 
in Vpkcm.  
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shifts along the stimulus axis to alter Cm over time even though measures are made at a 
fixed voltage. The change in Cm is multi-exponential.  With Cm sampling rates of about 
4kHz, we find that the earliest exponential components are below one millisecond, with 
additional components at order of magnitude intervals.    

 
 

3.2 Pressure jumps induce time dependent changes in NLC 

 

Fig. 2 shows that rapid changes in membrane tension at a fixed voltage shifts Vpkcm in a 
time dependent manner, mimicking to some extent the Cm changes induced by step 
voltage changes. The pressure steps produced delayed onset responses because cellular 
material in the pipette tip obstructed flow. With increasing pressures it can be seen that 
the pipette unplugged at decreasingly shorter times following onset of the pressure steps 
(1: 0.8 kPa [fully obstructed], 2: 1.06kPa, 3: 1.33 kPa, and 4: 1.6 kPa). Lower pressures 
caused an increase in Cm over time, while the largest pressure pulse caused an immediate 
increase and subsequent relaxation. With this last pressure pulse the cell burst.  

Figure 2 An OHC was held under voltage clamp at 0 mV. A voltage ramp (-100 to +100 mV, 200 ms) was 
delivered followed by incrementing pressure (1, 2, 3, 4) steps to the patch pipette, and the ramp was repeated 
(pressure was maintained during the final ramps). 3 sec intervals between traces were allowed for recovery 
from stimulation. Successful recovery is indicated by overlapping C-V functions. Increments in pressure 
cause time dependent changes in Cm at the fixed 0 mV holding potential, and occur due to shifts in Vpkcm, as 
the bell shaped Cm functions signify. The final pressure pulse caused the cell to burst; consequently, no Cm 
ramp data is plotted.  In mM: 140 Cl in and out (NaCl 132, MgCl2 2, CaCl2 2, Hepes 10. Additional 10 EGTA 
for Intracellular solution) 
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3.32 Temperature jumps induce time dependent changes in NLC 

 

We have previously shown that the C-V function of OHCs and prestin transfected HEK 
cells are very temperature sensitive, shifting about 20 mV to the right with a 10 oC 
increase in temperature [15,16]. Here we find that the effect of temperature jumps 
induced by IR laser is immediate in onset, followed by relaxation. Unlike steps in voltage 
and pressure, which could be maintained for unlimited durations, the Capella laser can 
only deliver up to 20 ms steps. Thus, the time course of Cm changes cannot be attributed 
to shifts in the C-V function during constant temperature, but could result from return to 
room temperature. Thus, the shifts in C-V we observed (Fig. 3B) likely correspond to 
expected changes in temperature as the bath cooled. However, we can glean from these 
experiments that temperature effects are very rapid, ruling out slow intracellular 
processes, such as phosphorylation, and likely indicating direct temperature effects on 
the conformational state of the motor protein prestin. 

4 Discussion 

By measuring OHC nonlinear membrane capacitance at sub-millisecond resolutions, we 
have examined the early time course of the OHC motor’s dynamic response to jumps in 
membrane voltage, tension and temperature. We find that the time course of the voltage-
induced response is multi-exponential, with the earliest detectable components residing 

Figure 3 A) An OHC was held under voltage clamp at 0 mV. A voltage ramp (-100 to +100 mV, 200 ms) was 
delivered (denoted by 0) followed by incrementing temperature step durations to the cell, after which a series of 
voltage ramps (1, 2, 3) were delivered during the Cm relaxations. 10 sec intervals were used between traces to 
allow recovery from stimulation. Successful recovery is indicated by overlapping C-V functions. Increments in 
temperature duration (3, 6, 9  ms) cause time dependent changes in Cm at the fixed 0 mV holding potential, the 
shifts being plotted in B. Maximal temperature change is estimated to be  about 10 oC. In this case the slow 
relaxations may be due to re-cooling to room temperature after laser stimulation. 
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in the kilohertz range, thereby establishing the phenomenon’s potential significance in 
peripheral auditory processing of the mammal. These effects actually extend well into the 
low frequency range, as well; indeed, altering steady state resting potentials can stably set 
the operating point of electromotility to different points along the voltage axis.  

Our data, though measuring whole cell capacitance, actually provide insight into the 
initial condition-dependent conformational states of the motor protein, prestin. That is, 
while capacitance may increase or decrease during incremental unidirectional steps in 
voltage or tension (Figs. 1 and 2), both correspond to a unidirectional change in motor 
state probability, as a conversion of capacitance to gating charge would reveal. 
Consequently, depolarizing voltages, in addition to causing a near instantaneous 
redistribution of motors to the compact state, will foster a supplemental recruitment of 
additional motors into that state, leading to an amplification of the initial response. The 
same amplification effect holds for hyperpolarizing voltages, where recruitment of 
motors will be into the expanded state. Tension effects appear to follow these rules, as 
well. However, because of equipment limitations on laser pulse duration we were unable 
to deliver long steps, and thus cannot confirm that temperature jumps mimic the effects 
of the other stimuli. We are attempting to modify the design to allow the further 
comparison.  

Anions play a major role in NLC generation, and we were interested whether our 
results could reflect underlying interactions of chloride with the motor, since we have 
shown that Vpkcm shifts to the right when chloride is replaced with gluconate or other 
substitutes [17,18,19]. However, we find that modifying the driving force (changing 
extracellular chloride concentrations) for chloride movement across the OHC lateral 
membrane through GmetL [18] does not modify the extent or time course of the 
amplificatory shift (data not shown). It should be noted that although driving force for 
chloride did not significantly affect the motor’s amplificatory shift, the interactions of 
anions with the motor may still play a role. In this regard, we have recently found that the 
state probability of prestin influences anion binding affinity (Song and Santos-Sacchi, 
ARO 2007), and that even if concentrations remain the same at the intracellular binding 
sites of prestin, changes in binding site affinity, as can occur with allosteric modulation, 
could alter energy profiles, resulting in Vpkcm shifts.  

Since the initial observations of Iwasa [20], membrane tension effects on the OHC 
motor have provided important information on this protein’s surprisingly efficient 
piezoelectric activity [21]. Because membrane tension can shift Vpkcm and, indeed, in 
extreme applications, restrict conformational activity [22], we had modeled the voltage-
induced amplificatory shift as resulting from motor induced tension [14]. In the present 
report we attempted to directly test this by applying rapid changes in membrane tension 
and seeking Cm relaxations that mimic those induced by voltage steps. Though there are 
indications of Cm relaxations following rapid tension changes, the time courses of 
voltage-induced and tension-induced Cm relaxations differ, tension effects being slower. 
It is possible that during our attempts to alter membrane tension through global changes 
in OHC structure we may have been restricted by the viscoelastic properties of the whole 



 

cell. For example, Dong and Iwasa [23] found that mechanical relaxations in the OHC 
have a time constant on the order of 40 s. However, because the fastest Cm relaxation 
time constants that we found with pressure steps were about 2 orders of magnitude faster 
than their measured time course, our pressure clamp driver appears to have been quite 
successful in overcoming this mechanical impediment. We suggest that tension induced 
by the molecular motors themselves can better bypass this viscoelastic constraint, thereby 
providing more rapid tensions to evoke fast amplificatory shifts. Thus, we still view 
motor-derived membrane tension, possibly through alterations of anion binding affinity, 
to underlie voltage-induced amplificatory shifts[14]. Nevertheless, as we have shown 
previously, the membrane environment of prestin can have profound effects on the 
magnitude and time course of the amplificatory shift [24]. 

In summary, we show remarkably fast changes in the Boltzmann distribution of 
prestin motor states induced by fast perturbations of the motor. The shifts along the 
voltage axis represent amplificatory supplementation to the near instantaneous voltage-
induced mechanical response of the cell, and it is expected that this phenomenon will 
impact on high frequency peripheral auditory processing. Finally, it is expected that 
distortion in the mechanical response will arise, contributing to one of  the hallmarks of 
mammalian cochlear amplification [25]. 
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FIRING UP THE AMPLIFIER: TEMPERATURE, PRESSURE AND 
VOLTAGE JUMP STUDIES ON OHC MOTOR CAPACITANCE 
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The outer hair cell (OHC) possesses molecular motors that drive electromotility and cochlear 
amplification. Here we look at the effects of fast perturbations of biophysical forces that affect the 
OHC, including voltage, temperature and pressure, on the electrical signature of motor activity, 
namely nonlinear capacitance (NLC). Under whole cell voltage clamp, we measure changes in NLC 
at fixed holding voltages following steps in voltage, jumps in temperature induced by ir laser, or 
jumps in intracellular turgor pressure. In each case we find time dependent changes in NLC resulting 
from induced shifts of the NLC function across the voltage axis. The time course of these shifts 
depends on the stimulus, with voltage jumps inducing shifts with fast exponential components less 
than a millisecond. Those induced by temperature and pressure are within the tens of millisecond 
ranges and may be limited by cellular and experimental constraints that voltage is able to overcome. 
The overall observation of time dependent changes to the electromotility function upon stimulation 
indicates a more complex mechanism than provided by a simple two-state Boltzmann model.  

1 Introduction 

The outer hair cell (OHC) drives cochlea amplification though a cellular mechanism 
that works at kilohertz rates [1,2,3,4].  Molecular motors that are housed within the OHC 
lateral membrane, comprising at least the molecule prestin [5], produce conformational 
changes in response to voltage which alter the somatic length of the cell[6,7,8]. The 
deformations of these cells within the organ of Corti feedback energy into the basilar 
membrane, thus amplifying the auditory stimulus that is delivered to IHC stereocilia [9].  
The ultimate effect is a boost in our auditory sensations. 

The OHC motor, or prestin transfected into non-auditory cells, produces a signature 
electrical response analogous to gating currents observed in other voltage dependent 
membrane bound proteins [2,10,11]. The gating currents, because they are restricted 
charge movements within the membrane dielectric, can also be measured as a nonlinear 
capacitance (NLC), bell-shaped as a function of voltage. This charge movement or NLC 
can be fit most simply by a two-state Boltzmann function, allowing extraction of 
Boltzmann parameters that provide information on voltage dependence, voltage sensor 
valence, and maximum charge moved. These steady state parameters do not provide 
dynamic information about the motor, but the time course of underlying gating charge 
movements or of shifts in the C-V function can provide hints on the motor’s 
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conformational kinetic properties. Here we report on the effects of fast perturbations of 
biophysical forces that affect the OHC, including voltage, temperature and pressure, on 
the electrical signature of motor activity, namely NLC. The occurrence of time dependent 
changes to the C-V (or equivalently, electromotility) function upon such stimulation 
indicates a more complex mechanism than provided by a simple two-state Boltzmann 
model.  

 

2 Methods 

Guinea pigs were decapitated following anesthetic overdose with halothane. OHCs 
were freshly isolated from the guinea pig cochlea using Dispase (1 mg/ml) followed by 
trituration, and were whole-cell voltage clamped at room temperature using an Axon 
200B amplifier. Membrane voltages were corrected for the effects of residual series 
resistance, which ranged from 3-5 M. Ionic blocking solutions were used to remove 
voltage-dependent ionic conductances so that capacitive currents could be analyzed in 
isolation [11]. Extracellular solution: 100mM NaCl, 20mM TEA, 20mM CsCl, 2mM 
CoCl2, 1.48mM MgCl2, 2 mM CaCl2, 10 mM HEPES, and 5mM dextrose, adjusted to pH 
7.2 with NaOH, and adjusted to 300mOsm with dextrose. Pipette solution: 140mM CsCl, 
10mM EGTA, 2mM MgCl2, and 10mM HEPES, adjusted to pH 7.2 with CsOH, and 
adjusted to 300mOsm with dextrose. In some cases, TEA, CsCl, CoCl2, CaCl2, and 
MgCl2 were omitted.  Also, in some experiments, the extracellular solution was used in 
patch electrodes. In a few experiments, 50 M GdCl3 was included in the extracellular 
solution to decrease residual currents. At this concentration, gadolinium has an 
insignificant affect on OHC capacitance [12].  Additional solution modifications are 
noted in figure legends. 

In order to deliver rapid changes in membrane tension, we used a pressure clamp 
system from ALA instruments. Pipette tip diameters were increased in size for these 
experiments (~1 M). In order to deliver rapid changes in temperature a Capella IR laser 
was used to deliver via fiber optic 5-20 ms light pulses (1850 nm).  

OHC capacitance was measured with a continuous high-resolution two-sine voltage 
stimulus protocol (20mV peak at both f1 and f2; f2=2*f1; f1 ranging up to 3906.3 Hz), 
and subsequent FFT based admittance analysis [13,14]. These small, high frequency 
sinusoids were superimposed on voltage steps or  ramps that spanned up to +/- 200 mV.  

OHC C-V plots were fitted with the function Cm=Clin+Cv, where Clin is the voltage-
independent (linear surface area component) capacitance of the lipid bilayer, and 
Cv=dQnonL/dV is the voltage-dependent component of Cm originating from prestin’s 
voltage-sensor activity. The first derivative with respect to Vm of a two-state Boltzmann 
function Q=Qmax/(1+exp(-ze(Vm-VpkCm)/kBT)) was used to fit the C-V data [11]. Qmax is 
total charge moved. The measured apparent valence of prestin voltage-sensor (z) is 
defined as z=q*d, where d is a normalized perpendicular projection of distance traveled 
by the voltage sensor charge (q) within the plasma membrane field. VpkCm is the 



 

membrane potential (Vm) at which prestin molecules are equally distributed between 
expanded and contracted states. It corresponds to the peak of the Cv function. 

All data collection and most analyses were performed with an in-house developed 
Window's based whole-cell voltage clamp program, jClamp (www.scisoftco.com), 
utilizing a Digidata 1320 board (Axon, CA). Matlab (Natick, MA) or SigmaPlot was 
used for fitting the Cm data. 

 
3 Results 

 
3.1   Voltage jumps induce time dependent changes in NLC 

 
When OHC voltage is stepped away from the holding potential, a nearly instantaneous 
change in Cm is observed because membrane capacitance is a bell shaped function of 
voltage (Fig. 1). However, unlike memory-less systems, the C-V function is not static but 

Figure 1 A) An OHC was held under voltage clamp at +50 mV and stepped to 30 (red),10,-10,-30,-50,-70,-
90,-110,-130,-150 (blue) for 200 ms. The hyperpolarizing steps induced a time dependent change in Cm, 
increasing for steps approaching Vpkcm, and decreasing for steps beyond Vpkcm. B) Another OHC (held at 0 
mV) showing that hyperpolarizing steps cause Cm relaxations (red line) due to depolarizing shifts in Vpkcm. A 
ramped voltage from -150 to +150 mV produced the bell shaped Cm response, indicating the rightward shift 
in Vpkcm.  
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shifts along the stimulus axis to alter Cm over time even though measures are made at a 
fixed voltage. The change in Cm is multi-exponential.  With Cm sampling rates of about 
4kHz, we find that the earliest exponential components are below one millisecond, with 
additional components at order of magnitude intervals.    

 
 

3.2 Pressure jumps induce time dependent changes in NLC 

 

Fig. 2 shows that rapid changes in membrane tension at a fixed voltage shifts Vpkcm in a 
time dependent manner, mimicking to some extent the Cm changes induced by step 
voltage changes. The pressure steps produced delayed onset responses because cellular 
material in the pipette tip obstructed flow. With increasing pressures it can be seen that 
the pipette unplugged at decreasingly shorter times following onset of the pressure steps 
(1: 0.8 kPa [fully obstructed], 2: 1.06kPa, 3: 1.33 kPa, and 4: 1.6 kPa). Lower pressures 
caused an increase in Cm over time, while the largest pressure pulse caused an immediate 
increase and subsequent relaxation. With this last pressure pulse the cell burst.  

Figure 2 An OHC was held under voltage clamp at 0 mV. A voltage ramp (-100 to +100 mV, 200 ms) was 
delivered followed by incrementing pressure (1, 2, 3, 4) steps to the patch pipette, and the ramp was repeated 
(pressure was maintained during the final ramps). 3 sec intervals between traces were allowed for recovery 
from stimulation. Successful recovery is indicated by overlapping C-V functions. Increments in pressure 
cause time dependent changes in Cm at the fixed 0 mV holding potential, and occur due to shifts in Vpkcm, as 
the bell shaped Cm functions signify. The final pressure pulse caused the cell to burst; consequently, no Cm 
ramp data is plotted.  In mM: 140 Cl in and out (NaCl 132, MgCl2 2, CaCl2 2, Hepes 10. Additional 10 EGTA 
for Intracellular solution) 
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3.32 Temperature jumps induce time dependent changes in NLC 

 

We have previously shown that the C-V function of OHCs and prestin transfected HEK 
cells are very temperature sensitive, shifting about 20 mV to the right with a 10 oC 
increase in temperature [15,16]. Here we find that the effect of temperature jumps 
induced by IR laser is immediate in onset, followed by relaxation. Unlike steps in voltage 
and pressure, which could be maintained for unlimited durations, the Capella laser can 
only deliver up to 20 ms steps. Thus, the time course of Cm changes cannot be attributed 
to shifts in the C-V function during constant temperature, but could result from return to 
room temperature. Thus, the shifts in C-V we observed (Fig. 3B) likely correspond to 
expected changes in temperature as the bath cooled. However, we can glean from these 
experiments that temperature effects are very rapid, ruling out slow intracellular 
processes, such as phosphorylation, and likely indicating direct temperature effects on 
the conformational state of the motor protein prestin. 

4 Discussion 

By measuring OHC nonlinear membrane capacitance at sub-millisecond resolutions, we 
have examined the early time course of the OHC motor’s dynamic response to jumps in 
membrane voltage, tension and temperature. We find that the time course of the voltage-
induced response is multi-exponential, with the earliest detectable components residing 

Figure 3 A) An OHC was held under voltage clamp at 0 mV. A voltage ramp (-100 to +100 mV, 200 ms) was 
delivered (denoted by 0) followed by incrementing temperature step durations to the cell, after which a series of 
voltage ramps (1, 2, 3) were delivered during the Cm relaxations. 10 sec intervals were used between traces to 
allow recovery from stimulation. Successful recovery is indicated by overlapping C-V functions. Increments in 
temperature duration (3, 6, 9  ms) cause time dependent changes in Cm at the fixed 0 mV holding potential, the 
shifts being plotted in B. Maximal temperature change is estimated to be  about 10 oC. In this case the slow 
relaxations may be due to re-cooling to room temperature after laser stimulation. 
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in the kilohertz range, thereby establishing the phenomenon’s potential significance in 
peripheral auditory processing of the mammal. These effects actually extend well into the 
low frequency range, as well; indeed, altering steady state resting potentials can stably set 
the operating point of electromotility to different points along the voltage axis.  

Our data, though measuring whole cell capacitance, actually provide insight into the 
initial condition-dependent conformational states of the motor protein, prestin. That is, 
while capacitance may increase or decrease during incremental unidirectional steps in 
voltage or tension (Figs. 1 and 2), both correspond to a unidirectional change in motor 
state probability, as a conversion of capacitance to gating charge would reveal. 
Consequently, depolarizing voltages, in addition to causing a near instantaneous 
redistribution of motors to the compact state, will foster a supplemental recruitment of 
additional motors into that state, leading to an amplification of the initial response. The 
same amplification effect holds for hyperpolarizing voltages, where recruitment of 
motors will be into the expanded state. Tension effects appear to follow these rules, as 
well. However, because of equipment limitations on laser pulse duration we were unable 
to deliver long steps, and thus cannot confirm that temperature jumps mimic the effects 
of the other stimuli. We are attempting to modify the design to allow the further 
comparison.  

Anions play a major role in NLC generation, and we were interested whether our 
results could reflect underlying interactions of chloride with the motor, since we have 
shown that Vpkcm shifts to the right when chloride is replaced with gluconate or other 
substitutes [17,18,19]. However, we find that modifying the driving force (changing 
extracellular chloride concentrations) for chloride movement across the OHC lateral 
membrane through GmetL [18] does not modify the extent or time course of the 
amplificatory shift (data not shown). It should be noted that although driving force for 
chloride did not significantly affect the motor’s amplificatory shift, the interactions of 
anions with the motor may still play a role. In this regard, we have recently found that the 
state probability of prestin influences anion binding affinity (Song and Santos-Sacchi, 
ARO 2007), and that even if concentrations remain the same at the intracellular binding 
sites of prestin, changes in binding site affinity, as can occur with allosteric modulation, 
could alter energy profiles, resulting in Vpkcm shifts.  

Since the initial observations of Iwasa [20], membrane tension effects on the OHC 
motor have provided important information on this protein’s surprisingly efficient 
piezoelectric activity [21]. Because membrane tension can shift Vpkcm and, indeed, in 
extreme applications, restrict conformational activity [22], we had modeled the voltage-
induced amplificatory shift as resulting from motor induced tension [14]. In the present 
report we attempted to directly test this by applying rapid changes in membrane tension 
and seeking Cm relaxations that mimic those induced by voltage steps. Though there are 
indications of Cm relaxations following rapid tension changes, the time courses of 
voltage-induced and tension-induced Cm relaxations differ, tension effects being slower. 
It is possible that during our attempts to alter membrane tension through global changes 
in OHC structure we may have been restricted by the viscoelastic properties of the whole 



 

cell. For example, Dong and Iwasa [23] found that mechanical relaxations in the OHC 
have a time constant on the order of 40 s. However, because the fastest Cm relaxation 
time constants that we found with pressure steps were about 2 orders of magnitude faster 
than their measured time course, our pressure clamp driver appears to have been quite 
successful in overcoming this mechanical impediment. We suggest that tension induced 
by the molecular motors themselves can better bypass this viscoelastic constraint, thereby 
providing more rapid tensions to evoke fast amplificatory shifts. Thus, we still view 
motor-derived membrane tension, possibly through alterations of anion binding affinity, 
to underlie voltage-induced amplificatory shifts[14]. Nevertheless, as we have shown 
previously, the membrane environment of prestin can have profound effects on the 
magnitude and time course of the amplificatory shift [24]. 

In summary, we show remarkably fast changes in the Boltzmann distribution of 
prestin motor states induced by fast perturbations of the motor. The shifts along the 
voltage axis represent amplificatory supplementation to the near instantaneous voltage-
induced mechanical response of the cell, and it is expected that this phenomenon will 
impact on high frequency peripheral auditory processing. Finally, it is expected that 
distortion in the mechanical response will arise, contributing to one of  the hallmarks of 
mammalian cochlear amplification [25]. 
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Membrane Tension Directly Shifts Voltage Dependence of Outer Hair Cell
Motility and Associated Gating Charge

Seiji Kakehata and Joseph Santos-Sacchi
Sections of Otolaryngology and Neurobiology, Yale University School of Medicine, New Haven, Connecticut 06510 USA

ABSTRACT The unique electromotility of the outer hair cell (OHC) is believed to promote sharpening of the passive mechanical
vibration of the mammalian basilar membrane. The cell also presents a voltage-dependent capacitance, or equivalently, a
nonlinear gating current, which correlates well with its mechanical activity, suggesting that membrane-bound voltage sensor-
motor elements control OHC length. We report that the voltage dependence of the gating charge and motility are directly related
to membrane stress induced by intracellular pressure. A tracking procedure was devised to continuously monitor the voltage
at peak capacitance ( VpkCm) after obtaining whole cell voltage clamp configuration. In addition, nonlinear capacitance was more
fully evaluated with a stair step voltage protocol. Upon whole cell configuration, Vpkcm was typically near -20 mV. Negative patch
pipette pressure caused a negative shift in VpkCm, which obtained a limiting value near the normal resting potential of the OHC
(--70 mV) at the point of cell collapse. Positive pressure in the pipette caused a positive shift that could reach values greater
than 0 mV. Measures of the mechanical activity of the OHC mirrored those of charge movement. Similar membrane-tension
dependent peak shifts were observed after the cortical cytoskeletal network was disrupted by intracellular dialysis of trypsin from
the patch pipette. We conclude that unlike stretch receptors, which may sense tension through elastic cytoskeletal elements,
the OHC motor senses tension directly. Furthermore, since the voltage dependence of the OHC nonlinear capacitance and
motility is directly regulated by intracellular turgor pressure, we speculate that modification of intracellular pressure in vivo
provides a mechanism for controlling the gain of the mammalian "cochlear amplifier'.

INTRODUCTION

The term "cochlear amplifier" has been used to describe a
physiologically vulnerable process that enhances near-
threshold auditory sensitivity (Davis, 1983). In recent years,
the outer hair cell (OHC) from the organ of Corti has been
acknowledged to play a pivotal role in this process (see Dal-
los, 1992). The OHC is capable of voltage-dependent me-
chanical responses that appear to provide feedback into the
basilar membrane, thereby sharpening the passive mechani-
cal vibration of the cochlear partition (Brownell et al., 1985;
Ashmore, 1987; Santos-Sacchi and Dilger, 1988; Ruggero,
1992). The cell also possesses a nonlinear gating charge
movement or equivalently, a voltage-dependent capacitance,
which correlates well with its mechanical activity (Ashmore,
1990; Santos-Sacchi, 1990, 1991). The similarity between
characteristics of OHC nonlinear capacitance and OHC
movement indicates that membrane-bound voltage sensor-
motor elements control OHC length (Santos-Sacchi, 1990,
1991, 1993; Ashmore, 1992; Dallos et al., 1991; Iwasa,
1994). Indeed, estimates ofthe membrane-bound charge den-
sity of the OHC responsible for the nonlinear capacitance
(7500 ei/mm2; Huang and Santos-Sacchi, 1993) coincide
fairly well with estimates of the density of OHC intramem-

branous particles, the putative sensor-motor elements, ob-
served electronmicroscopically (6000/mm2; Forge, 1991).
We have been studying the voltage dependence of the

nonlinear capacitance of the OHC and have found that the
voltage at peak capacitance (VpkCm), which corresponds to the
voltage of maximal motile sensitivity or gain, varies among
cells and within single cells during recording under whole
cell voltage clamp (Santos-Sacchi et al., 1994). This voltage
can range from 0 mV to potentials near the normal resting
potential of the OHC in vivo, namely about -70 mV (Dallos
et al., 1982). We report here that this variability of the non-
linear capacitance as well as the voltage dependence ofOHC
movement is directly related to intracellular turgor pressure.
Notably, a reduction of turgor pressure induces graded in-
creases in nonlinear capacitance and negative voltage shifts
in sensor/motor function. Furthermore, the effects of turgor
pressure are not directly mediated through cytoskeletal link-
ages with the membrane voltage sensor, since digestion of
the cortical cytoskeleton with intracellular trypsin does not
abolish the effects of turgor pressure-induced membrane ten-
sion. A preliminary account of this work has been presented
(Santos-Sacchi and Kakehata, 1994).

MATERIALS AND METHODS
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OHCs were freshly isolated from the organ of Corti of the guinea pig cochlea
(Kakehata et al., 1993), and were whole cell voltage clamped using an Axon
200B amplifier with patch pipettes having initial resistances of 2-3 MQi,
corresponding to tip sizes of 1-2 ,um (Hamill et al., 1981). Residual series
resistance (after electronic compensation) ranged from 3 to 7 MQi. The
removal of nonlinear ionic conductances is crucial in evaluating nonlinear
capacitive cuffents. In the presence of nonlinear ionic conductances,
voltage-induced currents may possess ionic as well as capacitive compo-
nents, thereby making extraction of gating charge difficult or impossible.

2190



Membrane Tension Effects on the Outer Hair Cell

Therefore, ionic blocking solutions were used to remove voltage-dependent
ionic conductances so that capacitive currents could be analyzed in isolation
(Santos-Sacchi, 1991; Huang and Santos-Sacchi, 1993). The patch pipette
solution contained (in mM): 140 CsCl, 2 MgCl2, 10 EGTA, and 10 HEPES,
with pH 7.2 and osmolarity (adjusted with dextrose) noted in figure legends.
The external solution contained (in mM): 100 NaCl, 20 TEA, 20 CsCl, 2
CoCl2, 1.52 MgCl2, 10 HEPES, and 5 dextrose, pH 7.2, 300 mOsm. Drugs
were applied using the "Y-tube" method (Murase et al., 1990), during si-
multaneous whole chamber perfusion. Experiments were performed at room
ter..?erature.
A tracking procedure was developed to continuously monitor Vpkcm after

obtaining whole cell configuration. The procedure utilizes a voltage stimu-
lus protocol where equal but opposite polarity voltage pulses are delivered
to the cell and the generated currents summed to extract nonlinear gating
currents, as originally developed to measure ionic channel gating charge
(±P protocol, ±40 mV; Armstrong and Bezanilla, 1973; Keynes and Rojas,
1974). Averages of three to five paired pulses were used. While the term
"gating current" is typically applied to nonlinear currents associated with
voltage sensor activity during ionic channel gating, we use this term for the
motility-related voltage sensor displacement currents to indicate a similar
molecular transduction strategy (see Alkon et al., 1993). Fig. 1A is an elec-
trical model simulation of OHC voltage-dependent capacitance showing
gating current traces obtained with this protocol. When the holding potential
is more hyperpolarized than VpkCm, the gating current consists of an initial
upward (outward) transient current followed by a downward (inward) tran-
sient at voltage step offset. The polarity of the current reverses when the
holding potential is more depolarized than Vpkc(. To track Vpkc,, holding
potential (VhOId) was automatically decreased in 2 mV steps until a reversal
of gating current polarity was obtained, thereupon VhOld was increased in 2
mV steps until polarity reversed again. Thus, Vh.ld was varied to follow
gating current reversals, namely, VpkCm. Tracking was always initiated from
a holding potential of 0 mV. Since initial voltage conditions do not appear
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FIGURE 1 Illustration of underlying principle of VpkCm tracking tech-
nique. (A) An electrical model simulation of OHC capacitance (that of
Huang and Santos-Sacchi, 1993) showing traces obtained with the tP pro-

tocol (2 mV holding potential alterations about Vpkc1). (B) Capacitance of
an OHC (measured with the voltage stair step protocol; Huang and Santos-
Sacchi, 1993) illustrating the same technique. Note the reversal of gating
currents as the holding voltage passes through the region of peak capaci-
tance. Osmolarity of the intracellular solution was 300 mOsm.

to alter the voltage dependence of the OHC gating currents and the charge
moved demonstrates no immobilization (see Fig. 5; Santos-Sacchi, 1991),
the tracking technique should not interfere with Vpk(C measures. Fig. 1B
presents data from an OHC illustrating the procedure. The program Clampex
(Axon Instruments, CA) was modified to perform the Vpkcm tracking pro-
cedure online, and holding potential was corrected for the effects of residual
series resistance. Peak capacitance (Cm pk) values were also monitored dur-
ing the tracking procedure using transient analysis of capacitive currents
induced by a -10 mV step. Detailed evaluation of total membrane capaci-
tance was made at different potentials by transient analysis of currents in-
duced by a voltage stair step stimulus, and the capacitance function was fit
to the first derivative of a two state Boltzmann function relating nonlinear
charge to membrane voltage (SQ/SV; Santos-Sacchi, 1991; Huang and
Santos-Sacchi, 1993),

ze b
"kT (1 + b)+ (1)

where

b = exp ( ze (V- VpkC.)) (2)

Qmax is the maximum nonlinear charge moved, VpkCm is voltage at peak
capacitance or equivalently, at half-maximal nonlinear charge transfer, Vm
is membrane potential, z is valence, C.. is linear membrane capacitance, e
is electron charge, k is Boltzmann's constant, and Tis absolute temperature.
Series resistance, R. was estimated from the decaying time constant and
integrated charge of the voltage step-induced current, as fully described
elsewhere (Santos-Sacchi, 1993; Huang and Santos-Sacchi, 1993). This
technique is relatively insensitive to the effects of data filtering. Membrane
resistance, Rm, was evaluated from steady state current. C,, was estimated
from the fit to above capacitance (Cm) equation, and indicates the intrinsic
linear capacitance of the membrane upon which rides the bell-shaped
voltage-dependent capacitance (Cv). All analysis techniques have been pre-
viously detailed in Huang and Santos-Sacchi (1993). Pipette pressure was
modified with a syringe connected to the Teflon tubing attached to the patch
pipette holder. Pressure was monitored via a T-connector to a pressure
monitor (WPI, Sarasota, FL). Modifications of intracellular pressure have
been shown to modulate OHC membrane tension (Iwasa and Chadwick,
1992; Iwasa, 1993), and as an indicator ofpressure-induced membrane stress
we present longitudinal strain measures (which are linearly related to mem-
brane stress for small deformations (Iwasa and Chadwick, 1992). All ex-
periments were videotaped using a Matrox (Montreal, Quebec, Canada)
video overlay board which combines an enhanced graphics adaptor and
video. Measures of voltage-induced (20 mV increments) mechanical re-
sponses were made off the video monitor with a differential optoresister
technique (Santos-Sacchi, 1989, 1991). Mechanical data were fit to a
two state Boltzmann function to determine the voltage at maximum sen-
sitivity (VsL max) All data analysis was performed with the software package
MATLAB (Mathworks, Natick, MA).

RESULTS

The isolated in vitro OHC possesses a positive intracellular
turgor pressure of about 1 kPa (Ratnanather et al., 1993;
Chertoff and Brownell, 1994). Thus, when a normally cy-
lindrical OHC is under tight-seal whole cell recording, es-
pecially with large tipped pipettes, there exists a potential
path through the pipette for the release of intracellular pres-
sure, and the cell may depressurize. Fig. 2 illustrates the
effect of reducing intracellular pressure during the course of
whole cell recording on Vpkc where depressurization of the
OHC is assisted by an osmotic imbalance between pipette
solution and extracellular media (A mOsm = -14). To in-
dicate the effectiveness of pressure changes, longitudinal
strain was calculated (8z = (1 - L)IL, where L is initial

Kakehata and Santos-Sacchi 2191
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FIGURE 2 Effect of cell turgor reduction on OHC longitudinal strain, Sz
(top), peak capacitance (middle) and VpkCm (bottom), utilizing the tracking
technique, as a function of time after obtaining whole cell voltage clamp
configuration (average of four cells; R,:7.2 Mfl; Rm:177 Mfl). Initial cell
length was 55.5 ± 4.1 gm (mean ± SE). (Inset, top) Video images at 1-min
intervals illustrate the shape changes of one of the OHCs. Scale bar 10 Jim.
Osmolarity of the intracellular and extracellular solutions in these cells was
286 and 300 mOsm, respectively. Whole cell configuration was obtained by
electrical "zapping" (see Discussion). Cells did not collapse during the re-
cording period.

length, and I is the length of the cell when deformed), and
presented as well. The length of the OHC correlates well with
turgor pressure (positive pressure reduces length and in-
creases the radius; Chertoff and Brownell, 1994; Iwasa,
1993). The averaged time course of Vpkcm in four cells from
the third cochlear turn indicates a shift from an initial value
of -21.5 mV to a steady state value of -49.3 mV at 10 min.
In addition, Cm Pk increased from an initial value of 40.9 to
43.1 pF. Cell length was reduced immediately after entering
the cells, but slowly recovered to initial levels, indicating that
over the course of the 10 min recording turgor pressure de-
creased. During this time the cell did not collapse, and me-
chanical responses remained robust (however, see below). In
four other cells, a more complete analysis of cell capacitance
was performed using a voltage stair step protocol (see Ma-
terials and Methods). A fit to these capacitance data provided
initial/steady state fitted parameters of (mean ± SE), as
follows. Qma: 2.41 ± 0.18/3.73 ± 0.3; VpkCm: -17.0 +
6/-54.5 ± 3.5; z: 0.73 ± 0.04/0.71 ± 0.02; Clin: 21.4 ±
1.5/19.5 ± 2.3. Average electrode series resistance and mem-
brane resistance were 4.0 and 315 MQ, respectively. The
slow negative shift in voltage dependence is not due to the
dissipation of a diffusion potential at the pipette tip, for the
following three reasons. 1) Whereas the time course for os-
motic stress effects were on the order of 10 min, diffusion
potentials are typically dissipated within 3 min, as the pipette

solution and cell solution equilibrate. Indeed, under current
clamp with KCl solutions (140 mM), OHCs that initially
have resting potentials greater than -20 mV attain potentials
near -70 mV within 20-30 s after whole cell configuration.
This is believed to reflect a restoration of intracellular po-
tassium after depletion accompanying OHC isolation (Ash-
more and Meech, 1986; Santos-Sacchi and Dilger, 1988).
The immediate reduction of cell length noted upon entering
whole cell configuration is probably due to clamping the cell
at 0 mV at the onset of tracking, and the subsequent rapid
exchange of pipette and cell solutions. 2) With small tipped
pipettes (10 Mfl; 0.5 ,um tip) containing isoosmolar solu-
tions, although the initial decrease in cell length occurred, no
subsequent negative shifts of VpkCm were observed over pe-
riods of 30 min or longer. 3) As shown below, pipette pres-
sure changes were as effective as osmotic treatments. Thus,
we find an increase in maximum nonlinear charge moved,
and a slight decrease in linear capacitance as intracellular
pressure and, correspondingly, membrane tension is dissi-
pated. The decrease in linear capacitance might be expected
because of a reduced stretch on the plasma membrane.
To investigate the effects of turgor pressure more directly,

the intracellular pressure of OHCs was directly modified
through the patch pipette. Fig. 3 illustrates the reversible
effects of decreasing intracellular pressure on VpkCm and cell
capacitance. VpkCm became more negative and the magnitude
of peak capacitance grew as the pressure was decreased;
subsequently, an increase of pressure reversed the effects.
Stable values of VpkCm could be attained with constant pipette
pressure, although we do not claim that pipette pressure ac-
tually clamps the intracellular pressure. Indeed, during stable
pipette pressure, modification of extracellular osmolarity
produced results similar to those obtained with pipette pres-
sure changes; namely, hyperosmotic media caused negative
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FIGURE 3 OHC longitudinal strain, bz (top), VpkCm (bottom), and non-

linear capacitance (inset) at different pipette pressures. Initial cell length
was 38.5 mm. This cell collapsed at -0.67 kPa, and longitudinal mechanical
responses stopped. Responses returned upon delivery of positive pressure.

RS: 4.1 Mfl, Rm: 221 Mfl. Fits (insets, solid lines) for capacitance indicate
Vpkcm, Q,ma z, and Cle, of -43.6 mV, 2.56 pC, 0.71, and 17.0 pF (@ 0.67
kPa); -64.28 mV, 3.18 pC, 0.76, and 14.2 pF (@ 0 kPa); -68.14 mV, 3.02
pC, 0.82, and 15.6 pF (@ -0.67 kPa); -32.4 mV, 1.95 pC, 0.72, and 18.57
pF (@ 1.33 kPa). Osmolarity of the intracellular solution was 286 mOsm.
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voltage shifts, and hypoosmotic media caused positive volt-
age shifts (data not shown). OHC 6z changes mirrored those
of VpkCm. Fig. 4 illustrates, in another cell, that below a criti-
cal negative pipette pressure where the OHC just collapses,
VpkCm remains constant. This potential is likely to reflect the
true voltage dependence of the motility voltage sensor/
effector because there is no tension on the membrane motor
at the point of cell collapse. In nine cells, this potential was
-65.5 + 1.2 mV (mean ± SE), which is close to that of the
resting potential of OHCs in vivo (Dallos et al., 1982). In
some cases where the OHC not only lost its cylindrical shape,
but flattened, the magnitude of peak capacitance decreased
somewhat (-10%). This may have been due to resultant
space clamp problems.
The cylindrical OHC has an elaborate cytoskeletal net-

work linked to the plasma membrane (Holley and Ashmore,
1990; Forge, 1991), and it is conceivable that intracellular
pressure works via this network to induce tension on the
motility voltage sensors. To evaluate this possibility, we in-
cluded trypsin (300 ,ug/ml) in the pipette solution (300
mOsm). This treatment is known to digest and/or disrupt the
OHC cortical cytoskeleton, and produce a spherical cell
whose plasma membrane is essentially free of cytoskeletal
attachments, while leaving the voltage sensor fully func-
tional (Huang and Santos-Sacchi, 1994). Fig. 5 illustrates the
effect of intracellular pressure on VpkCm and peak membrane
capacitance of an OHC during the course of trypsin treat-
ment. In more than 10 cells studied, VpkCm initially shifted to
negative potentials after whole cell configuration, but after
about 10 min it shifted slowly to positive potentials. This
positive shift coincided with the onset of trypsin-induced
structural changes and is likely to reflect a growing tension
on the membrane as the cell swelled into a sphere. Normally,
C.,pk remains stable during trypsin treatment (Huang and
Santos-Sacchi, 1994). However, in this case, at 14.5 min the
electrode and cell were moved to position the cell so that
pressure could be delivered without losing the seal. An im-
mediate decrease in peak capacitance was noted, probably
because of an induced membrane tension during the ma-
nipulation (Fig. 5, bottom). In this particular case, the cell
became fully spherical at about 15 min, whereupon positive
pipette pressure steps further shifted VpkCm in the positive

direction and reduced peak capacitance, in a reversible man-
ner. Subsequently, negative pressure restored peak capaci-
tance to original levels, and only after the pipette was visibly
clear of cellular debris could positive pipette pressure again
shift VpkCm to positive values. (In this case, and three others,
although Cm Pk increased with negative pipette pressure, VpkCm
did not change. We believe that this occurred because the
magnitude of nonlinear charge movement is more suscep-
tible to pressure effects than VpkCm. In Fig. 5, the pipette
became plugged with cellular debris upon delivery of nega-
tive pressure, and it is likely that the full negative pipette
pressure was not delivered to the cell. Upon subsequent de-
livery of positive pipette pressure, which unplugged the tip,
it can be seen that Cm Pk decreased before a positive shift in
Vpkcm ensued. Alternatively, it may be possible that the lim-
iting voltage shift of VpkCm became more positive with trypsin
treatment. We are currently investigating this possibility.)
Finally, the cell burst at a pipette pressure of about 1 kPa and
VpkCm of +8 mV. From these types of observations, in 10 cells
out of 12, we conclude that membrane tension directly modu-
lates the embedded motility voltage sensor.
A correspondence between OHC nonlinear capacitance

and motility voltage dependence has been observed (Santos-
Sacchi, 1991). Voltage at half maximal charge movement, Vh
(or equivalently, VpkCm), corresponds to the voltage where
OHC mechanical responses are maximally voltage sensitive,
V8L max We further demonstrate a close relationship between
OHC membrane capacitance and movement under different
pressure conditions within individual cells. The inset in the
bottom panel of Fig. 6 depicts the structure of an OHC under
two different pipette pressure conditions, +0.54 and -0.19
kPa. Positive pressure caused the cell to shorten, whereas
negative pressure caused the cell to lengthen. Fig. 6 shows
that the voltage dependence ofOHC motility essentially mir-
rors that of the nonlinear capacitance of the cell. Both shifted
to hyperpolarized levels as intracellular pressure was de-
creased. In three cells, V8L . was (mean ± SE) -23.6 ± 2.9
mV and VpkCm was -24.7 ± 4.2mV for a high pipette pressure
condition (0.49 ± 0.1 kPa); a reduced pipette pressure
(-0.05 ± 0.07 kPa) shifted these values to -45.7 + 2.2 mV
and -56.5 ± 4.8 mV, respectively. Slight differences may be
due to changes in intracellular pressure during the interval

FIGURE 4 Pipette pressure versus VpkC.
(bottom left), OHC longitudinal strain, Sz

(middle left), and peak capacitance (top left).
RS 7.5 MQ, R.: 150 MU. Initial cell length was
69.7 ,um. In this case, the cell collapsed at -1.33
kPa. Right plot of means of VpkCm (0) and peak
capacitance (0) obtained during the last 12 s of
pressure durations. Osmolarity of the intracel-
lular and extracellular solutions was 300
mOsm.
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FIGURE 5 Effects of intracellular trypsin treatment on VpkCm (top) and
Cm pk (bottom). (middle) Pipette pressure delivered, sampled every 8 s. The
numbered inset images are from selected time periods corresponding to the
numbered solid circles on the pressure trace. Scale bar is 10 ,um. During
constant pipette pressure, Vpcm initially declines but shifts to hyperpolarized
levels when cell structural changes ensue, around 10 min. After the OHC
reached a spherical shape, positive pipette pressure induced positive voltage
shifts and decreases in peak capacitance. At the point indicated by the as-

terisk, the holding potential was maintained at about -70 mV to evaluate
the effect of initial conditions on Vpkc,. After the release of holding potential,
Vpkc,, quickly shifted back to its previous value, indicating that holding
potential does not influence VpkCm. At 30 min, negative pressure is delivered
and Cm Pk increased to initial levels, but the electrode subsequently became
plugged. Only after considerable attempts to unplug the pipette with positive
pressure were we able to observe the release of cellular debris from the tip.
At that point Vpkc, began to shift to depolarized levels and C. Pk decreased;
the cell finally burst after reaching a steady state Vpkcm of +8 mV for about
20 s.

(-1-2 min) between nonlinear capacitance measurement
(stair step protocol) and mechanical response measures (volt-
age pulse protocol). The correspondence between voltage
dependencies indicates that motor and sensor are either
tightly coupled or one entity. The singular identity of motor
and sensor is further indicated by the co-localization of the
two within a restricted region of the lateral plasma membrane
(Dallos et al., 1991; Huang and Santos-Sacchi, 1993, 1994).

Fig. 6 also illustrates that negative pipette pressure reduces
the maximum mechanical response of the OHC (Santos-
Sacchi, 1991). Despite this reduction, however, the inset in
the top panel of Fig. 6 illustrates that the maximum me-

chanical gain of the cell can remain essentially unaltered.
That is, in this example, the maximum gain remained near

20 nm/mV under both pressure conditions.
Interestingly, lanthanides, which interfere with OHC os-

motic pressure regulation (Crist et al., 1993; however, see

Chertoff and Brownell, 1994), possibly via interaction with

OHC stretch receptors (Yang and Sachs, 1989; Iwasa et al.,
1991; Ding et al., 1991) also shifted V pkCm (Fig. 7). Lan-
thanides have been shown to reversibly block OHC motility
and nonlinear gating charge (Santos-Sacchi, 1991). Extra-
cellularly applied lutetium chloride (100 ,uM), one of the
lanthanides tested, shifted VpkCmto hyperpolarized levels and
decreased peak capacitance only slightly. At a higher con-
centration (1 mM), however, it apparently shifted VpkCm in the
opposite direction but reduced the nonlinear capacitance
markedly (Fig. 7, inset). Mechanical responses were fully
blocked, as well, without cell collapse. Such a large drop in
nonlinear capacitance may invalidate the tracking technique
so that the shift to positive potentials is likely artifactual. In
all cases of lanthanide treatment where nonlinear capacitance
block was not complete, i.e., where VpkCm could be evaluated
unequivocally, tracking and full analysis with the voltage
stair protocol indicated a VpkCm shift to negative potentials,
opposite that of potential charge screening effects. Lan-
thanides also increased cell length, similar to treatments that
reduced turgor pressure. In three cells, 1 mM lutetium in-
creased OHC length about 5%. It was of interest to determine
whether lanthanides could interfere with the effects of mem-
brane tension on nonlinear capacitance. Fig. 8 illustrates that
turgor pressure changes remained capable of reversibly shift-
ing VpkCm and altering Qm. in cells that were treated with both
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FIGURE 6 Membrane capacitance (bottom) and movement (top) of an

OHC under different pressure conditions delivered through the pipette.
Length changes induced by 20 mV steps from -140 to +60 mV (nominal),
but corrected for series resistance effects in figure. R,: 3.5 MQ, Rm: 154 Mfl
@ 0.54 kPa, and RS: 2.0 MQl, Rm: 88 MQl @ -0.19 kPa. Fits (positive vs.

negative pressure) for capacitance indicate VpkC., Qmau, z, and Ci,, of -24.7
mV, 2.87 pC, 0.79, and 24.8 pF versus -44.2 mV, 3.47 pC, 0.77, and 21.3
pF. Fits (positive vs. negative pressure) for mechanical data indicate Vh
(voltage midpoint) and z of -28.0 mV and 0.91 versus -51.1 mV and 1.2.
Dotted lines indicate VpkCm under each condition. (Inset, top) First derivative
of the fitted mechanical responses, indicating the gain of the mechanical
response under the two pressure conditions. (Inset, bottom) Video images
of OHC at high (left) and low (right) pressures. Scale bar: 10 gm. Osmo-
larity of the intracellular and extracellular solutions was 300 mOsm.
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trypsin and lutetium. This indicates that the activity of stretch
receptors, which are blocked by low micromolar concentra-
tions of lanthanides, is not responsible for stress-induced
effects on OHC membrane capacitance.

DISCUSSION

Treatments that reduce OHC turgor are known to decrease
the magnitude of electromotility (Brownell et al., 1989; She-
hata et al., 1991). Indeed, we have previously shown that
collapsing the OHC with negative pipette pressure produces
a rapid and reversible loss of longitudinal motility, but the
function of the motility voltage sensor remains intact
(Santos-Sacchi, 1991). In fact, we reported that the magni-
tude of the nonlinear charge movement increased by about
10% under the negative pressure condition, corresponding to
the increase in Cmpk that we now observe upon reduced cell
turgor. Iwasa (1993) first systematically studied the effects
of membrane tension on OHC capacitance, and found that
increased turgor pressure decreased nonlinear capacitance
measured at three fixed holding potentials. He correctly con-

cluded, based on modeling the data, that membrane tension
caused a positive shift in VpkCm' More recently, Gale and
Ashmore (1994a) showed that VpkCm shifted to a depolarized
level and peak capacitance decreased when positive pressure

was applied via the patch pipette. However, they further re-

ported that upon collapse of the cell with hyperosmotic ex-

tracellular media, VpkCm remained unchanged (-36 ± 11 mV;
mean ± SD), but voltage-dependent capacitance decreased
some 60-70%. Other differences are apparent between their
results and ours. First, no change in linear capacitance was

observed by them during pressure increases, and second,
while we find either little change or a slight decrease in z

during positive pressure conditions, perusal of their data in-
dicates a marked increase. Notably, Gale and Ashmore
(1994a) did not employ ionic channel blockers, and used a

phase tracking technique that can be susceptible to changes
in electrode and/or membrane resistance. Changes in OHC
membrane resistance can be quite large under those conditions,
where outward potassium currents can reach several nA.
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FIGURE 7 Effects of lanthanides on VpkCm and nonlinear capacitance.
After VpkCm stabilized, lutetium chloride (1 mM) was applied extracellularly
using a Y-tube delivery system. Inset shows voltage-dependent capacitance
obtained by the voltage stair step technique (Huang and Santos-Sacchi,
1993). RS: 6.5 Mfl, Rm: 145 Mfl. Fits (- ) to the capacitance data
indicate VpkCm, Qma, z, and Cl,,n of -56.9 mV, 4.1 pC, 0.67, and 20.9 pF (0)
and -58.9 mV, 4.1 pC, 0.63, and 19.4 pF (0). Data obtained with 1 mM
lutetium chloride (V) could not be fit reliably.
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FIGURE 8 Effects of turgor pressure on nonlinear capacitance in a cell
treated with intracellular trypsin and extracellular lutetium chloride (1 mM).
Initial Cm Pk was 47.5 pF, and in this cell only a partial block of nonlinear
capacitance by lutetium was observed, enabling us to evaluate changes in
VpkCm. RS: 2.5 MQl, Rm: 300 MQ. Reversible changes in cell capacitance
induced by pressure modification are still observed. Fits ( ) to the
capacitance data indicate VpkCm, QmaxW z, and Clim of -52.0 mV, 3.4 pC, 0.52,
and 22.5 pF (0): -1.33 kPa), and -38.6 mV, 2.2 pC, 0.47, and 25.3 pF
(0: +0.7 kPa), and -52.8 mV, 2.9 pC, 0.57, and 23.6 pF (O: -0.7 kPa).

Our work indicates that the variability of VpkCm we initially
noted (Santos-Sacchi et al., 1994) results from variability in
OHC turgor pressure. Upon establishing whole cell configu-
ration, OHC VpkCm and VLmax are at a potential near -20 mV.
Actually, this initial voltage depends on the method of ob-
taining whole cell configuration. Applying negative pressure
to break the membrane patch can cause an immediate loss of
cell turgor, whereas electrically breaking through the mem-
brane patch (zapping) can prevent such a loss. The former
technique produces a more negative initial VpkCm. Subsequent
to whole cell configuration, VpkCm directly follows modifi-
cations of intracellular pressure, but shifts to a limiting nega-
tive voltage when depressurized. Before cell collapse, VpkCm,
and correspondingly, V,sLma can attain potentials close to that
of the resting potential of OHCs in vivo (Dallos et al., 1982).
At this point, mechanical responses are still robust and maxi-
mum voltage-dependent movement will exist near normal
resting potentials. It should be emphasized that despite the
fact that reduced turgor pressure decreases the overall mag-
nitude of the mechanical response (Fig. 6; and see Santos-
Sacchi, 1991, Fig. 11), maximum gain or sensitivity is little
affected before cell collapse (Fig. 4, inset). Thus, for an OHC
at a normal resting potential, reducing turgor pressure ef-
fectively increases the mechanical gain at that potential. In
fact, another mechanism may aid in aligning the resting po-

tential and V;LLma under normal conditions. It is known that
increased turgor can hyperpolarize, and reduced turgor can

depolarize the OHC via the action of potassium selective
stretch receptors (Iwasa et al., 1991; Harada et al., 1993).
Correspondingly, sustained hyperpolarization can increase
turgor and depolarization can reduce turgor pressure (She-
hata et al., 1991). Thus, lowering turgor pressure may cause

V8L max and membrane potential to approach each other,
thereby maximizing the mechanical responsiveness of the
OHC to receptor potentials, which presumably drive OHC
motility in vivo (Evans and Dallos, 1993).
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One problem with the potential role ofOHC motility as the
basis for the cochlear "amplifier" is that the magnitude of the
AC mechanical response induced by receptor potentials in
the high frequency region near threshold is calculated to be
20 dB smaller than basilar membrane motion (Santos-Sacchi,
1989, 1992). This is based on prior in vitro observations that
the mechanical sensitivity of the OHC is not maximal near
the normal in vivo resting potential of -70 mV. This dilemma
has prompted suggestions that other hair cell mechanisms,
e.g., stereociliar mechanics, might provide sensory gain
(Santos-Sacchi, 1989; Hudspeth and Gillespie, 1994). How-
ever, the magnitude of turgor pressure in vivo is unknown.
If it were close to 0, this might alleviate the apparent disparity
between the magnitudes of basilar membrane motion and
OHC motion, since the mechanical gain of the OHC would
be maximal near the normal resting potential of the cell. It
is possible that the high intracellular turgor pressure that is
found in isolated OHCs (Ratnanather et al., 1993) is a con-
sequence of the isolation procedures, since it is often noted
that OHCs swell because of increased cytoplasmic osmo-
larity when they are maintained in vitro (Chertoff and
Brownell, 1994).

Recently, Kalinec et al. (1992) have shown, using light
microscopic evaluation, that treatment of the OHC with in-
tracellular trypsin caused the cell to round up, presumably
because of digestion of the cytoskeleton of the cell. Inter-
estingly, voltage-dependent mechanical responses were still
present. We confirmed by using electronmicroscopy that the
cytoskeleton was digested; we also determined that the volt-
age sensor remained fully functional (Huang and Santos-
Sacchi, 1994). In the present study we used trypsin treatment
to show that cytoskeletal elements are not responsible for the
susceptibility of the voltage sensor to modification of intra-
cellular pressure. Thus, unlike stretch receptors that may
sense tension through an elastic cytoskeleton (Sokabe et al.,
1991), the OHC voltage sensor appears to respond to tension
delivered directly to the plasma membrane. The role of the
cortical cytoskeleton in the OHC has been proposed to pro-
vide structural constraints that funnel integral membrane mo-
tor protein area changes into anisotropic mechanical re-
sponses of the whole cell, namely predominant length
changes (Kalinec et al., 1992; Santos-Sacchi, 1993). How-
ever, we have preliminary evidence that the sensitivity of the
membrane motor to changes in turgor pressure increases after
destruction of the cortical cytoskeleton. That is, smaller
changes in pipette pressure are required to influence non-
linear capacitance after the cytoskeleton is destroyed. Thus,
in addition to providing constraints on motility, the cyto-
skeleton may normally buffer the effects of turgor pressure
alterations.
The underlying mechanism responsible for the effects of

membrane tension on the nonlinear capacitance of the OHC
has been theoretically evaluated by Iwasa (1993, 1994). By
supplementing a simple two state Boltzmann model with an
elastic energy term, shifts in VpkCm were evidenced upon
changes in the elastic energy. However, whereas the voltage

the magnitude of the voltage-dependent capacitance when
tension is modified (Fig. 3; Gale and Ashmore, 1994a) are

not. The increase in the amount of charge moved as mem-

brane tension is dissipated may represent an increase in the
number (N) of voltage sensors/motors capable of confor-
mational change within the membrane. We find that the dis-
tance traversed by the sensor in the membrane electric field
remains constant, evidenced by a fairly stable z during pres-

sure modifications. Thus, in addition to Iwasa's elastic en-

ergy term, perhaps the number of functional sensors is ten-
sion-dependent. This possible change in the number of
functional sensor/motors might indicate, in turn, that the
maximum OHC length change would increase as turgor pres-
sure is dissipated. However, the opposite is the case (Fig. 6;
Santos-Sacchi, 1991). One possible explanation for this dis-
crepancy is that coupling of the voltage sensor to the effector
is less efficient under reduced tension, resulting in a smaller
membrane area change. Alternatively, the membrane area

changes thought to be responsible for the overall mechanical
response of the cell (Kalinec et al., 1992; Iwasa and Chad-
wick, 1992; Iwasa, 1993; Santos-Sacchi, 1993) may actually
be enhanced, but the translation mechanism funneling area

changes into length changes may be compromised. It may
be possible to explore this issue by measuring voltage-
dependent changes in membrane patch area under conditions
of variable tension.

Lanthanides have some effects similar to turgor pressure

reductions, including negative shifts of VpkCm and increases
in cell length. We initially suggested that lanthanides shifted
VpkCm to positive potentials because of charge screening ef-
fects on the extracellular aspect of the OHC membrane
(Santos-Sacchi, 1991). However, it is now clear that those
initial studies were influenced by turgor pressure effects,
since in those studies the pipette series resistance was kept
low by delivering transient positive and negative pressures.

Thus, it is likely that the effects of pipette pressure alterations
on OHC turgor masked the true effects of lanthanides. Gale
and Ashmore (1994b) have recently presented data indicat-
ing that extracellular gadolinium shifts VpkCm in the negative
direction, in aggreement with our present results. They sug-

gested that gadolinium charge screens from the inner aspect
of the OHC membrane; however, it is unlikely that lan-
thanides enter the cell and charge screen on the intracellular
aspect of the membrane, since intracellular EDTA-like cal-
cium chelators, which both they and we used are far more
effective (5-10 orders of magnitude) at buffering lanthanides
(Kolthoff et al., 1969). While one mechanism of lanthanide
action may involve interference with OHC osmo-regulation
(Crist et al., 1993), clearly this cannot solely account for the
reduction in nonlinear capacitance we observe, since induced
turgor pressure changes continue to alter nonlinear capaci-

tance in the presence of lanthanides. It is possible that lan-
thanides are capable of directly reducing tension on the mem-
brane motors, perhaps via electrostatic effects. Further
studies are required to resolve this issue.

In conclusion, our results indicate that OHC turgor pres-

shifts are predicted, the changes observed experimentally in
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sure directly controls the voltage dependence of the nonlinear
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capacitance and mechanical response of the cell, probably
through direct induction of tension on the motility voltage
sensor/effector. We speculate that modulation of turgor pres-
sure in vivo, perhaps via OHC stretch receptor activity, may
provide a unique mechanism for gain control of the cochlear
"amplifier".

We thank Sam Khalil for technical help and Dr. Guojie Huang for his
comments throughout the study.
This work was supported by National Institute on Deafness and Other Com-
munication Disorders NIDCD grant DC00273.
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Effects of Salicylate and Lanthanides on Outer Hair Cell Motility
and Associated Gating Charge

Seiji Kakehata and Joseph Santos-Sacchi
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Salicylate, one of the most widely used drugs, is known to
induce reversible tinnitus and hearing loss. Salicylate interferes
with outer hair cells (OHCs), which are believed to underlie
normal auditory frequency selectivity and sensitivity. In the
present experiments, the effects of salicylate and lanthanides
on OHC motility and nonlinear capacitance were investigated
by using isolated guinea-pig OHCs while attempting to avoid
inadvertent intracellular pressure change, which itself can affect
OHC motility and capacitance. Either extracellularly or intracel-
lularly applied salicylate reduced nonlinear peak capacitance
(Cmpk) and shifted the voltage at peak capacitance to depolar-
ized levels. Concentration–response curves for reduction in
Cmpk by salicylate and GdCl3 revealed a half-maximal concen-
tration and Hill coefficient of 1.6 mM and 1.0, and 0.6 mM and
1.2, respectively. In comparable groups of OHCs, the normal
Cmpk values of which were near 40 pF, average Cmpk de-

creased to 28 and 36 pF for intracellularly and extracellularly
applied salicylate, respectively. Salicylate reduced, but did not
completely block, the voltage-induced length change. Extracel-
lularly, but not intracellularly, applied lanthanide blocked
voltage-induced movement and capacitance almost com-
pletely. After intracellular trypsin treatment, salicylate reduced
voltage-dependent capacitance reversibly, suggesting that sa-
licylate directly acts on the sensor/motor and not via effects on
intracellular structures, such as the subsurface cisternae. The
results are consistent with the hypothesis that the dissociated,
charged form of salicylate directly interacts with the sensor/
motor on the inner aspect of the OHC plasma, whereas lan-
thanides interact on the outer aspect.

Key words: outer hair cell; salicylate; motility; nonlinear ca-
pacitance; gating currents; lanthanides

The outer hair cell (OHC), one of the two receptor cell types in
the mammalian organ of Corti, is thought to play a crucial role in
hearing by providing a local mechanical feedback into the basilar
membrane via its unique voltage-dependent length changes
(Brownell et al., 1985; Ashmore, 1987; Santos-Sacchi and Dilger,
1988; Dallos, 1992). This feedback sharpens the passive mechan-
ical vibration of the cochlear partition. Recent studies demon-
strate that the OHC has a nonlinear gating charge movement or,
equivalently, a voltage-dependent capacitance that presents char-
acteristics similar to those of OHC motility, indicating that
membrane-bound voltage sensor/motor elements control OHC
length (Ashmore, 1989, 1992; Dallos et al., 1991; Santos-Sacchi,
1991, 1993; Iwasa, 1994).
Salicylate, which is used as an analgesic and anticoagulant, is

one of the most widely used drugs. Salicylate is known to produce
reversible tinnitus and hearing loss (Myers and Bernstein, 1965;
Mongan et al., 1973). Several lines of indirect evidence suggest
that salicylate exerts these effects via the OHC (McFadden and
Plattsmier, 1984; Long and Tubis, 1988; Puel et al., 1989; Kujawa
et al., 1992; Carlyon and Butt, 1993). Indeed, direct studies on the
OHC have shown that the nonlinear capacitance and/or motility
of the cell can be modified by salicylate (Shehata et al., 1991;
Tunstall et al., 1995). Shehata et al. (1991) reported that salicylate
reduces OHC turgor pressure and motility. More recently, Tun-

stall et al. (1995) showed that salicylate reduces OHC membrane
capacitance and concluded that salicylate is effective in the
membrane-permeant uncharged form. Other treatments that are
known to affect OHC motility and capacitance include lan-
thanides and altered turgor pressure, the latter acting via mem-
brane stress (Santos-Sacchi, 1991; Iwasa, 1993; Gale and Ash-
more, 1994b; Kakehata and Santos-Sacchi, 1995).
Because whole-cell patch-pipette recording inadvertently can

permit changes in OHC turgor pressure (Kakehata and Santos-
Sacchi, 1995), we examined the effect of salicylate and lanthanides
on OHC nonlinear capacitance and voltage-induced mechanical
responses while attempting to avoid such interference. The results
suggest that each investigated agent seems to work via a different
mechanism on the OHC sensor/motor and that the effects of both
agents are independent of turgor pressure. Furthermore, the data
indicate that the dissociated, charged form of salicylate interacts
with the sensor/motor on the inner aspect of the plasma mem-
brane, whereas lanthanides interact with the sensor/motor on the
outer aspect.

MATERIALS AND METHODS
OHCs were freshly isolated from the organ of Corti of the guinea-pig
cochlea (Kakehata et al., 1993) and were whole-cell voltage-clamped by
an Axon 200 amplifier with patch pipettes having initial resistances of 2–3
MV or ;10 MV, corresponding to tip sizes of 1–2 mm or ;0.5 mm,
respectively (Hamill et al., 1981). Residual series resistance (Rs; after
electronic compensation) ranged from 3 to 7 MV and from 20 to 30 MV,
respectively. Ionic blocking solutions were used to remove voltage-
dependent ionic conductances so that capacitive currents could be ana-
lyzed in isolation (Santos-Sacchi, 1991; Huang and Santos-Sacchi, 1993).
The patch-pipette solution contained (in mM): 140 CsCl, 2 MgCl2, 10
EGTA, and 10 HEPES, pH 7.2; osmolarity was adjusted with dextrose to
300 mOsm. The external solution contained (in mM): 100 NaCl, 20 TEA,
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20 CsCl, 2 CoCl2, 1.52 MgCl2, 10 HEPES, and 5 dextrose, pH 7.2, at 300
mOsm. In some experiments, extracellular CaCl2 (2 mM) was included,
without any effect. Drugs were applied by using the Y-tube method
(Murase et al., 1990) during simultaneous whole-chamber perfusion.
Experiments were performed at room temperature.
A tracking procedure was used to monitor continuously the voltage at

peak nonlinear capacitance (VpkCm) after obtaining whole-cell configu-
ration (Kakehata and Santos-Sacchi, 1995). The program Clampex (Axon
Instruments, Foster City, CA) was modified to perform the VpkCm track-
ing procedure on-line, and membrane potential was corrected for the
effects of residual series resistance. Peak capacitance (Cmpk) values also
were monitored during the tracking procedure by using transient analysis
of capacitive currents induced by a 210 mV step.
Detailed, corroborative evaluation of membrane capacitance was made

at different potentials by transient analysis of currents induced by a
voltage stair-step stimulus, and the capacitance function was fit to the first
derivative of a two-state Boltzmann function relating nonlinear charge to
membrane voltage (dQ/dV; Santos-Sacchi, 1991; Huang and Santos-
Sacchi, 1993):

Cm 5 Qmax
ze
kT

b
~1 1 b ! 2

1 C lin ,

in which

b 5 expS 2 ze ~V 2 VpkCm!

kT D .
Qmax is the maximum nonlinear charge moved, VpkCm is voltage at peak
capacitance or, equivalently, at half-maximal nonlinear charge transfer,
Vm is membrane potential, z is valence, Clin is linear membrane capaci-
tance, e is electron charge, k is Boltzmann’s constant, and T is absolute
temperature. Pipette pressure was modified with a syringe connected to
the Teflon tubing attached to the patch-pipette holder. Pressure was
monitored via a T-connector to a pressure monitor (World Precision
Instruments, Sarasota, FL). An in-house pipette pressure clamp was used
to maintain constant pipette pressure when required. This device pro-
vided positive or negative pressure into the pipette via a motor-driven,
gas-tight syringe by using feedback from the pressure monitor.
Previously, we have found that when recording with large-tipped patch

pipettes (1.5–3 MV, 1.5 mm tip) containing iso-osmolar solutions, VpkCm
shifts to hyperpolarized levels over the course of 10 min after patch
membrane rupture (Kakehata and Santos-Sacchi, 1995). This occurs
because of a decrease in OHC intracellular pressure. In the present set of
experiments, three conditions were used to dismiss potential effects of
uncontrolled, recording-induced intracellular pressure change during
evaluation of salicylate and lanthanides on OHC capacitance and motil-
ity. First, the use of small-tipped pipettes provides for stable intracellular
pressures, because no negative shifts of VpkCm are observed over periods
of 30 min or longer. Under this condition, the potential effects of
exogenous agents on intracellular pressure are unhampered. Second, with
large-tipped pipettes, maintenance of constant pipette pressure provides
for stable intracellular pressures, because VpkCm can be maintained
constant. Third, with large-tipped pipettes after intracellular pressure
dissipation (;10 min), intracellular pressure is stable, because VpkCm
remains constant. The drugs were evaluated under each condition.
All experiments were video taped with a Matrox (Montreal, Canada)

video overlay board that combines EGA and video. Measures of voltage-
induced (20 mV increments) mechanical responses were made from the
video monitor with a differential optoresistor technique (Santos-Sacchi,
1989, 1991). Mechanical data were fit to a two-state Boltzmann function
to determine the voltage at maximum sensitivity (VdLmax).
Dose–response data were averaged and are given as mean 6 SE. A

continuous theoretical curve was drawn according to a modified Mich-
aelis–Menten equation with the use of a least-squares fitting routine after
normalization of the response,

DC 5 Cmax~Cn/Cn 1 KD
n ! ,

in which DC is the observed reduction of capacitance, C is the drug
concentration, KD is the dissociation constant, and n is the Hill coeffi-
cient. All data analysis was performed with the software package MAT-
LAB (Mathworks, Natick, MA).

RESULTS
Effects of salicylate, lanthanides, and pressure on
OHC nonlinear capacitance
Figures 1 and 2 illustrate the effects of intracellular pressure
changes and extracellularly applied salicylate and lanthanides on
OHC nonlinear capacitance. Positive changes in intracellular
pressure consistently and reversibly shifted VpkCm to depolarized
levels and reduced Cmpk (Figs. 1A, 2A). Lanthanides such as
GdCl3, LuCl3, and CeCl3 consistently, but not always reversibly,
shifted VpkCm to hyperpolarized levels and reduced Cmpk (Figs.
1B, 2B). However, whereas salicylate consistently and reversibly
shifted VpkCm and reduced Cmpk, the direction of the shift could
be to either depolarized or hyperpolarized levels (Figs. 1C, 2C,D).
About two-thirds of the cells tested exhibited a shift in the
depolarized direction (Fig. 2C). Residual ionic conductance (leak-
age) remained unaffected by salicylate or intracellular pressure
changes, but lanthanides suppressed it. These results suggest that
lanthanides and salicylate do not exert their effects simply via a

Figure 1. Effects of intracellular pressure (A), lanthanides (B), and sa-
licylate (C) on Cm. Voltage-dependent capacitance was obtained by the
voltage stair-step technique. A, After VpkCm stabilized after intracellular
pressure dissipation (;10 min), an increasing intracellular pressure
caused a positive shift in the VpkCm with decreasing peak capacitance
(Cmpk). Rs (series resistance), 1.9 MV (pipette tip, ;1.5 mm); Rm (mem-
brane resistance), 139 MV. The initial cell length was 75 mm; the cell
length was reduced to 73% when intracellular pressure was increased to
0.8 kPa. B, In another cell, after VpkCm stabilized, GdCl3 was applied
extracellularly by a Y-tube delivery system. GdCl3 caused a negative shift
in VpkCm with decreasing Cmpk. Rs, 2.8 MV (pipette tip, ;1 mm); Rm, 220
MV. The initial cell length was 50 mm; the cell length elongated to 107%.
C, In another cell, with the use of a small-tipped pipette to maintain initial
intracellular turgor pressure, extracellularly applied salicylate caused a
positive shift in VpkCm with decreasing Cmpk. Rs, 27.2 MV; Rm, 350 MV.
The initial cell length was 65 mm; the cell length was reduced to 78%. All
treatments were done after VpkCm stabilized.
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mechanism similar to that of turgor pressure change, which is
believed to act via alterations in membrane stress (Iwasa, 1994;
Kakehata and Santos-Sacchi, 1995).
The response time course of extracellularly applied salicylate

was examined by using a tracking procedure to follow changes in
VpkCm and Cmpk (Kakehata and Santos-Sacchi, 1995). One milli-
molar salicylate reversibly reduced Cmpk and shifted VpkCm to
depolarized levels (Fig. 3A). These effects reached steady state in
;60 sec in this cell. An increase in the salicylate concentration
accelerated the response (Fig. 3B). The reduction of Cmpk was
well fit with a single exponential. Tau of salicylate-induced reduc-
tion in Cmpk was 19.2 6 3.7 sec (mean 6 SE; n 5 5) and 11.4 6

2.4 sec (n 5 8) for 1 and 10 mM salicylate, respectively. With the
use of fitted steady-state values, the average reduction of Cmpk
and average shift of VpkCm (mean 6 SE) were 6.82 6 1.48 pF and
4.6 6 2.2 mV (1 mM; n 5 5), and 10.63 6 1.51 pF and 16.7 6 2.2
mV (10 mM; n 5 7). Nonlinear capacitance was evaluated more
fully by using stair-step stimuli applied at least 120 sec after
treatment. With this technique, average Cmpk was 46.86 6 1.25
(n 5 11) and 36.75 6 0.92 pF before and during application of 10
mM salicylate, respectively. The average reduction of Cmpk was
10.11 6 1.26 pF, which is comparable to the value of 10.63 6 1.51
pF obtained by the tracking technique.

Concentration–response curves for salicylate
and gadolinium
Concentration–response curves for reduction in Cmpk by salicy-
late were obtained with the VpkCm tracking technique. Salicylate
was applied by Y-tube in increasing concentrations, without in-
termittent washing, until a steady-state response was achieved.
Pipette pressure was kept slightly positive (up to approximately
10.07 kPa), to prevent turgor dissipation. Figure 4A shows a
representative example. The effects of salicylate were just detect-
able at a concentration of ;300 mM. The reduction increased
sigmoidally as the salicylate concentration increased to 10 mM,
above which the response was saturated. The half-maximal con-
centration (K1/2) and the Hill coefficient (n) were 1.6 mM and 1.0,
respectively. VpkCm shifted to depolarized levels at a concentra-
tion of .1 mM.
Concentration–response curves for GdCl3 were obtained in a

similar manner. Pipette pressure was kept positive (up to approx-
imately 10.14 kPa) to prevent turgor dissipation. Compared with
salicylate, longer perfusion times were required to reach steady-

Figure 2. Effects of intracellular pressure (A), lanthanides (B), and sa-
licylate (C, D) on the relationship between VpkCm and Cmpk. Each point
shows the relationship between VpkCm and Cmpk. Increasing pressure,
extracellularly applied lanthanides, or salicylate reduces Cmpk. A, Cmpk
and VpkCm under two pressure conditions, 20.41 6 0.26 (mean 6 SE) and
0.64 6 0.23 kPa. Increasing pressure caused a positive shift in VpkCm. B,
Cmpk and VpkCm before and during application of lanthanides (3 or 10 mM
GdCl3, n 5 7; 1 mM LuCl3, n 5 3; 1 mM CeCl3, n 5 1). Extracellularly
applied lanthanides caused a negative shift in VpkCm with decreasing Cmpk
in all cells tested (n 5 11). Reversibility was dependent on concentration.
C, D, Cmpk and VpkCm before and during application of 10 mM salicylate.
Extracellularly applied salicylate reduced Cmpk, although the direction of
the shift in VpkCm was variable. The data are plotted in separate graphs for
clarity. Of 21 cells tested, 13 showed a positive shift in VpkCm (C), and 8
cells showed a negative shift (D). Each symbol indicates a different cell. All
treatments were done after VpkCm stabilized.

Figure 3. Effects of extracellularly applied salicylate on OHC capaci-
tance. The effective time course of extracellularly applied salicylate was
examined by using a tracking procedure. A small-tipped pipette was used
to permit any turgor pressure change that salicylate may cause. Salicylate
was applied after VpkCm and Cmpk reached steady state. A, Effects of 1 mM
salicylate. Peak capacitance is shown as a function of time. The reduction
of Cmpk is well fit by using a single exponential curve fit. Tau is 19 sec. Rs,
27.1 MV; Rm, 255 MV. B, Effects of 10 mM salicylate in a different cell.
Tau is 12 sec. Rs, 26.6 MV; Rm, 292 MV.

Kakehata and Santos-Sacchi • Salicylate and Lanthanide Effects on the Outer Hair Cell J. Neurosci., August 15, 1996, 16(16):4881–4889 4883



state levels (Fig. 4B). The effects of GdCl3 were detectable at a
concentration of 100 mM. GdCl3 reduced Cmpk in a concentration-
dependent manner, and at 10 mM a near-maximal response was
obtained. K1/2 and n were 0.6 mM and 1.2, respectively. VpkCm
shifted to hyperpolarized levels and reached very negative poten-
tials of267.46 3.9 mV (n5 5). Two of the treated cells collapsed
during data collection.

Effects of intracellularly applied salicylate
Recent evidence indicates that salicylate is highly permeable
through the OHC membrane (Tunstall et al., 1995; Zhi et al.,
1996). However, the precise site in which salicylate acts on the
OHC motility voltage sensor remains unknown. To investigate
possible sites of salicylate effects, we applied salicylate intracellu-
larly through patch pipettes and compared results with those
obtained by extracellular application. Large-tipped pipettes were
used, with pipette pressure clamped near zero. Tracking of Cmpk

and VpkCm was started immediately after whole-cell configuration
was obtained. In addition, stair-step stimuli in a wide voltage
range (2150 to 1150 mV) were applied periodically. Figure 5
shows the immediate effect of intracellularly applied salicylate on
voltage-dependent capacitance. In OHCs dialyzed with 5 mM
salicylate, stair-step analysis revealed that reduction of Cmpk and
the shift of VpkCm were time-dependent (data not shown). In two
cells, the exponential time constant of Cmpk reduction was 11.25
and 6.89 sec. With 10 mM salicylate, Cmpk was reduced to a steady
level of ,30 pF within, at most, 5 sec after whole-cell configura-
tion was obtained (Fig. 5).
Because the effects of intracellularly applied salicylate are so

rapid, it is impossible to obtain the initial normal capacitance
value of the cell for comparison. Instead, we compared groups of
intracellularly untreated and treated (10 mM) cells, the average
cell length of which was 56.7 6 3.1 (n 5 11) and 58.5 6 3.4 mm
(n 5 11), respectively. OHC length correlates well with the
membrane capacitance of the cell; thus, valid comparisons can be
made between these groups. Average Cmpk was 46.87 6 1.25 and
28.20 6 0.67 pF in untreated and treated groups, respectively. In
those control OHCs subsequently treated with extracellular 10
mM salicylate, the average Cmpk dropped to 36.75 6 0.92 pF. This
value differs significantly from the value of 28.20 6 0.67 pF in the
OHCs dialyzed with 10 mM salicylate (Student’s t test , 0.001).
These results indicate that salicylate works more effectively when
applied intracellularly.
Voltage-induced OHC movement and voltage-dependent ca-

pacitance share many characteristics (Santos-Sacchi, 1991; Ash-
more, 1992). OHC voltage-dependent movement as well as
voltage-dependent capacitance were reduced in a concentration-
dependent manner by intracellular salicylate treatment (Fig. 6). In
the absence of salicylate, voltage-induced length changes saturate
at positive voltages. The voltage in which saturation initiates
depends on OHC turgor pressure, because VdLmax shifts with
turgor pressure (Kakehata and Santos-Sacchi, 1995). The maxi-
mum mechanical gain of the OHC, however, can remain fairly
constant. Thus, to avoid the possible effect of turgor pressure on
measures of OHCmovement, we compared maximummechanical

Figure 4. Concentration–response curve for reduction in Cmpk by salic-
ylate and GdCl3. A, The concentration–response curve for salicylate. The
inset shows the effect on the Cmpk by various concentrations of salicylate
in a representative example. Rs, 5.5 MV; Rm, 450 MV. Pipette pressure
was kept at 0 kPa. Reductions of Cmpk induced by various concentrations
were normalized to the reduction induced by 10 mM salicylate. Each point
is the mean 6 SE of five cells. B, The concentration–response curve for
GdCl3. The inset shows the effect on the Cmpk by various concentrations
of GdCl3 in a representative example. Rs, 6.5 MV; Rm, 400 MV. Pipette
pressure was kept at 0.11 kPa. Reductions of Cmpk induced by various
concentrations were normalized to the reduction induced by 10 mM
GdCl3. Each point is the mean 6 SE of five cells determined at the end of
each perfusion.

Figure 5. Effects of intracellularly applied salicylate on OHC capaci-
tance. The OHC was dialyzed with a pipette solution containing 10 mM
salicylate. The inset shows peak capacitance as a function of time, mea-
sured with the tracking procedure (solid line) or stair-step protocol (sym-
bols at 30, 160, and 300 sec). Rs, 6.01 MV; Rm, 270 MV. Capacitance drops
to low levels immediately after obtaining whole-cell configuration. This
figure is representative of 20 cells tested.
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gain of OHCs in the absence and presence of intracellular salic-
ylate. The average gain was 19.53 6 1.98 nm/mV (n 5 3) in the
absence of salicylate, which is in line with previous measures
(Ashmore,1987; Santos-Sacchi and Dilger, 1988). In the presence
of 10 mM salicylate, voltage-induced length change did not satu-
rate, and the movement function appeared linear within the
voltage range of 2150 to 150 mV. The average cell-length change
obtained by a voltage step from a holding potential of 280 to 150
mV was 1.03 6 0.06 mm (n 5 7). The average maximum mechan-
ical gain was 5.17 6 0.43 nm/mV (n 5 9), which is about one-
fourth of the average gain in the absence of salicylate.

Comparison of effects between salicylate and
lanthanide on OHC capacitance and movement
The effect of salicylate on OHC nonlinear capacitance is similar to
that of lanthanides, which are known to block voltage-dependent
OHC movement and capacitance (Santos-Sacchi, 1991; Kakehata
and Santos-Sacchi, 1995). However, significant differences exist
between the effects of the two drugs and are revealed via dual-
treatment experiments. In OHCs dialyzed with 10 mM salicylate,
simultaneous measures of capacitance and voltage-dependent
movements were made before and during extracellular applica-

tion of 1 mM LuCl3. An example is shown in Figure 7. At 4 min
after whole-cell configuration, Cmpk was 30.4 pF, and z was 0.205.
Extracellularly applied LuCl3 further reduced Cmpk and z to a
small extent, namely, 29.2 pF and 0.191, respectively. On the other
hand, the effect elicited by LuCl3 on the cell movement was
significant. Voltage-induced movement was blocked almost com-
pletely; i.e., maximum mechanical gain was reduced from 8.04 to
0.70 nm/mV.
The effect of intracellularly applied lanthanide also was exam-

ined. Because EDTA-like calcium buffers are powerful lanthanide
chelators, GdCl3 (5 mM) was added to patch pipettes that did not
include EGTA. Intracellularly applied GdCl3 neither abolished
the voltage-induced movement nor reduced nonlinear capacitance
in all cells tested (data not shown; n5 4). This result suggests that
lanthanides work exclusively from the extracellular side of the
OHC membrane.

Effects of salicylate on the limiting value of VpkCm
As OHC intracellular pressure is reduced, VpkCm shifts in the
negative direction until it reaches a limiting value that occurs
when the cell collapses (Kakehata and Santos-Sacchi, 1995). Fig-
ure 8 illustrates the effects of salicylate on this limiting value.

Figure 6. Effects of intracellularly applied salicylate on OHC capacitance
and movement. Voltage-dependent capacitance and voltage-induced
length change were measured 3–4 min after whole-cell configuration in
three different cells. As the concentration of salicylate increased, voltage-
dependent capacitance and nonlinearity of voltage-induced length change
were reduced correspondingly. Length changes were induced by 20 mV
steps from 2150 to 1150 mV at a Vhold of 280 mV. Rs, 3.38 MV and Rm,
66.5 MV (closed circles); Rs, 3.68 MV and Rm, 34.7 MV (open circles); Rs,
6.57 MV and Rm, 240 MV (open triangles). Fits (solid lines) for capacitance
indicate VpkCm,Qmax, and z of214.3 mV, 4.74 pC, and 0.650 (open circles);
238.2 mV, 5.09 pC, and 0.317 (closed circles); 228.7 mV, 36.54 pC, and
0.111 (open triangles). Fits for the mechanical data indicate Vhold and z of
236.4 mV and 0.955 (closed circles), 2.89 mV and 0.376 (open circles), and
6.43 mV and 0.039 (open triangles). The inset shows the first derivative of
the mechanical responses, indicating the gain of the mechanical response
with different concentrations of salicylate. See text for details.

Figure 7. Comparison of effects between salicylate and lanthanide on
OHC capacitance and movement. Voltage-dependent capacitance and
voltage-induced length change were measured before and during extra-
cellularly applied LuCl3 (1 mM) in an OHC with intracellularly applied
salicylate (10 mM). Length changes were induced by 20 mV steps from
220 to 160 mV at a Vhold of 280 mV. Rs, 4.75 MV and Rm, 89.2 MV
(closed circles); Rs, 4.39 MV and Rm, 261 MV (open circles). Fits (solid
lines) for capacitance indicate VpkCm, Qmax, and z of 242.3 mV, 9.152 pC,
and 0.205 (open circles); 271.3 mV, 7.35 pC, and 0.191 (closed circles).
Fitting such depressed capacitance functions may not be reliable because
of the limited voltage range that can be applied. The mechanical data
could not be fit reliably with a two-state Boltzmann. Note that lanthanides,
although changing the capacitance function minimally, effectively block
mechanical responses. The inset shows mechanical gain of the cell under
each condition.
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Intracellular pressure was reduced directly through the patch
pipette. This treatment increased Cmpk and shifted VpkCm in the
negative direction. In this case, VpkCm reached a limiting value of
255 mV when the OHC collapsed. After treatment with 10 mM
salicylate extracellularly, the limiting value consistently moved in
the positive direction while the OHC remained collapsed (n 5 5).
The effect was reversible. This result further suggests that salicy-
late does not act via turgor pressure but affects the voltage

dependence of the voltage sensor directly. It also may indicate
that the minority of cells in which salicylate shifted VpkCm to
negative potentials simultaneously may have experienced inadver-
tent changes in turgor pressure.

Effects of salicylate on VpkCm and Cmpk of
trypsin-treated cells
It has been demonstrated that salicylate alters the structure of the
OHC subsurface cisternae (Dieler et al., 1991). To investigate
whether normal subsurface cisternae are required for the effects
of salicylate on the voltage sensor, we disrupted subsurface cis-
ternal architecture by destroying the cortical cytoskeleton of the
cell with intracellular trypsin. This treatment causes the OHC to
become spherical and the subsurface cisternae to vesiculate and
peel away from the plasmalemma (Huang and Santos-Sacchi,
1994). Neither voltage-sensor gating charge movement nor the
sensitivity of the sensor to intracellular pressure change is altered
with this treatment (Kakehata and Santos-Sacchi, 1995). Figure 9
illustrates the persisting, reversible effects of salicylate on trypsin-
treated OHCs. After the cell became fully spherical at ;13 min,
10 mM salicylate was applied extracellularly. Detailed measures of
voltage-dependent capacitance also were made by using stair-step
stimuli before, during, and after application of salicylate. Salicy-
late consistently and reversibly reduced voltage-dependent capac-
itance (n 5 3), suggesting that salicylate acts directly on the
membrane-bound motor/sensor and not via the subsurface
cisternae.

DISCUSSION
Previously, we demonstrated that intracellular pressure directly
shifts the voltage dependence of membrane capacitance and mo-
tility in OHCs (Kakehata and Santos-Sacchi, 1995). Increasing
pressure shifts VpkCm and VdLmax to positive potentials while
simultaneously suppressing Cmpk; decreasing pressure has the
opposite effects. In addition, even with iso-osmolar intra- and
extracellular solutions, VpkCm slowly moves to more hyperpolar-
ized voltages after whole-cell configuration is established. This
phenomenon is believed to underlie the variability of VpkCm in
isolated OHCs. Thus, in evaluating OHC voltage-dependent
movement and membrane capacitance, the effects of intracellular
pressure have to be taken into account. In the present study, we
used techniques to minimize or control for the effects of intracel-
lular pressure. Under such conditions, it is clear that salicylate and
lanthanides exert their effects independent of turgor pressure.
Two other reports have investigated the effects of salicylate on

motility or membrane capacitance by the use of whole-cell voltage
clamp (Shehata et al., 1991; Tunstall et al., 1995). Neither con-
trolled for pipette-mediated intracellular pressure changes, be-
cause large-tipped pipettes were used (2–5 MV, 1.5–3 mm). Re-
duction of electromotility because of loss of turgidity by
extracellularly applied salicylate was reported (Shehata et al.,
1991), and disruption of subsurface cisternae was thought to be
related to this phenomenon (Dieler et al., 1991). However, our
data do not support their conclusions. First, salicylate suppresses
Cmpk and shifts VpkCm to depolarized potentials—opposite the
effects of decreasing turgor pressure. Second, extracellular salic-
ylate application for up to 300 sec induced an apparent collapse of
only one OHC (n 5 11) in whole-cell configuration with clamped,
positive pressure. No unpatched, isolated cells showed any detect-
able collapse when 10 mM salicylate was applied extracellularly for
.10 min, which is in accord with previous findings (Shehata et al.,
1991). In addition, only 2 of 11 OHCs tested with internal 10 mM

Figure 8. Effects of salicylate on the limited value of VpkCm. Intracellular
pressure of the OHC was reduced directly through the patch pipette to
collapse the cell. A, The cell was maintained in collapse after the point
indicated by the first dotted line. As expected, collapsing the cell caused
Cmpk to increase and VpkCm to shift to a limiting negative value (Kakehata
and Santos-Sacchi, 1995). At the second dotted line, 10 mM salicylate was
applied extracellularly. VpkCm shifted in the positive direction with a
decrease in Cmpk. Washout at the third dotted line caused recovery. B,
Capacitance function determined by the stair-step protocol for the same
cell. Fits (solid lines) to the capacitance data indicate VpkCm, Qmax, and z
of 214.3 mV, 4.74 pC, and 0.650 (closed circles, control); 241.0 mV, 4.09
pC, and 0.743 (closed triangles, after collapse); 232.3 mV, 3.86 pC, and
0.418 (open triangles, during application of salicylate); 253.6 mV, 3.54 pC,
and 0.728 (closed triangles, after wash). C, Data from five cells showing
consistent positive shift of VpkCm and decrease in Cmpk in collapsed cells
after 10 mM salicylate treatment.
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salicylate collapsed after 3 min. These time periods are far longer
than necessary for the effects we observe on the sensor/motor.
Third, in the OHCs treated with trypsin, in which the normal
arrangement between membrane and subsurface cisternae is dis-
rupted, effects of salicylate on the membrane voltage sensor
remained. Thus, it is likely that the mechanisms of salicylate
effects on the membrane sensor/motor and the subsurface cister-
nae are different and that the action of salicylate on the mem-
brane sensor/motor is faster than that on the subsurface cisternae,
which requires.10 min for detectable effects (Dieler et al., 1991).
Tunstall et al. (1995) reported values of the Hill coefficient (n)

and half-maximal concentration (K1/2) for salicylate of 3.40 and

3.95 mM, respectively. From these data they deduced that the
sensor/motor within the OHC membrane is a tetramer, as origi-
nally suggested by Kalinec et al. (1992). Our results indicate an n
of 1.0 and K1/2 of 1.6 mM. These apparent differences can be
accounted for. Tunstall et al. obtained their dose–response curve
at a fixed voltage of 250 mV, but they did not attempt to keep
intracellular pressure constant. Measured capacitance at a fixed
voltage may be subject to fluctuation induced by inadvertent
turgor pressure change. Nevertheless, one cell was evaluated at
four different membrane potentials with similar results, and data
collection was rapid, indicating that pressure changes in their cells
may not have been significantly influential. More importantly,
however, their dose–response curves were obtained with a perfu-
sion technique (monitoring the drug concentration increase near
the cell after the start of a continuous flow of 10 mM salicylate),
which presented salicylate for too short a period of time at low
concentrations to allow Cm levels to reach steady state. As we
demonstrated in this paper, tau of salicylate-induced reduction in
Cmpk was 19.26 3.7 and 11.46 2.4 sec for 1 and 10 mM salicylate,
respectively (see also Fig. 5 in Tunstall et al., 1995; tau of 5 mM
salicylate-induced reduction in Cm is ;15 sec). Their Figure 8
indicates that exposure time at each measured concentration
below 10 mM was no more than a few seconds, total perfusion time
from 0 to 10 mM being 30 sec. Such short application times would
make their dose–response curve steeper and K1/2 larger than
actual and also would account for the nonsymmetrical shape of
their data.
In the present experiments, we obtained the concentration–

response curve by measuring changes in the maximum capaci-
tance of the cell (Cmpk), and various concentrations of salicy-
late were applied for at least 120 sec, allowing steady levels to
be reached. In addition, we attempted to control for the effects
of inadvertent intracellular pressure change. Although the K1/2
we observed was 1.6 mM, effects on the sensor/motor were
observed in the hundred micromolar range. It has been shown
that the perilymphatic salicylate concentration, which induces
tinnitus and hearing loss in the rat, is near 400 mM (Jastreboff
et al., 1986). Therefore, the data we obtain in vitro are in accord
with in vivo results. The value of the Hill coefficient for salic-
ylate obtained in this experiment is 1.0, which indicates that
there is one binding site per sensor/motor molecule for salicy-
late. This type of information is not sufficient to speculate on
the number of sensor/motor subunits but simply points to a lack
of cooperativity.
Our data permit us to speculate on the site and mechanism of

salicylate action. Salicylic acid, transported in the undissociated or
unionized form, is highly permeable across lipid bilayers (Gut-
knecht and Tosteson, 1973) and human red cell membranes (Joy
and Cutler, 1987). When salicylic acid enters a cell, dissociation to
salicylate occurs, with the final concentration of the dissociated
form being dependent on intracellular pH (pHi). Because pHi
decreases on application of extracellular salicylate under whole-
cell recording conditions (Tunstall et al., 1995), the resulting level
of intracellular salicylate at equilibrium is less than that of extra-
cellular salicylate. Given the pKa of salicylic acid (3.0), it can be
calculated from the Henderson–Hasselbalch equation that 0.6 mM
salicylic acid will exist as the undissociated form at a 10 mM
extracellular concentration of salicylate anion. Assuming that
extracellularly applied 10 mM salicylate causes pHi to shift from
7.2 to 6.9, then the concentration of salicylate inside the cell would
be 5 mM at equilibrium. The actual pHi change would depend on
the efficacy of the patch solution buffer. The relatively slow time

Figure 9. Effects of salicylate on VpkCm and Cmpk of a trypsin-treated cell.
Trypsin (300 g/ml) was included in the patch pipette. After the cell became
fully spherical at ;13 min, 10 mM salicylate was applied extracellularly.
Voltage-dependent capacitance was measured before, during, and after
application of salicylate. Salicylate reduced voltage-dependent capaci-
tance reversibly, despite permanent disruption of the subsurface cisternae.
Fits (solid lines) for capacitance indicate VpkCm, Qmax, and z of 236.6 mV,
3.04 pC, and 0.757 (closed circles); 232.0 mV, 1.69 pC, and 0.450 (open
triangles). The fit to open triangles is unreliable because of the shallowness
of the function.
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course of salicylate action by extracellular perfusion may corre-
spond to the time taken for salicylate to form intracellularly. In
fact, Tunstall et al. (1995) showed that pHi changed from 7.2 to
6.9 in 30 sec. This time course should reflect directly the dissoci-
ation of H1 from salicylic acid. Because they also showed that pHi
itself is not the main cause of capacitance decrease, we conclude
that the change in capacitance that we note with extracellular
salicylate is attributable to the production of the dissociated form.
On the other hand, when 10 mM sodium salicylate solution buff-
ered to pH 7.2 is introduced intracellularly, the effect is almost
immediate and more pronounced, presumably because the disso-
ciated form is delivered directly and at higher concentrations. It
should be emphasized that, for either intracellular or extracellular
application, the concentration of salicylic acid would be the same
(0.6 mM). That is, the residence of the uncharged form within the
membrane probably does not interfere with the sensor/motor.
Thus, our data, which demonstrate that salicylate acts faster and
to a greater extent when dialyzed into the OHC, suggest that
salicylate works on the sensor/motor in the dissociated, charged
form. The ability of the dissociated, charged form of salicylate to
interact with the sensor/motor on the inner aspect of the plasma
membrane may underlie the voltage dependence shifts that we
observe in the capacitance functions. Although salicylate is effec-
tive on the intracellular aspect of the lateral plasma membrane,
we show that lanthanides function exclusively on the outer aspect.
These results are contrary to those reported by Gale and Ashmore
(1994a).
The comparison between mechanical movements and charge

movements in treated cells indicates that, whereas charge
movement is suppressed to nearly the same extent by salicylate
and lanthanides, motility is not. Mechanical responses remain
substantial after salicylate treatment, but the motility function
becomes linear between the range of 2150 and 1150 mV. It
should be noted, however, that in both cases residual nonlinear
capacitance remains. The difference between mechanical re-
sponses obtained with the two treatments may relate to differ-
ential changes in the axial stiffness of the cell under each
condition. It has been found that extracellularly applied salic-
ylate reversibly reduces axial stiffness of isolated OHCs of
guinea pig (Russell et al., 1995), which may be related to the
demonstration of a reversible decrease in OHC lateral wall
stiffness (Lue et al., 1996). Under such conditions, the residual
charge movement may correspond to conformational changes
of the motor molecule that are capable of driving an unloaded
cell with reduced axial stiffness. Lanthanide treatment, on the
other hand, may increase axial stiffness. This may be indicated
by the elongation and apparent stiffening of the OHC noted
with lanthanide treatments (Santos-Sacchi, 1991; Kakehata and
Santos-Sacchi, 1995). Under conditions of increased axial stiff-
ness, the conformation change of the motor, indicated by the
residual charge movement, may be unable to effect mechanical
responses.
In conclusion, we show that salicylate and lanthanides do not

work via mechanisms similar to changes in intracellular turgor
pressure. The effects seem to be a result of direct action on the
motility sensor/motor: lanthanides working on the external
aspect of the lateral membrane and salicylates working on the
intracellular aspect. It is interesting to note that simple modi-
fications to the salicylate molecule, which would limit its entry
into the OHC, are predicted to eliminate the attendant tinnitus
and hearing loss associated with the ingestion of the drug.
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Li X, Surguchev A, Bian S, Navaratnam D, Santos-Sacchi J.
Extracellular chloride regulation of Kv2.1, contributor to the major
outward Kv current in mammalian outer hair cells. Am J Physiol Cell
Physiol 302: C296–C306, 2012. First published September 21, 2011;
doi:10.1152/ajpcell.00177.2011.—Outer hair cells (OHC) function as
both receptors and effectors in providing a boost to auditory reception.
Amplification is driven by the motor protein prestin, which is under
anionic control. Interestingly, we now find that the major, 4-AP-
sensitive, outward K� current of the OHC (IK) is also sensitive to Cl�,
although, in contrast to prestin, extracellularly. IK is inhibited by
reducing extracellular Cl� levels, with a linear dependence of 0.4%/
mM. Other voltage-dependent K� (Kv) channel conductances in
supporting cells, such as Hensen and Deiters’ cells, are not affected by
reduced extracellular Cl�. To elucidate the molecular basis of this
Cl�-sensitive IK, we looked at potential molecular candidates based
on Cl� sensitivity and/or similarities in kinetics. For IK, we identified
three different Ca2�-independent components of IK based on the time
constant of inactivation: a fast, transient outward current, a rapidly
activating, slowly inactivating current (Ik1), and a slowly inactivating
current (Ik2). Extracellular Cl� differentially affects these compo-
nents. Because the inactivation time constants of Ik1 and Ik2 are
similar to those of Kv1.5 and Kv2.1, we transiently transfected these
constructs into CHO cells and found that low extracellular Cl�

inhibited both channels with linear current reductions of 0.38%/mM
and 0.49%/mM, respectively. We also tested heterologously ex-
pressed Slick and Slack conductances, two intracellularly Cl�-sensi-
tive K� channels, but found no extracellular Cl� sensitivity. The Cl�

sensitivity of Kv2.1 and its robust expression within OHCs verified by
single-cell RT-PCR indicate that these channels underlie the OHC’s
extracellular Cl� sensitivity.

voltage-dependent potassium ion channels; chloride; outer hair cells

THE OUTER HAIR CELL (OHC) is both a receptor and an effector,
possessing a distinct ensemble of membrane proteins, e.g.,
prestin (54), the �9- and �10-nicotinic ACh receptor subunits
(7, 8), and the unidentified transduction channel (5), which
underlie these processes.

Concerning the effector role of OHCs, recent studies suggest
that prestin activity is highly dependent on intracellular Cl�

anions (36, 38, 44, 46). Modulating intracellular Cl� alters the
motor’s nonlinear charge movement (or nonlinear capaci-
tance), thereby affecting the voltage sensitivity of OHC elec-
tromotility. The mechanism whereby anions work on prestin
remains controversial; however, much evidence points to an
allosteric mechanism (38, 45), similar to the way in which
Ca2� modulate the voltage sensitivity of large-conductance
Ca2�-activated K� (BK) channels (15, 53).

Concerning the sensory role of the OHC, receptor potentials
that drive neurotransmitter release and electromotility are sub-
ject to the shaping effects of the cell’s basolateral voltage-
dependent membrane conductances (17). The dominant con-
ductances of the adult OHC are K� conductances, with two
types having been distinguished based on voltage dependence
and pharmacological properties: a K� current in OHC acti-
vated at negative potential (IK,n) and the outward K� current of
the OHC (IK) (16, 27, 42). IK,n is half-activated at �92 mV and
likely helps to set the resting membrane potential of the OHC.
IK activates more positive to �40 mV. Because this voltage is
depolarized sufficiently from the normal in vivo resting poten-
tial [approximately �70 mV (6)], it might be expected that
only large suprathreshold receptor potentials could activate IK

to shape the cell’s response (12).
Although the effects of Cl� on prestin result from intracel-

lular interactions with the protein, we have shown that extra-
cellular Cl� can modulate the motor via flux through a tension-
and voltage-dependent Cl� conductance, termed GmetL (38,
46). Indeed, manipulation of extracellular perilymphatic Cl�

was shown to reversibly and profoundly alter cochlear ampli-
fication in vivo (44).

In our quest to study the permeation characteristics of GmetL,
we found that extracellular Cl� has an unusual effect on IK in
OHCs. Reduction of extracellular Cl� reduces the outward
current in a concentration-dependent manner. We find that this
effect is due, in part, to a selective action on the inactivation
kinetics of the voltage-dependent K� (Kv) conductance of the
OHC alone, with Kv conductances of other inner ear cells
being unaffected. The growing impact of anions in the auditory
periphery is remarkable.

METHODS

Tissue preparation for electrophysiology. The experiments were
performed in accordance with an approved protocol from Yale Uni-
versity’s animal use and care committee. Hartley albino guinea pigs
(150–200 g) were anesthetized with halothane, and temporal bones
were excised rapidly. The top two turns of the organ of Corti were
dissected and incubated for 10–12 min with neutral protease (0.5
mg/ml; Worthington) in a nominally Ca2�-free solution containing (in
mM): 140 NaCl and 5 KCl. Subsequently, the tissue was triturated
with a glass pipette for �1 min with the above solution plus 2 mM
Ca2�. Drops of the cell suspension were transferred into a small
recording chamber mounted on the stage of a Nikon inverted micro-
scope, and cells (OHCs, Hensen cells, and Deiters’ cells) were
allowed to settle onto the chamber bottom.

Electrophysiological recording. Patch-clamp experiments were
performed in the whole cell configuration using pipettes pulled from
borosilicate glass capillaries. The pipette resistance ranged between
1.5 and 3 M� and was �5–10 M� after whole cell establishment.
Clamp tau values were �100–200 �s, orders of magnitude less than
measured current tau values. Pipette solution contained (in mM): 150
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KCl, 2 MgCl2, 5 EGTA, and 5 HEPES. The absence of Ca2�

intracellularly removes the influence of BK and small-conductance
Ca2�-activated K� (SK) channel conductances. We did not add ATP
or other metabolites to the pipette solution so that currents dependent
on these metabolites would be eliminated from our evaluations of Cl�

effects. The bath solution contained (in mM): 145 NaCl, 5 KCl, 1
MgCl2, 2 CaCl2, and 5 HEPES. The use of intra- and extracellular
HEPES obviates the potential effect of pH alterations during changes
in Cl�. Bath and pipette solutions were adjusted to �300 mosmol/kg
with dextrose and to pH 7.3. The liquid junction potential was around
1–3 mV with 3 M KCl salt bridges. Whole cell currents were recorded
at room temperature using an Axon 200B amplifier (Axon Instru-
ments), Digidata 1321 board (Axon Instruments), and the software
program jClamp (Scisoft).

Concentration-response curves were obtained by substituting glu-
conate for Cl�. Extracellular Cl� concentrations of 5, 30, 70, 100,
125, and 150 mM were tested. Responses were plotted relative to the
150 mM Cl� condition. Currents were averaged from the final 100 ms
of a 200-ms test step to �50 mV from a holding potential of �40 mV.
Attempts were made to fit the response function to the Hill equation,
but fits were inadequate. Instead, data were fit to a linear equation to
obtain slopes.

Isolation of individual OHCs for RT-PCR. Guinea pig temporal
bones were dissected in PBS. Turns two to four of the cochleae were
mechanically triturated separately in PBS and suspended in petri
dishes to allow cells to settle. Silanized pipettes (trimethyl-chlorsilan;
Fluka, St. Louis, MO) with a pore diameter of �30 �m were used to
pick up individual OHCs. Following capture of individual OHCs, the
contents of the pipettes were expelled into Eppendorf tubes and stored
at �80°C.

Single cell nested PCR from OHC. cDNAs from each isolated cell
were synthesized as previously described (30). Nested PCR was per-
formed in two steps. First, 35 cycles of PCR were run (94°C for 30 s,
55°C for 1 min, 68°C for 3 min) using 5 �l of each cDNA and
corresponding Kv outer primers. Second, 5 �l of each reaction from the
first step were used for another 35 cycles of amplification using Kv inner
primers. Both steps used the Expand High Fidelity PCR System (Roche,
Indianapolis, IN). Fragments were analyzed on 2% agarose resolute GPG
gel (American Bioanalytical, Natick, MA). To confirm the presence of a
correct Kv channel, the PCR products were purified from the gel using a
gel purification kit (Qiagen, Valencia, CA) and sequenced using the
corresponding amplification primers by Yale’s Keck sequencing facility.
The primers were designed to straddle an intron of at least 1,000 bp. The
primers were as follows: Kv1.5 outer, Kv1.5FOT GACACTAGC-

Fig. 1. Inhibition of outward K� current of the outer hair cells (IK) by 4-AP and low extracellular Cl�. Membrane current was recorded with 200-ms pulses to
potentials between �90 and 50 mV from a holding potential of �40 mV. The waveforms of the 4-AP- and Cl�-sensitive currents were determined by subtraction
of control currents. A: a, control; b, 100 �M 4-AP; c, 100 �M 4-AP-sensitive current; d, current-voltage relationship of IK for control (□), 100 �M 4-AP (Œ),
and 100 �M 4-AP-sensitive current (’) (n � 3). B: a, control; b, 5 mM Cl�; c, 5 mM Cl�-sensitive current; d, current-voltage relationship of IK for control
(□), 5 mM Cl� (Œ) and 5 mM Cl�-sensitive current (’) (n � 5). C: a, control; b, 100 �M 4-AP; c, 100 �M 4-AP � 5 mM Cl�; d, current-voltage relationship
of IK for control (□), 100 �M 4-AP (�), and 100 �M 4-AP � 5 mM Cl� (’) (n � 3).
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CGGGAAACAGA and Kv1.5ROT GGTGACCCTTGGTGTTATGG;
Kv1.5 inner, Kv1.5FIN TCAAGGCAGACTTGCAACAG and
Kv1.5RIN GAAGTTAGAGGGCAGGAGGG; Kv2.1, Kv2.1FOT
CAAAAGAAGGAGCAGATGAACGAG and Kv2.1ROT TTGAGT-
GACAGGGCAATGGTG; Kv4.2 outer, Kv4.2FOT: GCCTTCGTTAG-
CAAATCTGG and Kv4.2ROT ACACATTGGCATTTGGGATT;
Kv4.2 inner, Kv4.2FIN TTCACTGCCTGGAGAAAACC and
Kv4.2RIN AGCAAGTGCTGGTGACTCCT; Kv4.3 outer, Kv4.3FOT
GGCTACACCCTGAAGAGCTG and Kv4.3ROT AGTTGGTGAC-
TATGACGGGG; and Kv4.3 inner, Kv4.3FIN CATGGCCATCAT-
CATCTTTG and Kv4.3RIN GCCAAATATCTTCCCAGCAA.

To investigate whether the pore residue 356 in Kv2.1 has an
effect on extracellular Cl� sensitivity (see RESULTS and DISCUS-
SION), K356G mutants were generated using QuickChange II or
QuickChange Lightning site-directed mutagenesis kits (Stratagene,
La Jolla, CA) with rat Kv2.1 as a template. Mutations were
confirmed by DNA sequencing, including the entire coding region.
The following primers were used: Kv2.1K356GF: GATGAGGAC-
GACACCGGGTTCAAAAGCATCCCC and Kv2.1K356GR
GGGGATGCTTTTGAACCCGGTGTCGTCCTCATC.

Analysis and statistics. For current-voltage (I-V) analysis, peak
currents at each test potential were measured as the difference be-
tween the maximal outward current amplitudes and the zero current
level. The waveforms of the 4-AP and Cl�-sensitive currents were
determined by subtraction of control currents (recorded in the absence
of 4-AP and the presence of 150 mM Cl�). The decay phases of the
currents evoked during long (5.0 s) depolarizing voltage steps to test
potentials from a holding potential of �80 mV were fitted by a single
or the sum of two exponentials using one of the following expres-
sions:

f(t) � A1 exp(�t ⁄ �1) � Ass

f(t) � A1 exp(�t ⁄ �1) � A2 exp(�t ⁄ �2) � Ass (1)

where t is time, 	1 and	2 are the time constants of decay of the
inactivating IK currents, A1 and A2 are the amplitudes of the inacti-
vating current components, and Ass is the amplitude of the steady-
state, noninactivating component of the total outward current. In the
manuscript, control currents refer to those obtained in the presence of
150 mM extracellular Cl�.

For the steady-state inactivation curve, the current amplitude dur-
ing each test pulse was normalized to maximal current (I/Imax) and
plotted against the voltage during the conditioning prepulse. These
data were fitted by a Boltzmann equation:

I ⁄ Imax � 1 ⁄ [1 � exp (V1⁄2 � Vm) ⁄ k] (2)

where V1/2 is the conditioning potential that gives I/Imax � 0.5, Vm is
the conditioning potential, and k describes the steepness of the curve.

Data are reported as means 
 SE. Statistical significance was
calculated using Student’s t-test. All experiments were carried out at
room temperature (22°C).

RESULTS

IK in OHCs is sensitive to 4-AP and extracellular Cl�.
Outward currents were recorded routinely during depolarizing
voltage steps to potentials more positive than the holding
potential of �40 mV (Fig. 1). At this holding potential, IK,n is
not further activated upon depolarization (16), thus allowing
study of IK in isolation following linear current subtractions
(see DISCUSSION for details). These outward currents (IK) did not
decay appreciably during the 200-ms voltage steps, as previ-
ously observed (16, 27, 42). 4-AP (100 �M) strongly inhibits
outward IK in OHCs (Fig. 1A). Surprisingly, however, extra-
cellular Cl� can also modulate IK of OHCs. Switching from a
high-Cl� solution to a 5 mM Cl� solution strongly inhibits the

outward current (Fig. 1B). The effect was reversible (68.5 

16.7% reversibility, n � 3). Comparison of the 100 �M 4-AP
and Cl�-sensitive currents indicates that they are similar in two
ways: each has similar waveform and reversal potential (�70
mV). An initial perfusion of 100 �M 4-AP can abolish the
subsequent effects of 5 mM Cl� on IK (Fig. 1C). These results
suggest that Cl� reduction inhibited the same IK current that
was specifically blocked by 4-AP. The average (n � 6) dose-
response curve for extracellular Cl� on IK was not well fit by
a sigmoidal Hill equation. Instead, the K� current appeared
linear with Cl� concentration, with a dependence of 0.4%/mM
(Fig. 2). This type of behavior may be related to actions on
surface charges at the pore of channels (20) and is further
explored below. Changes in intracellular Cl� were ineffective
(data not shown).

IK of supporting cells is not sensitive to extracellular Cl�.
Prominent depolarization-activated outward K� currents (IK)
are recorded from supporting cells, such as Deiters’ and
Hensen cells (31, 40, 41, 47). We tested to determine whether
these currents were also Cl� sensitive. Figure 3A shows the
macroscopic current from a Deiters’ cell. Similar to the OHC,
there is a rapid activation and slow inactivation elicited by
depolarized potentials. For control Cl� conditions, the peak
amplitude was 2.47 
 0.35 nA at �50 mV, and it was 2.33 

0.32 nA when extracellular Cl� was reduced to 5 mM (n � 3,
P � 0.05). The average I-V curve indicates no significant
difference between the two conditions. A similar outward
current was elicited from Hensen cells (Fig. 3B). The peak
amplitude of the control was 1.41 
 0.28 nA at �50 mV, and
it was 1.32 
 0.25 nA with 5 mM Cl� (n � 4, P � 0.05).
Again, the average I-V curve indicates no differences. We
conclude that the IK current of supporting cells is not sensitive
to extracellular Cl� changes.

Slick and slack channels are not sensitive to extracellular
Cl�. The molecular identity of outward IK in the OHC is not
clear. It is known that the sodium-activated K� channels Slick
(Slo2.1) and Slack (Slo2.2), which are prominent in brain stem
auditory pathways, are sensitive to intracellular Cl�, but it is
not known whether those channels are also sensitive to extra-
cellular Cl� (2) (Kaczmarek, personal communication). Whole

Fig. 2. Concentration-response curve of external Cl� on magnitude of IK.
Functions were obtained by substituting gluconate for Cl�. A linear fit (solid
line) indicates an IK change of 0.4%/mM Cl�. I/Imax, the current amplitude
during each test pulse normalized to maximal current; [Cl�]o, extracellular Cl�

concentration; OHC, outer hair cells.
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cell recording of transfected cells was employed to examine the
sensitivity of Slick and Slack currents to extracellular Cl�.
Figure 4A shows Slack whole cell currents. The last 50-ms
average current amplitude was 2.72 
 0.79 nA at �50 mV
(Fig. 4Aa). Upon changing extracellular Cl� from 150 to 5
mM, the current amplitude was 2.76 
 0.93 nA and was not
different from control (n � 4, P � 0.05, Fig. 4Ab). The last
50-ms average current amplitude of Slick was 1.14 
 0.11 nA
at �50 mV (Fig. 4Ba). Upon changing extracellular Cl� from
150 to 5 mM, the current amplitude was 1.17 
 0.09 nA and
was not different from control (n � 4, P � 0.05, Fig. 4Bb).
These results show that Slick and Slack channels are not
sensitive to extracellular Cl�, indicating that they do not
underlie OHC IK.

Three components in outward IK. Outward K� currents in
other tissues have been characterized in terms of kinetic com-
ponents (52). To further study the mechanism of inhibition by
Cl� on IK of the OHC, we performed a similar analysis.
Currents were elicited by a 5-s depolarizing step to a potential
of �40 mV from a holding potential of �80 mV. Outward K�

currents in all cells activated rapidly, and the decay phases of
the currents were somewhat variable among cells (Table 1 and

Fig. 5). One group of cells exhibited only a single exponential
decay phase, termed Ito (Fig. 5A). We used a dual exponential
fit (see METHODS) for two additional populations of cells that
each possessed the very fast component (Ito) and one of two
additional slower second components, termed Ik1 and Ik2 (Fig.
5, B and C). Thus exponential fits revealed three inactivating
components with decay time constants of 78.4 
 6.3 ms (n �
5), 685.4 
 61.3 ms (n � 10), and 1,504.4 
 104.6 ms (n �
10), corresponding to Ito, Ik1, and Ik2, respectively. Of the cells
studied, 14.3% had Ito alone, 48.6% had Ito and Ik1, and 37.1%
had Ito and Ik2. The variance in the second term fits of each
population was quite small and validates our initial separation
into two second component populations. Figure 5D plots the
relative distribution of the different current components, and
Table 1 summarizes the data. Subsequent experiments were
focused on characterizing the Cl� sensitivity of these depolar-
ization-activated K� current components.

Cl� affects components of IK in different ways. The voltage
dependence of steady-state inactivation of Ito was examined using
depolarizing voltage steps to �40 mV following 5-s conditioning
prepulses to potentials between �100 and 0 mV (Fig. 6); the
protocol is shown below the current records in Fig. 6C. Such

Fig. 3. Deiters’ and Hensen cell K� currents are insensitive to extracellular Cl�. Current traces obtained with 500-ms steps from �90 to 50 mV from a �40-mV
holding potential. A: a, 150 mM Cl� control current of Deiters’ cell; b, 5 mM Cl�; c, current-voltage relationship of IK of Deiters’ cell for control (�) and 5
mM Cl� (Œ). B: a, 150 mM Cl� control current of Hensen cell; b, 5 mM Cl�; c, current-voltage relationship of IK in Hensen cell for control (�) and 5
mM Cl� (Œ).
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robust inactivation of the outward IK in OHCs has never been
observed before, simply because such long-duration protocols
have never been used. The amplitudes of Ito during each test
pulse to �40 mV were measured as the difference between
peak outward current and the current remaining at the end of

the depolarizing pulse [steady-state current (Iss)]. The ampli-
tudes of Ito evoked from each conditioning potential were then
normalized to maximal current amplitudes (in the same cell).
For example, in the control condition (Fig. 6A), the amplitude
of the peak current at the conditioning potential of �40 mV
was 0.219 nA. When extracellular Cl� was changed from 150
to 5 mM, the amplitude was reduced to 0.059 nA (Fig. 6B). The
mean 
 SE normalized Ito amplitudes are plotted as a function
of conditioning potential in Fig. 6D; the continuous lines
represent the best Boltzmann fits to the averaged data. The
steady-state inactivation data for Ito in 150 mM Cl� are well
described by a single Boltzmann with a V1/2 of �50 mV.
Reducing extracellular Cl� caused the inactivation curve of Ito

to shift to the left (Fig. 6D), with 5 mM Cl� producing an
8-mV hyperpolarizing shift.

Because we have no specific blockers for the identified
kinetic components of Ik1, an analysis of the two additional
components was performed by fitting two exponential functions
to determine the amplitude and inactivation time constant of each
component, Ik1 and Ik2. The effects of Cl� were analyzed with the
simplified voltage protocol depicted in Figs. 7 and 8. In Figs. 7A
and 8A, depolarization-induced outward currents are depicted

Fig. 4. Slack and Slick channel currents are insensitive to extracellular Cl�. A: a, control current of Slack-transfected cell; b, 5 mM Cl�; c, current-voltage
relationship of Slack for control (�) and 5 mM Cl� (Œ). B: a, control current of Slick-transfected cell; b, 5 mM Cl�; c, current-voltage relationship of Slick for
control (�) and 5 mM Cl� (Œ).

Table 1. Three distinct outward potassium currents in
guinea pig outer hair cells

Ito Ik1 Ik2 Iss

Ito (n � 5)
	decay, ms 64.8 
 12.7
Ipeak, % 49.3 
 7.0 50.7 
 7.0

Ito � Ik1 (n � 10)
	decay, ms 78.4 
 6.3 685.4 
 61.3
Ipeak, % 36.5 
 2.7 10.0 
 1.1 53.4 
 2.4

Ito � Ik2 (n � 10)
	decay, ms 90.5 
 5.4 1,504.4 
 104.6
Ipeak, % 31.3 
 2.2 12.0 
 0.9 56.7 
 2.7

All values are means 
 SE; n, no. of experiments. Ito, transient outward K�

currents; Ik1, K� currents of slow component 1; Ik2, K� currents of slow
component 2; Iss, steady-state currents. Currents were determined from anal-
yses of records obtained on depolarization to �40 mV from a holding potential
of �70 mV.
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before (traces on top) and after (traces on bottom) switching to
5 mM Cl�. The bar plots in Figs. 7 and 8 show that, while the
time constant of Ito remained unaffected, the magnitudes of all
components decreased, and the inactivation time constants of
Ik1 and Ik2 shortened. The inhibitory effect of Cl� was time
dependent on the scale of minutes. From these analyses, we
conclude that lowering extracellular Cl� inhibited IK in OHCs
by shifting the inactivation curve to the left and/or reducing the
current amplitude.

Extracellular Cl� inhibits Kv1.5 and Kv2.1 in CHO cells.
The inactivation time constants of Ik1 and Ik2 are similar to
those of the cardiac current in atrial myocytes that activates
ultrarapidly but with no inactivation (Ikur) and the delayed-
rectifier K� current in myocytes that slowly activates and
deactivates, with a single channel conductance of 3–5 pS
(Ik,slow), respectively (33, 34, 52). Kv1.5 and Kv2.1 contribute
to Ikur and Ik,slow. To determine whether these subtypes con-
tribute to OHC IK, we transiently transfected Kv1.5 and Kv2.1

Fig. 5. Three kinetic components of outer hair cell
(OHC) outward IK are identified. Cells were held at �80
mV and stepped up to �40 mV for 5 s. A: only fast
component, transient outward K� current (Ito). B: Ito �
Ik1 (K� current of slow component 1) components.
C: Ito � Ik2 (K� current of slow component 2) compo-
nents. D: the ratio of different components of IK. Hori-
zontal solid lines on left of traces depict zero current
levels.

Fig. 6. Inhibition of Ito by external Cl�.
A and B: measurement of voltage dependence of
inactivation. Superimposed current records during
conditioning pulses and subsequent test pulses to
�40 mV for control 150 mM Cl� (A) and 5 mM
Cl� (B). Arrows indicate test current level at pre-
pulse potential of �40 mV. C: protocol for inacti-
vation curve: 5-s conditioning prepulses to various
potentials (from �100 to 0 mV in 10-mV incre-
ments) were followed by a 5-s test pulse to �40
mV. Holding potential was �80 mV. D: mean 

SE; n � 4. Steady-state inactivation curves of Ito. Ito

during each test pulse was normalized to maximal
Ito (I/Imax) and plotted against conditioning prepulse
potential. Data are fitted with a Boltzmann equa-
tion.
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into CHO cells and tested the Cl� sensitivity of the channels.
Control macroscopic current of Kv1.5 is depicted in Fig. 9A,
where peak amplitude at �50 mV is 3.65 
 0.13 nA (n � 4). A
switch to 5 mM extracellular Cl� reduced the current amplitude to
2.00 
 0.11 nA (Fig. 9B). Similar results were found with Kv2.1.
In the control condition (Fig. 9C), the current amplitude is 8.52 

1.87 nA, and it is reduced to 6.15 
 1.35 nA following the switch
to 5 mM extracellular Cl� (n � 3, Fig. 9D). Similar to OHC IK,
the dependence of Kv1.5 and Kv2.1 currents on extracellular
Cl� was not fit well by a sigmoidal Hill equation. Linear
regression fits gave 0.38%/mM (n � 6) and 0.49%/mM (n �
5), respectively (Fig. 9E), similar to results in OHCs.

Kv2.1 and Kv1.5 as well as Kv4.2 and Kv4.3 are expressed
in guniea pig OHCs. We sought to determine whether these Kv
channels that have properties of the Cl�-sensitive channel(s) in

the OHC are actually present in OHCs. We opted to use a
single-cell RT-PCR strategy using primers that spanned introns
to ascertain the presence of transcripts encoding Kv1.5 and
Kv2.1 channels in the OHC. For comparison, we also tested for
Kv4.2 and Kv4.3 transcripts. OHCs were isolated from differ-
ent turns of the cochlea, and cDNA was made from these
individual cells. Single-cell PCR amplifications were done, and
the PCR products of the expected size were isolated and
sequenced to confirm their identity. As shown in Fig. 10, Kv
2.1 was present in all nine OHCs and was detected after one
round of amplification. In contrast, Kv1.5, Kv4.2, and Kv4.3
required two rounds of nested PCR amplification to be de-
tected. Taken together, these data indicate that these channels
are present in OHCs, with Kv2.1 predominating, and likely are
responsible for its sensitivity to extracellular Cl�.

Because the Cl� dependence of these channels is linear, and
such behavior may arise from charge screening effects at the
mouth of channels (20), we investigated the mutation of
residue K356G at the mouth of the Kv2.1 channel. This
mutation has been shown to alter channel conductance by
interfering with a K�-selective interaction with that site (4).
We speculated that Cl� might be modulating this interaction.
However, no statistical difference was observed in the ability
of low Cl� to reduce K� currents [IK 5/150 mM Cl�:
0.521
0.089 for WT (n � 8); 0.387
0.059 for K356G (n �
12); P � 0.05].

DISCUSSION

There are two major voltage-dependent K� currents in
OHC, IK,n and IK, whose pharmacological sensitivities have
been well studied (16, 27, 42). Both conductances are largely
restricted to the basal pole of the OHC (43). Despite this wealth
of knowledge, much remains to be learned about these chan-
nels; for example, we have recently shown that capsaicin can
block OHC outward IK and IK,n (51). The molecular entity
underlying IK,n is believed to comprise KCNQ4 subunits (3,
14, 28). On the other hand, the molecular identity of IK has not
been suggested previously. In the present work, we identify IK

as a current sensitive to extracellular Cl� and utilize this
sensitivity and its kinetics to hone in on its molecular identity.

Sensitivity of OHC IK to extracellular Cl� and its
significance. We found that OHC IK, but neither IK of Deiters
nor Hensen cells, is decreased by reduction of extracellular Cl�

with a sensitivity of 0.4%/mM, indicating a significant sensi-
tivity to Cl� change over a wide range of extracellular levels.
It is not known whether physiological fluctuations of Cl� occur
that could significantly modulate IK. However, it may be
possible that the restricted extracellular space between the
Dieters cell and OHC base, where OHC voltage-dependent
conductances reside (43), could support functionally signifi-
cant fluctuations in ion concentrations, in the face of small
transmembrane ion fluxes. Such a scenario is well established
for intracellular compartmentalization (35).

To estimate the Cl� concentration change made by a small
flux of Cl� ions at the base of the OHC, we assessed the
volume within which Cl� concentration may change from
published electron microscopy descriptions (9, 22, 29, 39). As
an example, we evaluate a typical mature OHC in the apical
region, which has a diameter of �7 �m. The distance from just
above the nucleus to the bottom round end of the OHC, where

Fig. 7. Inhibition of Ik1 by external Cl�. A: superimposed pairs of currents at
�40 mV recorded following conditioning pulses (�80 mV) for control 150
mM Cl� (trace 1) and 5 mM Cl� (trace 2). Red solid lines represent
exponential fitting. Stimulation protocol is depicted at top right. B: time-
dependent inhibition of current amplitude of Ik1, Ito, and steady-state current
(Iss). C: time-dependent inhibition of inactivation time constant of Ik1 by
external Cl�. *Significance at the 0.05 level.
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most of the Kv channels concentrate (43), is �13 �m. This
region resides in the cup formed by the Deiters’ cell. An
average of 15 afferent nerve terminals and 8 efferent terminals
form close contact with the OHC (and with each other) through
specialized synaptic structures, with a rather uniform gap of
0.04 �m. This gap is similar to the reported intercellular space
between the type I hair cell and its calyx ending in the
vestibular system (10, 11). We assume a cylindrical OHC with
hemispherical base and a Dieters’ cell cup shaped like an
inverted cone, whose height is 8.5 �m and base diameter the
same as the OHCs. Next, the minimal volume in which the Kv
channels can “see” a Cl� fluctuation is the above-mentioned
gap region, which is �11 �m3. If we assume the Kv channels
have access to the whole cup region (no nerve ending present),
then that volume is �27 �m3. Next, we estimate the Cl� flux.
One typical Cl� channel with 25 pS conductance releases
�106 Cl� ions per second around resting potential (�60 mV).
That translates into a 1.5 mM Cl� concentration change in the
minimal volume and 0.6 mM Cl� concentration change in the
maximal volume. If there are 10 Cl� channels open simulta-
neously for 1 s, Kv channels will see anywhere between 6 and
15 mM Cl� concentration change, which translates to 2.4–6%
change in K� current magnitude. Specific ion accumulation in
a very restricted space has been proposed to influence synaptic
transmission, as reported recently in a very detailed work by
Lim and colleagues (23) in their study of K� accumulation
between type I hair cells and calyx terminals in mouse crista.
They found that responses to a depolarizing voltage step in
embedded, but not isolated, hair cells resulted in a �40-mV
shift of the K� equilibrium potential and a rise in effective K�

concentration of �50 mM in the intercellular space. These
results strengthen our predictions for extracellular Cl� fluctu-
ation at the OHC/Deiters’ cell interface.

The existence of the GABAergic efferent synapse at the
basal pole, with associated conductances and transporters,
could contribute to such fluctuations in local Cl� levels (25).
Although the demonstration of functional GABA effects on
isolated OHCs has been variable (possibly because of inappro-
priate pipette Cl� levels; see Ref. 44), recent knockout exper-
iments clearly establish the efferent receptor’s importance (26).
Interestingly, an involvement of Cl� in the efferent response of
vestibular hair cells has been proposed, and one of the sug-
gested mechanisms was a Cl� dependence of the SK conduc-
tance known to be activated subsequent to ACh application
(13). Perhaps efferent effects in the mammalian cochlea some-
how involve Cl� modulation of IK; in this case, the voltage
activation range of the conductance would indicate that effects
may only occur at suprathreshold acoustic levels where large
receptor potentials could activate IK (6, 12). Such suprathresh-
old GABAergic effects may not be observable by standard
measures of efferent activity (26).

We have recently found that manipulations of perilymphatic
Cl� can impact on prestin-dependent cochlear amplification on
the basilar membrane near threshold and concluded that intra-
cellular Cl� was being modified via the activity of GmetL, an
OHC lateral membrane conductance for Cl� (44). Could IK

modulation have played a role in those Cl� effects? It is
unlikely since, in that study, other agents, including salic-
ylate and tributyltin (a Cl� ionophore), were effective in the
presence of normal, unperturbed extracellular Cl�. Addi-
tionally, it has been shown that 4-AP, which blocks IK, does
not interfere with threshold cochlear function when perfused
via perilymph (18).

Could BK or IK,n OHC conductances have contributed to the
Cl�-sensitive IK that we identify? BK or Ca2�-activated K�

channel has been measured in OHCs (e.g., see Ref. 49) and

Fig. 8. Inhibition of Ik2 by external Cl�.
A: superimposed pairs of currents at �40
mV recorded following conditioning pulses
(�80 mV) for control 150 mM Cl� (trace 1)
and 5 mM Cl� (trace 2). Red solid lines
represent exponential fitting. Stimulation
protocol is depicted at top right. B: time-
dependent inhibition on current amplitude
of Ik2, Ito, and Iss. C: time-dependent inhi-
bition of inactivation time constant of Ik2 by
external Cl�. *Significance at the 0.05 level.
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potentially could contribute to the Cl�-sensitive K� conduc-
tance that we identify. However, we think this is not the case,
based on several observations. First, full rundown of Ca2�

current (ICa), which may supply Ca2� for BK activation, likely
has occurred in our cells, since this is known to happen in
guinea pig OHCs whether or not ATP or GTP is included in the
patch pipette (24). Thus, given the very low intracellular Ca2�

that we have intracellularly (estimated to be �1 nM) and the
classic sensitivity of BK to Ca2� (1), BK cannot significantly
contribute to our measured IK. Indeed, Wersinger et al. (49),
even with a very high Ca2� pipette solution, observed insig-
nificant BK current (iberiotoxin sensitive) in apical OHC.

IK,n is a major conductance near the resting potential of
OHCs and potentially could have contributed to our measures.
We think not, however, based on several observations. Housley
and Ashmore (16) showed that resting OHC conductance
varies with the length of the cell, decreasing dramatically with
increases in length; consequently, IK,n is expected to be quite
small compared with IK in our long OHC population from

low-frequency regions. Indeed, in this population, we previ-
ously found that IK,n is not observable in about one-half of the
cells (43). Nenov et al. (32) confirmed the above observations.
Thus, we expect that relative contamination of the IK we
measure by IK,n will be small. Interestingly, Wersinger et al.
(49) found that linoperdine at 100–200 �M was able to
substantially block outward K� currents in apical OHCs and
suggested that KCNQ4 channels underlie the major component
of the outward IK. It must be emphasized, however, that this
drug will block both Kv2.1 [IC30 �100 �M (50)] and Kv4.3
[IC50 86 �M (48)], two channels we find transcripts for in
OHCs.

Two other factors lead us to dismiss substantial KCNQ4
contributions to our measurements. Our holding protocol at

Fig. 10. Kv2.1, Kv1.5, Kv4.2, and Kv4.3 are present in guinea pig OHCs by
single-cell RT-PCR. The figure shows single-cell PCR of individual Kv
channels. Nine individual OHC were isolated as described in the METHODS, and
cDNA was synthesized using Moloney murine leukemia virus reverse tran-
scriptase (Superscript II). A fixed amount of cDNA from these cells was then
used as template for amplifying Kv channels. The PCR products were sepa-
rated on a 2% agarose gel, and the products were detected by ethidium bromide
staining. Kv2.1 was present in all the cells and was detected after one round of
amplification (35 cycles). In contrast, Kv1.5, Kv4.2, and Kv4.3 were present in
only a fraction of cells and required two rounds of nested amplification. The
amplification products of each Kv channel are shown in sequence (Kv1.5,
Kv2.1, Kv4.2, and Kv4.3 from top to bottom). PCR products from individual
cells from turns 2–4 are aligned. We analyzed three cells from each turn. The
correct PCR product is indicated by an arrow and was confirmed by sequenc-
ing. Also shown are the negative controls and 1-kb markers (lanes 10 and 11,
respectively).

Fig. 9. Extracellular Cl� inhibited voltage-dependent K� (Kv) 1.5 and Kv2.1
in transfected CHO cells. A: whole cell current of Kv1.5 in 150 mM Cl�.
B: 5 mM Cl� inhibited the Kv1.5 current. C: whole cell current of Kv2.1 in 150
mM Cl�. D: 5 mM Cl� inhibited the Kv2.1 current. E: concentration-response
curve of external Cl� on magnitude of Kv1.5 and Kv2.1.
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�40 mV ensures that IK,n is fully activated, with no further
activation upon depolarizations that we used to evoke IK. Thus,
similar to IK,L in vestibular type 1 hair cells [a conductance
analogous to IK,n (37)], when depolarized from potentials
where the conductance is fully activated, time-independent,
instantaneous currents result and consequently are amenable to
simple current subtractions that expose embedded voltage- and
time-dependent currents. Thus, the time- and voltage-depen-
dent Cl�-sensitive current, IK, is readily isolated from KCNQ4
contributions. Of course, we cannot dismiss that KCNQ4
channels are Cl� sensitive, since our methods do not permit
this evaluation. We would have to block IK independently, and
observe Cl� effects on IK,n. Such sensitivity, if it exists, would
be very significant.

How might Cl� alter IK? The linear dependence of IK on
extracellular Cl� concentration may indicate that fixed charges
at the mouth of the channel are screened, thereby altering the
local concentration of K� available for permeation (20) or
interfering with K�-specific interactions with the channel. It
has been established that residue K356 at the extracellular
mouth of Kv2.1 significantly controls K� permeation by inter-
acting with K� (4), and we reasoned that this residue might be
the target of Cl�. However, we found that mutations of this
residue were without effect on Cl� sensitivity, possibly indi-
cating that other charged residues underlie Cl� sensitivity.

Molecular substrate of IK. The K� channels Slick and Slack,
which are highly expressed in central auditory neurons, are
known to be sensitive to internal Cl� (2) but had not been
tested for extracellular Cl� sensitivity. Here we show that they
are unaffected by changes in extracellular Cl� and therefore do
not underlie OHC IK.

To identify other molecular candidates of channels contrib-
uting to OHC IK, we characterized the differing temporal
components of IK, as has been done previously (52). The
distinct inactivation time constants of Ik1 and Ik2 are similar to
those of Ikur and Ik,slow found in cardiac myocytes (33, 34, 52),
and it is believed that Kv1.5 and Kv2.1 contribute to Ikur and
Ik,slow. Our experiments revealed that these two channels, when
expressed in CHO cells, have extracellular Cl� sensitivity
similar to that in the native OHC. This result and similar
channel blocker sensitivities between these channels and OHC
IK (24, 32, 42) led us to undertake verification of the channels’
presence in OHCs. Our PCR amplification data suggest that
Kv2.1 was the predominant form of Kv channel present in the
OHC. Transcripts encoding this channel were present in all
OHCs tested and moreover required only one round of ampli-
fication for detection. In contrast, Kv1.5 required two rounds of
amplification and was present in only one cell of nine tested.

Extracellular Cl� modulates the transient outward K� cur-
rent (Ito) in rat ventricular myocytes (19, 21). Replacement of
Cl� with gluconate resulted in a leftward shift (�12 mV) of the
steady-state inactivation curve (19), which was comparable to
an OHC IK shift of �8 mV. Interestingly, both Kv4.2 and
Kv4.3 contribute to cardiac Ito, and, although we did not have
these constructs available to us to test for Cl� effects, we did
detect transcripts for these channels in OHCs with RT-PCR,
indicating that they may contribute to the Cl�-sensitive IK of
OHCs.

Although expression level differences by PCR amplification
in single cells may be difficult to quantify, the differences in
detectability using PCR amplification between Kv2.1 and the

other channels were extreme. The presence of the Kv2.1
transcript in all single cells tested, its detection with only one
round of amplification, and the channel’s similar Cl� sensitiv-
ity compared with that of OHC IK strongly suggest that Kv2.1
is the dominant contributor to the Cl�-dependent IK in OHCs.
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SUMMARY

Synaptic ribbons are structures made largely of the
protein Ribeye that hold synaptic vesicles near
release sites in non-spiking cells in some sensory
systems. Here, we introduce frameshift mutations
in the two zebrafish genes encoding for Ribeye and
thus remove Ribeye protein from neuromast hair
cells. Despite Ribeye depletion, vesicles collect
around ribbon-like structures that lack electron den-
sity, which we term ‘‘ghost ribbons.’’ Ghost ribbons
are smaller in size but possess a similar number of
smaller vesicles and are poorly localized to synapses
and calcium channels. These hair cells exhibit
enhanced exocytosis, as measured by capacitance,
and recordings from afferent neurons post-synaptic
to hair cells show no significant difference in spike
rates. Our results suggest that Ribeye makes up
most of the synaptic ribbon density in neuromast
hair cells and is necessary for proper localization of
calcium channels and synaptic ribbons.
INTRODUCTION

Primary sensory cells of the auditory, vestibular, and visual sys-

tems encode sensory information as graded changes in voltage

that lead to graded changes in glutamate release. These non-

spiking cells use synaptic ribbons, which hold a dense array of

synaptic vesicles in active zones near release sites. Because

these cells exhibit tonic and graded signaling in response to sen-

sory stimuli, it has largely been assumed that the synaptic ribbon

is necessary to carry out this task (Matthews and Fuchs, 2010).

Indeed, ribbon-synapse-containing cells have been demon-

strated to exhibit a sustained phase of exocytosis in response

to prolonged stimuli (Lagnado et al., 1996; Parsons et al.,
2784 Cell Reports 15, 2784–2795, June 21, 2016 ª 2016 The Author(
This is an open access article under the CC BY license (http://creative
1994; Moser and Beutner, 2000; Edmonds et al., 2004; Bartoletti

et al., 2010), and optical studies have revealed that vesicles are

immobilized to and move along the ribbon in response to stimuli

(Vaithianathan et al., 2016; Zenisek, 2008; Zenisek et al., 2000;

Midorikawa et al., 2007).

The most abundant protein in the synaptic ribbon is Ribeye, a

protein arising from an alternative start site at the gene encoding

for the CtBP2 transcriptional co-repressor (Schmitz et al., 2000).

Ribeye can be subdivided into two domains, a ribbon-specific

A-domain and a B-domain, which is nearly identical to CtBP2

(Schmitz et al., 2000).

Genetic deletion of mouse Ribeye leads to a loss of synaptic

ribbons in the retina, which is accompanied by a reduction in

synaptic transmission from bipolar cells without observable

changes in the kinetic features of release (Maxeiner et al.,

2016), whereas morpholino-oligonucleotide (MO)-driven knock-

down of Ribeye expression leads to the mislocalization of

calcium channels (Sheets et al., 2011; Lv et al., 2012) and a

reduction of spiking rates in afferent neurons postsynaptic to

zebrafish hair cells (Sheets et al., 2011).

To better understand the function of Ribeye and the synaptic

ribbon, we used genome editing to introduce frameshifting mu-

tations in the A-domain of both zebrafish Ribeye-encoding

genes and used light and electron microscopy (EM), whole-cell

capacitance measurements, and recordings from afferent neu-

rons to measure the effects on neuromast hair cells. The resul-

tant double-homozygous mutant animals exhibited dramatically

reduced Ribeye levels in hair cells, leading to a loss of electron

density from hair cell ribbons, shrinkage of ribbon size, mislocal-

ization of ribbon-like structures, and disruption in the association

of calcium channels with the ribbon. Despite these changes, the

continuous phase of exocytosis is enhanced, and we could not

detect differences in afferent neuron response in mutant ani-

mals. These results indicate that Ribeye likelymakes up the elec-

tron-dense portion of the ribbon and recruits calcium channels to

release sites in zebrafish hair cells but is not required for vesicle

binding, transport, or maintaining continuous release.
s).
commons.org/licenses/by/4.0/).
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Figure 1. Ribeye and Synaptic Ribbons

Remain in the Retina of ribeye a(D10)/ ribeye

b(D7) (re[a(D10)/b(D7)]) double homozygous

mutants.

(A) Confocal image of Ribeye b (green) and post-

synaptic maker MAGUK (red) staining in 5-dpf

re[a(D10)/b(D7)] homozygousmutants. DAPI (blue)

stains for the nucleus. Scale bar, 5 mm.

(B) 33 magnification of outer plexiform layer

staining in 5-dpf re[a(D10)/b(D7)] homozygous

mutants retina. Scale bar, 5 mm.

(C) 33 magnification of inner plexiform layer

staining in 5-dpf re[a(D10)/b(D7)] homozygous

mutants retina. Scale bar, 5 mm.

(D) Electron micrograph of photoreceptor ribbon

from 5-dpf re[a(D10)/b(D7)] homozygous mutant

retina. Scale bar, 200 nm.
RESULTS

Generation of Targeted Zebrafish ribeye Mutants
To study Ribeye function, we first generated a line of zebrafish

harboring mutations in the ribbon-synapse-specific A-domain of

Ribeye a that leads to frameshifts resulting in a premature stop

codon using zinc finger nucleases (ZFNs) (Supplemental Experi-

mental Procedures; Figure S1). One such mutant that led to a

10-bp deletion (ribeye a(D10)) was bred to homozygosity for

further experiments. Figure S2 shows immunostaining of retinal

sections of wild-type (WT) and ribeye a(D10) homozygous fish

with antibodies against Ribeye a or Ribeye b or with a CtBP anti-

body that labels CtBP1, CtBP2, and all isoforms of Ribeye. As ex-

pected, CtBP and Ribeye b staining was still evident in the ribeye

a(D10) homozygous animals, due to expression of Ribeye b. Note

that,while theCtBPexpression level is greatly reduced in the inner

plexiform layer (IPL), theCtBP staining in the outer plexiform layer

(OPL) is similar in the ribeye a(D10) homozygous andWT animals,

consistent with stronger expression of Ribeye b in photoreceptor

terminals and higher expression of Ribeye a in bipolar cells. EM

images revealed normal-appearing ribbons in both the retina

and lateral line of ribeye a(D10) homozygous animals (data not

shown). We found that animals homozygous for these mutations

are viable and do not exert obvious sensory phenotypes.

Next, we targeted ribeye b using CRISPR/Cas9 (clustered

regularly interspaced short palindromic repeats/CRISPR-asso-

ciated protein 9)-based constructs. Using this strategy, we

generated eight lines of fish harboring mutations in this region

of ribeye b, which led to premature stop codons (Figure S1C).

As with the ZFN-generated mutations of ribeye a, the mutations

introduced into ribeye b are expected to cause a truncation of the

sequence in the A-domain, with no effect on CtBP2 expression.

Characterization of ribeye a(D10)/ribeye b(D7)

Homozygous Zebrafish
Next, we characterized the ribeye a(D10)/ribeye b(D7) (herein-

after termed re[a(D10)/b(D7)]) double-homozygous mutants at
Cell R
the level of light and EM in the retina

and in hair cells of the lateral line. Surpris-

ingly, double-homozygous mutants were
immunopositive for CtBP and Ribeye b in the OPL of the retina,

indicating that at least some Ribeye continues to be expressed,

despite the mutations (Figure 1). Consistent with Ribeye expres-

sion, EM revealed that synaptic ribbons were also present in the

OPL of re[a(D10)/b(D7)] fish (Figure 1D).

In contrast to the retina findings, Ribeye was found to be

dramatically reduced in the hair cells of zebrafish neuromasts

at 5 days postfertilization (dpf) (Figure 2). Figures 2A and 2B

show results from neuromasts that are labeled for Ribeye a (Fig-

ure 2A) or Ribeye b (Figure 2B) with pan-MAGUK, a marker for

post-synaptic densities that labels afferent post-synaptic struc-

tures in afferent fiber terminals (Sheets et al., 2011; Meyer et al.,

2005). In WT animals, pan-MAGUK staining was found to coloc-

alize near bright spots immunopositive for Ribeye a (Figure 2A,

left) and Ribeye b (Figure 2B, left). By contrast, re[a(D10)/b(D7)]

double homozygotes exhibit little staining for Ribeye a (Figure 2A,

right) but continued to exhibit staining for pan-MAGUK (Figures

2A and 2B, right). Some residual fluorescent spots remained in

double-homozygous mutant animals. The Ribeye a puncta

were reduced in number from 2.5 ± 0.18 in WT fish to 1.5 ± 0.3

in double homozygotes (Figure 2D), and in intensity from

15,728 ± 1,517 to 6,369 ± 1,021 (Figure 2E). Ribeye b was not

detectable (Figure 2B). Though the number of pan-MAGUK

spots in double homozygotes was unchanged (Figure 2D), the

puncta intensity was significantly reduced (Figure 2E).

Next, we testedwhether overall CtBP levels were also reduced

from synaptic sites by staining with an antibody that recognizes

Ribeye a, Ribeye b, CtBP1, and CtBP2. As with the Ribeye a

staining, we found fewer and dimmer CtBP puncta than in con-

trol animals. On average, puncta in double homozygotes had

an integrated intensity of 17% of WT fish.

Lastly, to determine whether the Ribeye a immunofluorescent

(IF) spots properly localized near post-synaptic structures,

we measured the distance of the centroid of each Ribeye

a spot to its nearest pan-MAGUK spot. Figure 2F plots the

results as a cumulative histogram. As can be seen in the

figure, spots in mutant animals were found further away from
eports 15, 2784–2795, June 21, 2016 2785



Figure 2. Ribeye Is Dramatically Reduced

from Neuromast Hair Cells of re[a(D10)/

b(D7)] Double Homozygous Mutants 5 dpf

(A) Confocal images of Ribeye A (red) and post-

synaptic density marker pan-MAGUK (green)

staining 5 dpf in WT (left) and re[a(D10)/b(D7)]

homozygous mutant (right) neuromast. Insets

show magnified images centered around synap-

ses. Note the close apposition of Ribeye a and

pan-MAGUK in WT animals, whereas little Ribeye

a staining is found near pan-MAGUK in the

re[a(D10)/b(D7)] double-homozygous mutants.

(B) Ribeye b (red) and pan-MAGUK (green) anti-

body staining in 5-dpf WT (left) and re[a(D10)/

b(D7)] homozygous mutant (right) neuromast.

(C) CtBP antibody staining (green) in 5-dpfWT (left)

and re[a(D10)/b(D7)] homozygous mutant (right)

neuromast. DAPI (blue) stains nucleus. Scale

bars, 5 mm.

(D) The number of Ribeye a, MAGUK, or CtBP1

immunolabeled puncta per hair cell in 5- to 6-dpf

WT and re[a(D10/b(D7) mutants. Each circle rep-

resents an individual neuromast (NM) within a

larva. The number of puncta per hair cell was

approximated by dividing the number of Ribeye

puncta within an NM by the number of hair cells in

the NM. Error bars indicate SEM. Unpaired t test;

**p = 0.0075; *p = 0.0226; n.s., not significant.

(E) Integrated intensities per punctum of Ribeye a,

MAGUK, and CtBP1. Bars represent the means;

error bars indicate SEM. Mann-Whitney U test;

***p < 0.0001, for both mutant alleles.

(F) Cumulative histogram of distances between

Ribeye a spots to their nearest pan-MAGUK spot

in confocal micrographs for WT (red) and re[a(D10/

b(D7)] double-homozygous mutants (black).
post-synaptic densities, suggesting defects in their ability to

localize to synapses.

Morphology of Hair Cell Synaptic Ribbons in
re[a(D10)/b(D7)] Homozygous Mutants
Neuromast hair cells of WT embryos at 5 dpf exhibit spherical

synaptic ribbons that localize near the plasma membrane near
2786 Cell Reports 15, 2784–2795, June 21, 2016
afferent fibers (Obholzer et al., 2008).

Similarly, we found that EM sections of

neuromasts in WT fish exhibited elec-

tron-dense synaptic ribbons (n > 20

fish). Figures 3A and 3B show typical

electronmicrographs of a synaptic ribbon

from a WT hair cell, which were localized

near afferent neurons separated by two

cell membranes. Afferent neurons were

identified in electron micrographs by their

reduced density, lack of synaptic vesi-

cles, and mitochondria. In WT fish, we

found that 41 of 41 ribbons were localized

within 70 nm of a visible plasma mem-

brane opposite an afferent neuron. By

contrast, we found no ribbonswith typical

electron-dense centers in re[a(D10)/
b(D7)] double homozygotes. Instead, 5-dpf embryos of re

[a(D10)/b(D7)] double homozygotes exhibited ribbon-like struc-

tures that lacked electron densities but maintained an organized

collection of synaptic vesicles in a spherical array (Figures 3C–

3F), which we have named ‘‘ghost ribbons.’’ While some ghost

ribbons appeared to localize adjacent to afferent neurons (Fig-

ure 3C; n = 14 of 41 ghost ribbons), most were not found near



Figure 3. Mutant Zebrafish Exhibit Ribbons

Lacking Synaptic Densities in Neuromast

Hair Cells

(A and B) Electron micrograph showing typical

examples of synaptic ribbons in neuromast hair

cells in 5- dpf WT zebrafish (marked by an

asterisk). Note prominent density and typical

localization near the afferent neuron (Aff).

(C–F) Examples of electron micrographs of ghost

ribbons (marked by an asterisk) taken from neu-

romast hair cells of re[a(D10)/b(D7)] homozygous

zebrafish. Note the absence of a synaptic ribbon

density with presence of vesicle array. Sone ghost

ribbons locate near the afferent neurons (denoted

Aff) (C), near the efferent neurons (Eff) (D), far away

from the membrane (E), or in the middle of the

cell (F). N denotes nucleus. Scale bar, 200 nm.

(G) Volume of ribbon and ghost ribbons in 5-dpf

WT and re[a(D10)/b(D7)] homozygous mutant hair

cells.

(H) Histogram of vesicle density per length of

perimeter of ribbon or ghost ribbon in cross-

section in WT and re[a(D10)/b(D7)] homozygous

mutants.

(I) Histogram of vesicle size associated with ribbon

or ghost ribbon in WT and re[a(D10)/b(D7)] ho-

mozygous mutants.

(J) Electron micrograph of ghost-ribbon like struc-

ture in the outer plexiform layer of re[a(D10)/b(D7)]

double homozygous retina.
identifiable afferent fibers. Figure 3 shows examples of ghost rib-

bons near efferent neurons (Figure 3D), away from the cell mem-

brane (Figure 3E), and in the center of cell (Figure 3F). By

contrast, ribbons of the retina of re[a(D10)/b(D7)] double homo-

zygotes were found to be largely normal; however, we found

two examples of structures within photoreceptors of re[a(D10)/

b(D7)] double homozygotes that resembled the hair cell ghost

ribbons but took on the elongated shape of a photoreceptor rib-

bon (Figure 3J). These results indicate that Ribeye is necessary

for the maintaining the electron density of the ribbon and plays

a critical role in localizing ribbons to proper synaptic locations.

Next, we quantified and compared the morphological proper-

ties of ghost ribbons in re[a(D10)/b(D7)] double homozygotes to

ribbons in WT animals. In WT hair cells (n = 45 ribbons, 18 fish),

the area of the region beneath the vesicles, including both

the electron density and the surrounding light space (e.g.,
Cell R
Figures 3A and 3B), was, on average,

0.163 mm2. If we assume that the ribbons

are roughly spherical and that each image

represents a random cross-section of

that sphere, WT ribbons would have a

cross-section of 0.244 mm2 at their equa-

tor, which yields a spherical ribbon with a

diameter of 560 nm and a volume of

0.091 mm3. The density occupied about

43% of WT ribbons. By contrast, ghost

ribbons lacking the density were much

smaller (n = 32 ribbons; ten fish), with
an estimated cross-sectional area of 0.119 mm2, equivalent to

a 390-nm diameter sphere and a volume of 0.031 mm3. Hence,

when one does not factor in the vesicle volume, the volume of

ghost ribbons is only 34% of the volume of WT ribbons, less

than the 57% that one would predict if ribbons only lost the

density but similar to a previous estimate of the contribution of

Ribeye to ribbon volume in retinal bipolar cells using a ribbon-

binding peptide (Zenisek et al., 2004).

To analyze the vesicles associated with ribbons and ghost rib-

bons, we counted the number of vesicles within one vesicle

diameter of the ribbon. Despite the smaller area of the ghost rib-

bons, we observed more vesicles per section associated with

ghost ribbons in mutant animals (21.8 ± 1.3) than with ribbons

inWT cells (15.7 ± 2.0). Tomeasure the density of vesicles on rib-

bons, we divided the number of vesicles by the length of the

perimeter of the ribbon in each section. On average, we found
eports 15, 2784–2795, June 21, 2016 2787



Figure 4. Results from Whole-Cell Voltage-Clamp Recordings from WT and re[a(D10)/b(D7)] Homozygous Mutant Neuromast Hair Cells

(A) Average whole-cell capacitance measurements of WT (black, n = 11) and re[a(D10)/b(D7)] homozygous mutants (red, n = 12) neuromast hair cells in response

to 3-s step-depolarizations. Note that all traces include error bars denoting SEM for each condition. The average capacitance increase at the end of the 3-s

depolarization (averaged over 100 ms) was 67.8 ± 5.0 fF for the WT hair cells and was 106.1 ± 13.6 fF in the mutants. p = 0.018.

(B) Averaged calcium current trace of WT (black) and re[a(D10)/b(D7)] homozygous (red) mutants in response to a �20-mV step depolarization.

(C) Plot of current-voltage relationship for WT fish NM hair cells (black, n = 15) and re[a(D10)/b(D7)] homozygous mutant neuromast hair cells (red, n = 17).

At�20 mV, the average current in WT cells was �6.1 ± 0.5 pA, and mutant fish cells was�8.3 ± 0.6 pA. p = 0.010. The fish recorded were between 5 and 8 days

old, and the neuromasts recorded were P3 and P4.

(D) Capacitance recording ofWT fish at 2.8mMCa2+ (black) and 10mMCa2+ (blue) external solution and double-mutant fish at 2.8mMCa2+ external solution (red)

in response to a 3-s step depolarization. The average capacitance increase at the end of the 3-s depolarization (averaged over 100 ms) was 105.09 ± 13.74 fF for

the WT hair cells at 10 mM Ca2+ solution. Capacitance increases in WT and double-mutant fish in 2.8 Ca2+ external solution are the same as in (A).

(E) Plot of current-voltage relationship of WT fish at 2.8 mMCa2+ (black) and 10mMCa2+ (blue) external solution, and double-mutant fish at 2.8 mMCa2+ external

solution (red). At �20 mV, the calcium current of WT fish in 10 mM Ca2+ external solution is �9.39 ± 1.40 pA, compared to double-mutant fish in 2.8 mM Ca2+

external solution is 8.26 ± 0.58 pA.
22.7 ± 1.0 vesicles per micrometer perimeter in mutant ghost rib-

bons and 11.1 ± 0.9 vesicles per millimeter in images of ribbons

of WT animals. Even after the removal of a subset of WT ribbons

that had very few vesicles (five or less), the vesicle density on rib-

bons remained lower in theWT cells (13.0 ± 0.8 mm�1). Figure 3H

plots a histogram of these values for both genotypes. To esti-

mate the effect on overall vesicle number, we estimated the

area of ribbon assayed in each 80-nm section relative to the total

ribbon surface area using our spherical assumption. Based on

this method, we calculated an estimate of 133 ± 17 vesicles

per ribbon in WT animals and 129 ± 8 associated with ghost rib-

bons in re[a(D10)/b(D7)] double-mutant animals.

Lastly, we measured the size of the vesicles associated with

ribbons and ghosts. We measured the size of vesicles associ-

ated with ribbons (n = 671) and ghost ribbons (n = 627). On

average, ribbon-associated vesicles in WT animals had an

average area of 1,631 ± 15 nm2, whereas vesicles in re[a(D10)/
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b(D7)] were 1,437 ± 12 nm2. Since the vesicles are round in the

images, we converted the areas into vesicle radii and plotted

the results as a histogram in Figure 3I. While the difference in

vesicle size is small (21.4 ± 0.09 in double homozygotes versus

22.4 ± 0.1 nm in WT), the differences are highly significant

(p < 0.003 when comparing averages across ribbons).

re[a(D10)/b(D7)] Double Mutants Exhibit Enhanced
Exocytosis and Calcium Current
Next, we tested the release properties of the re[a(D10)/b(D7)]

double-homozygous animals and WT animals. To do so, we

performed whole-cell membrane capacitance recordings in

response to long step depolarizations in both WT and re

[a(D10)/b(D7)] double-homozygous fish 5–8 dpf, using a two-

sine approach that allows for measuring exocytosis during a

depolarization (Ricci et al., 2013; Schnee et al., 2011). Figure 4A,

shows the average responses of 11 WT hair cells and 12 re



Table 1. Best-Fit Values of Hair Cell Capacitance Measurements

from WT and Mutant Zebrafish

Linear Phase,

b (fF/s)

Amplitude,

A (fF)

Time Constant,

t (ms)

Wild type/1 EGTA/2.8

Ca2+
17.6 18.9 501

Wild type/10 EGTA/2.8

Ca2+
16.7 15.6 622

re[a(D10)/b(D7)]/1

EGTA/2.8 Ca2+
29.1 19.2 346

re[a(D10)/b(D7)]/10

EGTA/2.8 Ca2+
8.4 10.5 579

Wild type/1 EGTA/10

Ca2+
28.8 22.7 481
[a(D10)/b(D7)] fish in response to 3-s voltage steps to �10 mV.

WT hair cells exhibited a steady rise in whole-cell capacitance,

which could be well fit by the sum of an exponentially asymptot-

ing fast phase and a linear continuous phase, similar to what has

been observed in mouse (Moser and Beutner, 2000) and chick

(Eisen et al., 2004) cochlear hair cells. To fit the data, the latter

half of the capacitance response was fit to a straight line, and

a line with that slope was subtracted from the raw data. The re-

sidual was then fit by an exponential. Using this approach, the

WT response was best fit by a linear phase of 17.6 fF/s and an

exponential with an amplitude of 18.9 fF andwith a time constant

of 501 ms (see Table 1).

Surprisingly, the capacitance response from re[a(D10)/b(D7)]

double-homozygous animals showed a larger increase in capac-

itance in response to step depolarization (Figure 4A; Table 1).

The linear phase (65% greater than WT) was specifically

enhanced in mutant animals, whereas the exponential amplitude

was only minimally larger (1.6% greater than WT). The enhanced

exocytosis in double-homozygous mutant zebrafish was

accompanied by an increase in the calcium current in the hair

cells measured at �20 mV (Figure 4B). Figure 4C shows the

average current as a function of membrane potential from WT

(n = 15) and re[a(D10)/b(D7)] double-homozygous (n = 17) fish.

While the shape of the current-voltage (I-V) relationship ap-

peared similar, the calcium currents were found to be larger in

the cells lacking Ribeye. Increasing extracellular calcium to

10 mM in WT animals resulted in an increase in calcium current

(Figure 4D) and exocytosis (Figure 4E) to levels that mimicked

that of re[a(D10)/b(D7)] double-homozygous animals, suggest-

ing that the enhanced exocytosis can largely be explained by

the enhanced calcium current.

Calcium Channels Are Poorly Coupled to Release in
re[a(D10)/b(D7)] Double-Homozygous Hair Cells
Next, we performed co-immunofluorescence staining with an

antibody for the calcium channel CaV1.3 (Sheets et al., 2011,

2012) and a post-synaptic marker pan-MAGUK (Meyer et al.,

2005). In WT animals, CaV1.3 staining revealed spots (Figure 5A,

red), which were found localized near pan-MAGUK spots (Fig-

ure 5A, green). By contrast, CaV1.3 and pan-MAGUK spots

were spatially segregated in re[a(D10)/b(D7)] double homozy-

gotes (Figure 5B), suggesting improper localization.
As a second test for the proximity between calcium channels

and active zones, we determined the effect of the slow calcium

buffer EGTA on exocytosis inWTand re[a(D10)/b(D7)]double-ho-

mozygousmutant animals. High concentrations of EGTAhave lit-

tle effect on calcium concentrations in small nano-domains near

the mouth of open calcium channels but efficiently reduce bulk

calcium concentrations and calcium at other distal locations

away from the channels. Hence, if sites of exocytosis are very

near calcium channels, EGTA is expected to have little effect on

release. Electrophysiological studies from various synapses

have used this method to demonstrate tight proximity of calcium

channels to release sites (Mennerick and Matthews, 1996; Adler

et al., 1991; Roberts, 1994; Moser and Beutner, 2000; Mehta

et al., 2014; Coggins and Zenisek, 2009;Wong et al., 2014). Simi-

larly, WT hair cells showed little change in the amount of exocy-

tosis when 10 mM EGTA was introduced into the cell via patch

pipette and stepped to �10 mV, suggesting tight coupling be-

tween calcium channels and release sites in these cells (Fig-

ure 5C). On average, the capacitance response to a 3-s step de-

polarization from �80 mV to �10 mV was 67.8 ± 5.0 fF for cells

loaded with 1mMEGTA (n = 11) and 62.8 ± 4.9 fF for cells loaded

with 10mMEGTA (n = 7) with similar kinetics. By contrast, 10mM

EGTA had a dramatic effect on DCm in re[a(D10)/b(D7)] double-

homozygous hair cells, reducing release by 66% relative to

1 mM EGTA and only 55% of WT hair cells loaded with 10 mM

EGTA (Figure 5D; Table 1). The effect of EGTA was more pro-

nounced in the continuous phase (72% reduced) than the

exponential phase (33%). These results suggest that Ribeye is

required for proper formation of calciumchannel/vesicle nanodo-

mains and that the enhanced release observed in re[a(D10)/

b(D7)] double homozygotes may arise primarily from vesicles

residing outside of calcium channel nanodomains.

Recordings from Afferent Neurons
The aforementioned results indicate that hair cells from re

[a(D10)/b(D7)] double homozygotes continue to exhibit robust

exocytosis in response to depolarization, despite lacking ribbon

densities, but the release is inefficiently coupled to calcium

channels, and ribbons are mislocalized. Next, we tested whether

ghost-ribbon-containing hair cells could efficiently drive post-

synaptic spiking in afferent neurons. To do so, we recorded ac-

tion potentials from primary afferent neurons of the posterior

lateral line system using loose-patch extracellular recordings in

response to piezo-electrically driven stimuli directed to the kino-

cilia of neuromast hair cells (Levi et al., 2015). For these experi-

ments, cells were selected for analysis only if a stimulus was

found to generate action potentials in the recorded afferent.

Hence, these recordings represent cells that receive synaptic

input from hair cells. We could find no differences between WT

andmutant animals in their afferent responses. Figure 6 summa-

rizes our results from these recordings in WT and re[a(D10)/

b(D7)] double-homozygous animals. Figure 6A shows represen-

tative recordings taken from neuromast L1 from aWT animal and

a mutant animal stimulated at 60 Hz. As can be observed from

the recordings, both the WT and mutant animals showed robust

spiking throughout a 10-s stimulus train. We found no difference

in the spontaneous spike rate before stimulation for WT and

re[a(D10)/b(D7)] double-homozygous fish (Figure 6B). Figure 6C
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Figure 5. re[a(D10)/b(D7)] Homozygous

Hair Cells Have Poorly Localized Calcium

Channels and Exhibit Enhanced Sensitivity

to 10 mM EGTA

(A and B) Immunolabel of CaV1.3a and MAGUK in

5-dpf WT (A) and re[a(D10)/b(D7)] (B). While

Cav1.3 immunolabeled puncta generally localize

to the presynapse adjacent to postsynaptic

MAGUK immunolabel in WT (A; insets), CaV1.3a

clusters fail to localize to the presynapse in

re[a(D10/b(D7)] mutants (B; inset).

(C and D) Capacitance increase ofWT and double-

mutant neuromast hair cells in response to a 3-s

step depolarization with 1 mM EGTA or 10 mM

EGTA (gray, n = 8) in the internal solution. The

average capacitance increase at the end of the 3-s

depolarization (averaged over 100 ms) of WT fish

was 67.8 ± 5.0 fF at 1 mM EGTA (C; black, n = 11)

and 62.8 ± 4.9 fF at 10 mM EGTA (C; gray, n = 7);

p = 0.50. 10 mM EGTA blocks 7.4% of release,

compared to 1 mM EGTA in WT fish. The average

capacitance increase at the end of the 3-s depo-

larization (averaged over 100 ms) of double mu-

tants was 106.1 ± 13.6 fF at 1 mM EGTA (D; red,

n = 12), and 36.3 ± 8.7 fF at10 mM EGTA (D; pink,

n = 8), p = 0.01. 10 mM EGTA blocks 66.% of

release compared to 1 mM EGTA.

(E and F), Plot of current-voltage relationship for

WT fish NM hair cells (E) and re [a(D10)/b(D7)]

homozygous mutant neuromast hair cells (F) at

1 mM EGTA and 10 mM EGTA internal solution.

At �20 mV, the average current of WT cells was

�6.1 ± 0.5 pA at 1 mM EGTA (E; red, n = 15) and

6.9 ± 0.9 (E; pink, n = 8). p = 0.46. The average

current of mutant fish cells was�8.26 ± 0.58 pA at

1 mM EGTA solution (F; red, n = 17), and �9.9 ±

2.2 pA at 10 mM EGTA solution (F; pink, n = 6).

p = 0.49. The fish recorded were between 5 and

8 days old, and the neuromasts recorded were P3

and P4.
plots the recorded spike frequency that has been time averaged

over the 10-s stimulus train for three frequencies (2 Hz, 30 Hz,

and 60 Hz). Figure 6F shows the spike rate over the entire 10 s

of 60-Hz stimulation for all fish. As can be seen from the plots,

re[a(D10)/b(D7)] double-homozygous fish exhibited spike rates

similar to WT animals at all frequencies tested. We found no ef-

fect of genotype on the ability to phase lock to stimuli, as the vec-

tor strengths for bothWT andmutant animals were similar across

all stimulation frequencies (Figure 6D). Similarly, the measured

preferred phase angles were indistinguishable among geno-

types. Figure 6E shows that the latency to the first response

was also unchanged in mutant animals.

DISCUSSION

Evidence for Ribeye Forming the Core of the Ribbon
In this study, we used genome editing techniques to introduce

mutations into the coding regions of the synaptic ribbon-specific

A-domain of both zebrafish ribeye genes. Mutant animals exhibit
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greatly reduced levels of Ribeye, leading to striking morpholog-

ical changes to the synaptic ribbons of hair cells. In particular,

double-homozygous mutants have ribbons that lack the central

electron density while maintaining a roughly spherical scaffold

that harbors attached synaptic vesicles. Of note, the ghost rib-

bons were found to have lost 66% of their estimated volume,

similar to the estimated contribution of Ribeye to ribbon volume

in bipolar cells (Zenisek et al., 2004) but considerably more than

the volume occupied by the density in micrographs. Previous

studies have demonstrated that overexpressed Ribeye forms

electron-dense aggregates in HEK and R28 cells (Schmitz

et al., 2000; Magupalli et al., 2008) and leads to ectopic electron

densities in neuromast hair cells (Sheets et al., 2011). In some

systems, the A-domain alone is sufficient to form densities,

whereas the B-domain alone forms a soluble protein (Schmitz

et al., 2000). Summed together, it is reasonable to conclude

that the core density observed in electron micrographs of synap-

tic ribbons is largely composed of the A-domain of Ribeye pro-

tein, whereas the surrounding halo of lighter material is made
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Figure 6. Electrophysiology Recordings

from the Primary Afferent Neurons of

Lateral Line Neuromasts

(A) Representative traces showing the spiking

rates for the afferent neurons of WT (blue) and

mutant (red) zebrafish in response to 10 s of 60-Hz

sine wave stimulation.

(B) The spontaneous spike rate measured for WT

and mutant animals before stimulation.

(C) The average spike rate calculated over the

entire 10 s of stimulation for stimulation fre-

quencies of 2, 30, and 60 Hz.

(D) The average vector strength calculated for the

entire 10 s of stimulation.

(E) The latency between the onset of stimulation

and the first spike.

(F) The spike rate as a function of time during 10 s

of 60 Hz stimulation. Closed circles show the

mean; error bars indicate SD.
up of the B-domain of Ribeye along with other ribbon proteins

that remain in place in our mutant animals. This idea is consistent

with the original model put forth by Schmitz, Sudhof, and col-

leagues (Schmitz et al., 2000).

We find that most ‘‘ghost ribbons,’’ while smaller, appear to

take on a shape that is similar to that of normal ribbons

(although see Figures 3C–3F) and still retain a scaffold capable

of recruiting vesicles. Interestingly, we found two examples of

ghost-ribbon-like structures in photoreceptors of mutant

mice, which appeared more elongated than the hair cell

ghost ribbons, mimicking the structure of photoreceptor rib-

bons. It remains possible that the sparse Ribeye remaining

in these cells may maintain the structure but fail to form a

density. Alternatively, numerous structural proteins have been

shown to localize to the ribbon complex (Brandstätter et al.,

1999), including Piccolo, Bassoon, Cast/ERC, Rim1, and
Cell Re
Rim2, but each of these proteins is also

found at conventional synapses, which

lack the ribbon structure. Of note, a rib-

bon-specific isoform of Piccolo has been

described in retina (Regus-Leidig et al.,

2013, 2014b), suggesting that ribbon-

specific splicing may underlie some of

the diversity in ribbon shape and size.

It is noteworthy that some of the fea-

tures we report here differ from those

found in a recent report characterizing

retinal ribbons in Ribeye knockout mice

(Maxeiner et al., 2016). In that study,

the authors found ribbons completely

lacking from the retina and a general

decrease in vesicles residing near active

zones. Additionally, they found that syn-

aptic transmission between rod bipolar

cells and AII Amacrine cells was reduced

by approximately 80%, whereas in our

study, exocytosis, measured by capaci-

tance, is slightly enhanced. As in our
study, the kinetics of the responses remained unchanged, sug-

gesting that ribbons are not required to maintain continuous

release from bipolar cells. Although the reasons for the differ-

ences in the two studies are unknown at this point, we hypoth-

esize several possible explanations. (1) In our study, a small

amount of Ribeye remains in hair cells, which may be sufficient

to nucleate the ghost-ribbon structures and be sufficient to sta-

bilize synaptic structures containing other ribbon proteins. (2)

Occult ghost ribbons might account for 20% of release from

mouse bipolar cells. Ghost ribbons lack the electron density

and are smaller than WT ribbons and, thus, were initially difficult

to find in electron micrographs in neuromast hair cells. Identi-

fying such structures in mouse bipolar cells ribbons would be

even more difficult, since bipolar cell ribbons are smaller and

vesicles are found at high densities throughout the cytoplasm.

Moreover, since release is reduced by 80%, ghost-ribbon
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numbers may be similarly reduced. (3) The differences may

reflect species- and/or tissue-specific roles for Ribeye.

Relationship between Ribeye and Vesicles
In this study, we find that ghost ribbons possess an estimated

50% of the surface area of WT ribbons, while maintaining near-

normal vesicle numbers. Physical tethers linking the ribbon to

synaptic vesicles are observable in some electron micrographs

(e.g., Lenzi et al., 2002), but the molecular components of the

tether remain obscure. Since vesicle numbers remain constant,

despite dramatic reductions in Ribeye levels, we posit that a

yet-to-be-identified protein may link vesicles to ribbons and

that loss of ribbon volume results in an increase in concentration

of this molecule on the ribbon. Our results here argue against

Ribeye directly participating in the tethering of synaptic vesicles.

Synaptic vesicles associated with ghost ribbons were also

found to be smaller than those associated with ribbons in WT

animals. The reasons for this difference is currently unknown,

but it is worth noting that Ribeye has been suggested to act as

a lyosphosphatidyl acyl tranferase that adds an acyl group to

lysolipids, thus converting lysophosphophatidic acid (LPA) with

one acyl chain to phosphatidic acid (PA) with two acyl chains

(Schwarz et al., 2011). Since the LPA and PA have opposite

effects on membrane curvature, the acyltransferase activity

has the potential to influence membrane curvature and, by

extension, vesicle size.

Ribeye, Synaptic Localization, and Calcium Channels
Prior to the present study, several lines of evidence have pointed

toward a close relationship between Ribeye and calcium chan-

nels in ribbon synapses. Calcium channels have been shown

to localize to clusters beneath the ribbon in ribbon synapses

(Roberts et al., 1990; Zenisek et al., 2003; Frank et al., 2010).

Moreover, the tight coupling of fast exocytosis to calcium chan-

nels appears to be a feature of many ribbon synapses (Singer

and Diamond, 2003; Mennerick and Matthews, 1996; Moser

and Beutner, 2000; Wong et al., 2014). A link between Ribeye

and calcium channels has previously been inferred from overex-

pression and knockdown studies in zebrafish. MO-driven knock-

down of ribeye leads to loss of calcium channel clusters in both

retina (Lv et al., 2012) and neuromast hair cells (Sheets et al.,

2012), whereas animals overexpressing Ribeye exhibit ectopic

calcium channel clusters that colocalize with Ribeye protein ag-

gregates (Sheets et al., 2012). More recently, knockout of Ribeye

in mouse was found to cause a subtle change in the size of cal-

cium channel clusters in photoreceptors (Maxeiner et al., 2016).

Notably, in contrast to the previous MO results in retina (Lv et al.,

2012), calcium channels remained clustered in discrete locations

in the retina. Additionally, knockoutmicewere found to exhibit an

increase in sensitivity of mEPSC frequency to high levels of the

membrane-permeant analog of EGTA, EGTA-AM. Since mEPSC

frequency is also reduced by calcium channel blockers (Mehta

et al., 2013; Maxeiner et al., 2016), the results were suggestive

of a loss of coupling between calcium channels and release

sites.

Here, we show that genetic disruption of Ribeye expression

leads to mislocalization and redistribution of calcium channels

in neuromast hair cells, in line with the previous work using
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MOs (Sheets et al., 2012). This redistribution of calcium channels

is associated with a slight enhancement of calcium current.

Although the reason for the increase in calcium current is un-

known at present, we posit that homeostatic plasticity, in

response to less neurotransmitter released on to afferent fibers,

may trigger an upregulation of calcium current and exocytosis in

these cells, similar to what has been described for other systems

(Frank, 2014). Alternatively, Ribeye may act as a negative regu-

lator of voltage-gated calcium channel expression or activity,

with the latter being a distinct possibility, given that CtBP2 func-

tions as a co-repressor. Further work will be necessary to deter-

mine the mechanisms behind the enhanced calcium current

observed here. We also show here that the continuous phase

of exocytosis in mutant animals exhibits an enhanced sensitivity

to EGTA. Mutant hair cells retain an EGTA-insensitive compo-

nent of release that retains similar exponential release kinetics,

suggesting that some vesicles may still reside in nanodomains

near calcium channels.

Of note, inner hair cells from mice harboring mutations to the

synaptic ribbon protein Bassoon, which exhibit few ribbons

that associate with the plasma-membrane exhibit a reduction

in voltage-gated calcium current. Interestingly, a small subset

of ribbons in Bsn mice associates with the plasma membrane

at synapses, and these synapses exhibit more calcium channels

than ribbon-less synapses (Frank et al., 2010). The opposite

effect on calcium current in Bassoon mice, compared with

re[a(D10)/b(D7)] double-homozygous fish, may indicate that

the two proteins interact with and regulate calcium channels

differently, with Bassoon influencing overall expression level

or channel stability and Ribeye having an effect on channel

localization.

Interestingly, several studies have demonstrated that muta-

tions to calcium channel subunits have a reciprocal effect on

synaptic ribbon morphology, although the magnitude and spe-

cific effects have varied between preparations. For example, a

mutation in the zebrafish gene encoding for the alpha subunit

of Cav 1.4 channels results in the disappearance of cone synap-

tic ribbons (Jia et al., 2014), whereas genetic or pharmacological

removal of calcium conductance through Cav 1.3 channels in-

creases the size of ribbons in lateral line hair cells (Sheets

et al., 2012). In mouse, the genetic removal of Cav1.4 channels

prevents the formation of mature synaptic ribbons (Liu et al.,

2013; Regus-Leidig et al., 2014a), whereas Cav1.3 is not

required for the generation or maturation of auditory hair cell rib-

bons but is required for proper maintenance of the synapses

(Nemzou N et al., 2006).

Effects on Synaptic Transmission
Here, our results show an enhanced continuous phase of exocy-

tosis in animals deficient in Ribeye. Given that there are fewer

ghost ribbons than WT ribbons and that most ghost ribbons

fail to localize to proper synaptic locations, we suggest that

much of this continuous phase of release may arise from extra-

ribbon locations. Our results are in line with several imaging

and electrophysiological studies that have demonstrated that

extra-ribbon release can occur in ribbon-bearing cells during

prolonged stimulation (Mehta et al., 2014; Zenisek et al., 2000;

Midorikawa et al., 2007; Pangr�si�c et al., 2015; Chen et al.,



2013). We do not suggest, however, that synaptic transmission

does not normally occur at ribbon locations in wild-type animals,

since direct lines of evidence have firmly established exocytosis

at ribbon sites (Vaithianathan et al., 2016; Zenisek, 2008; Chen

et al., 2013; Midorikawa et al., 2007).

In contrast to our results here, acute inactivation of the synap-

tic ribbon using fluorophore-assisted light inactivation (FALI) of

ribbon-targeted fluorescent peptides cause the loss of sponta-

neous and both fast and slow components of evoked release

(Mehta et al., 2013; Snellman et al., 2011). Although the peptides

used in those studies specifically target Ribeye, FALI generates a

sphere of damage likely to also include local bystander proteins

associated with the synaptic ribbon. The comparatively mild

changes to release properties in cells missing Ribeye implicate

these other nearby proteins in functions essential for maintaining

focal neurotransmitter release in these cells. Indeed, ghost rib-

bonsmaintain a shape and vesicle clusters that resembleWT rib-

bons, suggesting that many ribbon-resident proteins inhabit

these structures in mutant animals. Relatedly, inner hair cells

from mice harboring mutations to Bassoon show decreases in

both transient (Khimich et al., 2005) and sustained (Frank et al.,

2010) components of exocytosis. This comparatively greater ef-

fect of Bassoon removal suggests that either Bassoon itself or

proteins recruited by Bassoon to ribbons play a more funda-

mental role in determining release properties from ribbon synap-

ses. Indeed, the genetic disruption of Bassoon causes a change

in open probability, reduces channel number, and causes a

redistribution of calcium channels in hair cells (Frank et al.,

2010). The effect of Bassoon removal must overwhelm any

homeostatic compensatory mechanisms that might normally re-

turn calcium current to normal levels. In addition to Bassoon,

several other proteins already known to have critical functions

in conventional synapses have been demonstrated to localize

either to the ribbon or the plasma membrane beneath the

ribbon (Regus-Leidig and Brandstatter, 2011; tom Dieck et al.,

2005).

Surprisingly, despite the loss of efficient coupling between

calcium channels and release sites in mutants and reduction in

ribbon numbers, we could detect no differences in afferent re-

sponses. Spontaneous and evoked release rates at three

different frequencies, the latency to first spike and the ability to

phase lock were indistinguishable between genotypes. A key

difference in capacitance measurements and afferent spike re-

cordings is that afferent recordings are dependent upon exocy-

tosis at specific locations, namely, on to receptors populating

afferent fibers, whereas capacitance recordings have no such

spatial requirements. As such capacitance measurements

reflect both synaptic and extrasynaptic release. Similar to our re-

sults, hair cells in mice lacking endogenous calcium-binding

proteins show enhanced continuous release, without an effect

on afferent responses, consistent with extrasynaptic release

contributing significantly to capacitance response (Pangr�si�c

et al., 2015). Given that, in the presence of 10 mM EGTA, some

exocytosis persists with normal kinetics in mutant animals, we

suggest that this EGTA-resistant component represents the sub-

set of vesicles, which is properly localized near calcium chan-

nels, and could be sufficient to drive afferent neuron spiking to

near normal levels for afferents that receive synaptic input. It
should be noted that, to perform afferent recordings, one first

identifies and selects for synaptically connected neurons before

performing experiments. Thus, recordings represent only those

neurons, which generate spikes in response to mechanical stim-

uli to hair cells, and cannot account for cells that lack synaptic

connections. These results suggest that when synapses with

ghost ribbons are formed, they respond to stimuli normally under

the conditions we tested. It should also be noted that while the

stimulus frequencies we tested here are typical or slightly higher

for neuromast hair cells, auditory hair cells of the inner ear

respond to much higher frequencies and exhibit faster kinetics

and greater demands on neurotransmitter release. Because of

this, the faster hair cells of other systems may show greater de-

fects in the absence of Ribeye.

EXPERIMENTAL PROCEDURES

Zebrafish Husbandry

Zebrafish were kept in accordance with the Yale University Animal Care and

Use Committee guidelines.

Generation of ribeye a Mutant Fish

Ribeye amutant fish were generated using zinc finger nucleases (ZFNs) target-

ing the A-domain of Ribeye a (ENSDARG00000044062) purchased from

Sigma-Aldrich. mRNAs encoding the ZFNs were injected into one-cell-stage

embryos, and progeny were screened for mutations. Mutants (Figure S1)

were selected for breeding to generate homozygous mutants. Detailed

experimental procedures are provided in the Supplemental Experimental

Procedures.

Generation of ribeye b Mutant Fish

CRISPR/Cas9-induced mutagenesis procedures were adapted from previ-

ously published reports (Hruscha et al., 2013) and are detailed in the Supple-

mental Experimental Procedures. Single guide RNAs (sgRNAs) were designed

to target to the Ribeye-specific A-domain of ribeye b. Several mutant lines

were identified and selected for further study (Figure S2).

EM and Immunofluorescence

Procedures were adapted from standard previously published experimental

protocols (Obholzer et al., 2008; Lv et al., 2012) and are detailed in the Supple-

mental Experimental Procedures.

Hair-Cell Voltage-Clamp Recordings

Whole-cell voltage-clamp recordings were carried out from neuromast hair

cells in anesthetized live zebrafish (5–7 dpf), as previously described (Ricci

et al., 2013). Details can be found in the Supplemental Experimental

Procedures.

Afferent Neuron Recordings

Loose-patch recordings from soma of afferent neurons were made on anes-

thetized and paralyzed larval zebrafish as previously described and detailed

in the Supplemental Experimental Procedures (Levi et al., 2015).

Statistical Analysis

Data are presented as mean ± SEM. Statistical significance across datasets

was determined using the unpaired two-tailed t test. Significance was consid-

ered p < 0.05; however, for most comparisons in the present study, p < 0.01.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and two figures and can be found with this article online at http://dx.doi.org/

10.1016/j.celrep.2016.05.045.
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wich, E., Seiler, C., Sidi, S., Söllner, C., Duncan, R.N., et al. (2008). Vesicular

glutamate transporter 3 is required for synaptic transmission in zebrafish

hair cells. J. Neurosci. 28, 2110–2118.

Pangr�si�c, T., Gabrielaitis, M., Michanski, S., Schwaller, B., Wolf, F., Strenzke,

N., and Moser, T. (2015). EF-hand protein Ca2+ buffers regulate Ca2+ influx

and exocytosis in sensory hair cells. Proc. Natl. Acad. Sci. USA 112, E1028–

E1037.

Parsons, T.D., Lenzi, D., Almers, W., and Roberts, W.M. (1994). Calcium-trig-

gered exocytosis and endocytosis in an isolated presynaptic cell: capacitance

measurements in saccular hair cells. Neuron 13, 875–883.

Regus-Leidig, H., and Brandstatter, J.H. (2011). Structure and function of a

complex sensory synapse. Acta Physiol. (Oxf.) 204, 479–486.
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Supplemental Experimental Procedures: 

Zebrafish husbandry 

Zebrafish were kept in accordance with the Yale University Animal Care and Use 

Committee guidelines.   

 

Generation of ribeye a mutant fish 

ZFN pairs recognizing the target sequence: 

ATCGGCCGATCCCAGAGCTGGGACACGCTGGGTGGGAATGAG (underline 

indicates the cut site), in the coding region of the A-domain of ribeye a. were designed by 

and purchased from Sigma Aldrich. Plasmids containing the DNA sequences encoding 

the ZFN left and right arrays were linearized by digestion with XbaI and purified using 

the Qiaquick PCR purification kit (Qiagen). mRNA encoding the left and right arrays was 

synthesized using the mMessage mMachine T7 Ultra kit (Ambion), according to the 

manufacturer’s protocol, and purified using the RNeasy kit (Qiagen) 

 

mRNA encoding left and right ZFN arrays (50-200 pg) was injected into zebrafish 

embryos at the one-cell stage. To evaluate the efficiency of ZFN,  the Genomic DNA was 

isolated from 10 ZFN-injected embryos lacking severe developmental defects at 24 hpf 

and the ZFN target region was amplified by PCR (upstream primer: 

TTCCTTACACCACTTGACATCAGC, downstream primer: 

CTATTGGTGGTCGGTCATAATGGC) and subcloned into the TOPO-TA vector 

(Invitrogen). A total of 100 colonies were selected and colony PCR followed by high-

resolution fragment analysis of groups of 3 colonies was used to detect insertion-deletion 

mutations.   



 

ZFN-injected fish were raised to adulthood and in-crossed.  Founders (F0) were 

identified as in (Cifuentes et al. 2010) with some modifications. Briefly, genomic DNA 

was isolated from ~30 embryos from each cross. PCR of the ZFN target region followed 

by high-resolution fragment analysis of groups of 2 embryos was used to identify indels.  

6 adults were screened and 5 founders carrying frameshift indels were identified. 

Sequences were confirmed by amplifying the target region, cloning the PCR product into 

the TOPO-TA vector (Invitrogen), and Sanger sequencing of plasmids using M13F/R 

primers. High-resolution fragment analysis results were analyzed using GeneMarker 

software (SoftGenetics).  

 

Generation of ribeye b mutant fish 

CRISPR introduced knockout procedures were adapted from previously published papers 

(Hruscha et al. 2013; Huang and Tan 2013; Hwang et al. 2013; Jao et al. 2013). Briefly, 

chimeric guide RNA Oligos (TAGGCCGGCTGACAGGACTCCA, 

AAACTGGAGTCCTGTCAGCCGG) targeting at zebrafish ribeye b (PubMed: 

15673675) (GGCCGGCTGACAGGACTCCA) were designed by ZiFit Target Website 

(http://zifit.partners.org) (Sander et al. 2010; Sander et al. 2007). Two oligos were 

annealed and cloned into T7cas9sgRNA2 vector (Addgene) (Jao et al. 2013). Plasmids 

containing the guide RNA sequences were linearized by digestion with BamHI and 

purified using the Qiaquick PCR purification kit (Qiagen). Short mRNA was synthesized 

using the MEGAshortscript T7 kit (Ambion/Invitrogen), according to the manufacturer’s 

protocol, and purified using the mirVana miRNA Isolation Kit (Ambion/Invitrogen). 



Zebrafish optimized vector  pCS2-nls-zCas9-nls (Addgene) was used to generate the 

Cas9 mRNA as previously described (Jao et al. 2013). 

 

About 1 nl of 0.05% phenol red, 120 mM KCl, and 20 mM HEPES, pH 7.0, 150 ng/μl of 

nls-zCas9-nls RNA, and 75 ng/μl of gRNA were injected into the embryos at 1-cell-

stage.  The T7E1 assay and NgoMIV enzyme digestion were used to evaluate the 

efficiency. Fish were screened as described for ZFN introduced ribeye a mutant. The 

primers used for fragment analysis are: 5’CTATCCCGGTCACTCCATTC3’ (upstream), 

and 5’GCATCCTTTGAGTCACCACA3’ (downstream).  

 

Electron Microscopy 

Electron microscopy protocols were adapted from previously published protocols 

(Obholzer et al. 2008).  Briefly, 4-6 dpf zebrafish larvae were fixed overnight in 3% 

glutaraldehyde and 1.5% paraformaldehyde in 0.1M phosphate buffer on ice for 10 

minutes and then overnight at room temperature.  After rinsing in 0.1M PBS, samples 

were stained with 1% osmium, dehydrated in serial washes of 50%, 80%, 95% and then 

100% ethanol. Fish were embedded in EMbed-812 ( EMS). Hair cells from anterial 

neuromasts were imaged on Tecnai Biotwin electron microscope. 

 

Measurement of vesicle size 

To measure the size of vesicles, a blinded observer drew a region of interest (ROI) using 

ImageJ around each vesicle associated judged to be associated with every ribbon or 

ghost-ribbon.  The area for each ROI encompassing a vesicle was calculated.  Since 



vesicle profiles were nearly circular, an effective radius was calculated assuming a 

circular area for each vesicle.    

 

Immuno-fluorescence 

For retina slides staining, similar as previously published (Lv et al. 2012), 5 dpf zebrafish 

larval were anaesthetized and fixed in 4% paraformaldehyde in PBS and embedded in 

optimal cutting temperature compound (Sakura,Tokyo, Japan). Cryosections (12 m 

thick) on polylysine-coated slides were permeabilized in blocking buffer (BB) consisting 

of 1% bovine serum albumin (v), 3% normal goat serum (v/v), and 0.1% Triton X-100 in 

PBS at room temperature for 30 min, followed by overnight incubation with primary 

antibodies diluted in blocking buffer at 4°C, then 2 hours secondary antibodies incubation 

at room tempreture. The primary antibodies used for CtBP (CtBP (H-440, Santa Cruz, 

USA) and MAGUK (Neuromab) were diluted 1:500.  Ribeye A and Ribeye B antibodies 

(both generously provided by Teresa Nicolson, Oregon Health Sciences Center) were 

diluted 1:2000 (Sheets et al. 2011).  The secondary antibodies (Alexa Fluor 488/568 goat 

anti mouse/rabbit IgG(H+L), Molecular Probes, USA) were diluted 1:200.  

 

The whole mount staining for neuromast hair cells was carried out in a manner similar to 

a previously reported protocol (Sheets et al. 2011) .  5dpf zebrafish larvae were fixed in 

4% paraformaldehyde in phosphate buffer for 6 hours at 4°C, permeabilized using 

acetone for 5 minutes at -20°C, and blocked with blocking buffer containing 2% goat 

serum, 1% bovine serum albumin (BSA), and 1% dimethyl sulfoxide (DMSO).  Samples 

were incubated in a solution containing primary antibodies overnight at 4°C. Primary 

antibodies CtBP (CtBP (H-440, Santa Cruz, USA) and MAGUK (Neuromab) were 



diluted 1:500 in blocking buffer.   Ribeye A and Ribeye B and CaV1.3a antibody was 

diluted 1:1000 (all donated by Dr. Teresa Nicolson, Vollum Institute, Portland, OR).  The 

secondary antibodies (Alexa Fluor 488/568 goat anti mouse/rabbit IgG(H+L), Molecular 

Probes, USA) were diluted 1:500.  

 

Confocal images were acquired with a Zeiss (Germany) LSM 780 laser-scanning 

confocal using Plan-Apochromat 63x/1.40 Oil DIC M27 objective and 0.6x, 3x or 3.5x 

digital zoom.  Alexa Fluor 488 samples were imaged using a 488 nm Argon laser for 

excitation.  DAPI fluorescence was excited using a 405 nm diode laser. Alex-568 

samples were images using a laser DPSS 561 nm. The filter sets for DAPI are 405nm 

excitation and 420-500nm emission, Alexa Fluor 488 are 488nm excitation and 495-

555nm emission, and Alex-568 are 561nm excitation and 580-680nm emission using the 

“best signal scanning” software feature to optimize image acquisition parameters.  

Images of 512x512 pixels were acquired at a plane scanning mode with 4 line averages. 

Images were stored as 8-bit RGB tif files for further analysis and processing.   Neuromast 

hair cell images are taken by z-stack, with 0.5-1 m interval over 9-12 m. Digital 

images were processed by Image J and Photoshop software.  

Quantitative image analysis was performed on raw images using Amira 3D Analysis 

software. Prior to analysis, 7 m2 region containing the highest level of background was 

selected from a max-intensity projection of each stack, and the average-fluorescence 

intensity of that region was subtracted from each pixel in the stack. To quantitatively 

measure immunolabel intensity, a user-defined inclusive threshold was applied to isolate 

pixels occupied by Ribeye, CtBP, or MAGUK immunolabeled punctae. The inclusive 

threshold values for each label were determined using 3D isosurface renderings, with the 



minimum threshold value defined as the value above which the user could resolve two 

closely adjacent spheres or patches. The Material Statistics function was then used to 

measure the cumulative intensity of fluorescent pixels (sum of the grayscale values) 

within each individual sphere or patch as well as define the x,y,z coordinates of the center 

of each puncta within the stack. 

 

 

Hair Cell voltage clamp recordings 

Hair cell recordings were performed as previously described (Ricci et al. 2013).  Briefly, 

zebrafish of either sex ranging in age from 5 to 8 days post-fertilization (dpf) were 

anesthetized in Tricaine and paralyzed using Tubocurarine, mounted in a recording 

chamber and tied down using dental floss. An upright Olympus microscopy was used for 

viewing, and recordings were made with an Axon 200B amplifier with an Axon DD1322 

digitizer. To access hair cells for whole-cell recordings, supporting cells surrounding the 

hair cells were first removed and cleaned using a large bore pipette (3-5MΩ). All 

recordings were made with jClamp software (Scisoft (www.scisoftco.com), Ridgefield, 

CT). Cells were held at a membrane potential of -80 mV. Extracellular solution was as 

follows (in mM): 125 NaCl, 1.0 KCl, 2.2 MgCl2, 2.8 CaCl2, 10 HEPES, 6 D-glucose, 285 

mOsm, pH 7.6. Pipette solution was (in mM): 90 CsCl, 20 TEA, 5Na2ATP, 3.5 MgCl2, 

10 HEPES, 1 or 10 EGTA, pH 7.2. The osmolarity was adjusted to 260 mOsm by 

diluting with water or addition of CsCl. Pipette resistance was typically 9-10MΩ with Cs 

pipette solutions.  Capacitance measures were made using the dual sine admittance 

technique (Santos-Sacchi 2004).  Recordings were made at room temperature.  

Capacitance data were smoothed by averaging 10 adjacent points in time before 



averaging across cells. To measure the current-voltage relationship, hair cells were 

subjected to 50 ms voltage steps from a holding potential of -80 mV to membrane 

potentials ranging from -120 mV up to +20 mV in 10 mV increments. 

 

Afferent neuron recordings 

Electrophysiological recordings of afferent neurons were conducted on 4-6 dpf larvae. 

Prior to experiments, larvae were paralyzed by immersion in 1 mg/ml α-bungarotoxin 

(Sigma) in 10% Hank’s solution. Larvae were then placed in a Sylgard-bottom dish 

containing extracellular solution (134 mM NaCl, 2.9 mM KCl, 1.2 mM MgCl2, 2.1 mM 

CaCl2, 10 mM glucose, 10 mM HEPES buffer, adjusted to a pH of 7.8 with NaOH) and 

positioned on their side by pinning them through the notochord with four etched tungsten 

pins. 

 We deflected individual neuromasts of the posterior lateral line system in the 

zebrafish larvae. To stimulate a neuromast, the visible hair cell bundle (e.g., kinocilia) 

was deflected with a glass pipette attached to piezoelectric stimulator (30v300 model, 

Piezosystem, Jena, Germany; Figure 1A). The device was driven by an analog output 

from Digidata 1440A (Molecular Devices, Sunnyvale, CA). We deflected each 

neuromast for 10 seconds with sine wave stimuli at frequencies of 2, 30 and 60 Hz, which 

is within the frequency selectivity of superficial neuromasts (Levi et al., 2014). All 

stimulation protocols employed a constant amplitude of 50 µm which was sufficient to 

evoke a reliable afferent response without visibly damaging the neuromast. The glass 

pipettes for stimulation were pulled from borosilicate glass (model G150-F-3; inner 

diameter, 0.86 mm; outer diameter, 1.5 mm; Warner Instruments) on a model P-97 



Flaming/Brown micropipette puller (Sutter Instrument). The tip of the pipette was flame-

polished to produce a spherical end that was approximately 75 µm in diameter. 

 Extracellular loose-patch recordings were made from the somata of single 

posterior lateral line afferent neurons. Patch electrodes were pulled from borosilicate 

glass (model G150-F-3; inner diameter, 0.86 mm; outer diameter, 1.5 mm; Warner 

Instruments) to 5–7 MΩ resistances on a model P-97 Flaming/Brown micropipette puller 

(Sutter Instrument).  Neuronal activity was amplified with Axoclamp 770B (Molecular 

Devices, Sunnyvale, CA) at 10 kHz and gain of 1,000 in AC mode and then filtered 

between 300 Hz and 6 kHz. The signal was digitized with Digidata 1440A and saved 

with pClampv10 (Molecular Devices, Sunnyvale, CA). To find the neuromast that was 

connected to the recorded afferent neuron, we systematically stimulated neuromasts 

down the rostro-caudal axis of the body until we observed elicited spike responses.  The 

afferent response to sine wave stimulation was quantified in terms of spike rate (number 

of spikes s–1) and vector strength (phase locking between a periodic stimulus and a 

response) over the course of the 10 second stimulation, using the same procedure as in 

Levi et al, 2014.  We calculated the latency of the afferent neuron’s response as the delay 

in time between the onset of stimulation and the first spike.  Recordings from 5 wt 

animals and 6 mutant animals were included for analysis.  

 

  



Supplemental Figures: 

Supplemental Figure S1, related to Figure 1 and Experimental Procedures: 

 

 

Supplemental Figure 1: Generation of Ribeye A and Ribeye B mutants. A, Alignment 

of wt and two mutant ribeye a genomic sequences showing the ZFN-induced mutations at 

the first exon. Underlines are ZFN recognition sites, and red letters are FokI enzyme 

cutting site. Red dashes are the nucleic tides missing, and blue letters are insertions. B, 

Schematic of Ribeye A and 10 mutation protein. Cyan indicates A domain, and grey 

indicates B domain. The deletion of 10 nucleic tides in 10 mutation cause a premature 



stop codon, which make a very small protein with 43 amino acids. C, Alignment of wt 

and mutant ribeye b genomic sequences showing the CRISPR/Cas9-induced mutations at 

the first exon. Underlines are CRISPR guide RNA recognition site, and red letters show 

PAM. Red dashes are the nucleic tides missing, and blue letters are insertions. D, 

Schematic of Ribeye B and 7 mutation protein. Cyan indicates A domain, and grey 

indicates B domain. The deletion of 7 nucleic tides in 7 mutation cause a premature stop 

codon, which make a small protein with 164 amino acids. 

  



Supplemental Figure 2, related to Figure 1 and Experimental Procedures 

 

Supplemental Figure 2: Expression of Ribeye A, Ribeye B nor CtBP in 5dpf wt and 

ribeye a 10 retina. A, Confocal images of Ribeye A, Ribeye B, and CtBP staining 

(green) in 5dpf wt zebrafish retina. B, 3X magnification of outer plexiform layer staining 



in wt 5dpf zebrafish retina. C, 3X magnification of inner plexiform layer staining in wt 

5dpf zebrafish retina. D, Confocal images of Ribeye A, Ribeye B, and CtBP staining 

(green) in 5dpf ribeye a 10 mutant fish retina. E, 3X amplification of outer plexiform 

layer staining in 5dpf ribeye a 10 mutant fish retina. Notice the dramatic reduction of 

Ribeye A staining in ribeye a 10 mutant fish. F, 3X magnification of inner plexiform 

layer staining in 5dpf ribeye a 10 mutant fish retina. DAPI (blue) stains nucleus. WT 

and mutant fish were taken under the same settings for the same antibody. Scale bar is 5 

m. 
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Coronal sections through the eighth cranial nerve and medulla of the red-eared 
turtle were immunocytochemically stained for the astrocytic intermediate filament 
protein, glial fihrillary acidic protein. Reaction product appeared in the medial one- 
third of the eighth cranial nerve fibers as they penetrated the medulla. The remaining 
two-thirds of the nerve did not show any staining for glial tibrillary acidic protein. 
The lateral aspect of the nerve corresponds with the extracranial portion of the nerve. 
When the eighth cranial nerve of the turtle has been transected extracraniahy it still 
regenerates into the cochlear nuclei. Results of the present study indicate that the 
eighth cranial nerve was transected in earlier studies in a region devoid of 
astrocytes. 0 1986 Academic Press, Inc. 

INTRODUCTION 

The glial dome (transition zone) (4,9, l&23,25) is found at the boundary 
between the central and the peripheral portions of a nerve. It is composed of 
subpial astrocytes, their processes, and basal laminae (4,9,25). Some investi- 
gators (18, 2 1,23, 26) believe that elongating axons are unable to penetrate 
the transition zone and that this prevents successful regeneration. The ability 
of the eighth cranial nerve of the red-eared turtle to regenerate into the co- 
chlear nuclei following transection was recently demonstrated (14- 17). In 
those experiments, the nerve was transected extracranially between the audi- 

Abbreviations: GFAP-glial fibrillary acidic protein; PBS-phosphate-buffered saline. 
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tory ganglion cells and the medulla. However, it is not known where the 
eighth cranial nerve was transected in relation to the glial dome. 

Understanding the phenomenon of eighth nerve regeneration requires 
identifying the glial dome; the interaction between elongating axons and 
their microenvironment at the site of injury is important (2, 11, 13, 29). 
The position of the lesion site relative to the transition area has different 
implications. If the nerve was axotomized in its central nervous system ex- 
tent, regenerating axons would have elongated through a microenvironment 
of astrocytes, as occurs in amphibia (5,22,23). If the eighth nerve was tran- 
sected in its peripheral nervous system portion, regenerating fibers would 
have been led initially by Schwann cells and their basal laminae, as in other 
systems ( 1,6, 10, 11, 13) to the glial dome. Here, regenerating axons would 
have projected through the transition zone to enter the central nervous 
system. 

In the rat (9, 19, 24), the auditory nerve is separated into a long central 
nervous system segment and a relatively short peripheral nervous system 
segment by a glial dome situated at the base of the modiolus. The location 
of the transition zone of the eighth nerve of the red-eared turtle has not yet 
been characterized. By using astrocytes as markers for the central nervous 
system portion, the location of the transection site relative to the glial dome 
may be determined. The present study labeled astrocytes of turtles’ eighth 
cranial nerves immunocytochemically for the cytoplasmic intermediate fil- 
ament protein, glial fibrillary acidic protein (GFAP). 

MATERIALS AND METHODS 

Six turtles, Chrysemys scripta elegans, weighing 250 to 450 g were over- 
dosed with an intrathoracic injection of sodium pentabarbital (Sigma). 
When a suitable areflexic state was obtained, the plastron was drilled open 
and the heart exposed. Turtles were perfused transcardially with reptilian 
Ringer’s (28) followed by a fixative solution (20) of 2% paraformaldehyde, 
0.3% glutaraldehyde, 0.2% picric acid in 0.1 M phosphate-bufIered saline 
(PBS), pH 7.6. Brains with eighth nerves intact were removed and placed 
overnight in a postperfiision fixative solution (20) of 2% pamformaldehyde 
and 0.2% picric acid in PBS. Specimens were then washed 3 h in a 15% 
sucrose PBS solution. Brains were frozen-sectioned at 20-pm intervals on a 
freezing stage (Baileys) at -40°C mounted on a microtome (A 0 Reichart). 
The sections were washed in a solution (20) of 0.3% Triton X- 100 (Fluka) 
for 3 days. 

Turtle brain sections were reacted for GFAP according to the peroxidase- 
antiperoxidase technique of Stemberger et al. (27) as modified by Oteniente 
et al. (20). Sections through the turtle medulla and the eighth cranial nerve 
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were preincubated 1 h in normal swine serum (Dako Corp., 1:200). After 
rinsing three times in 1 h in a solution of 0.01% Triton X-100 (Fluka) in 
PBS, the sections were incubated 4 days at 4°C in rabbit antiserum to bovine 
GFAP (Dako Corp., 1:2000). Control sections were simultaneously incu- 
bated 4 days with nonimmune serum (Dako Corp., 1:2000) at 4°C. Speci- 
mens were rinsed three times in 1 h in a solution of 0.01% Triton X-l 00 
(Fluka) in PBS and incubated 2 h in swine antiserum to rabbit immunoglob- 
ulin (Dako Corp., 1:200). Following three rinses during 1 h in a solution of 
0.0 1% Triton X-100 (FIuka) in PBS, the sections were incubated 30 min in 
soluble horseradish peroxidase-rabbit anti-horseradish peroxidase complex 
(Dako Corp., 1:800). Brain sections were washed three times in 0.01% Triton 
X-100 (Fluka) in PBS and then placed 15 min in a reaction solution of 
0.025% 3,3-diaminobenzidene with 0.005% hydrogen peroxide in 0.05 M 
Tris buffer (pH 7.6). Reacted specimens were washed 20 min in PBS and 
mounted on slides subbed with gelatin-chrome alum. After air drying 1 h, 
mounted sections were dehydrated in a graded series of ethanol and cover- 
slipped with permount (Fisher Scientific Corp.) 

RESULTS 

Coronal sections of the eighth cranial nerve and the medulla of turtles 
were immunocytochemically reacted for GFAP. Positively stained astrocytic 
processes were present in the eighth cranial nerve as it penetrated the medulla 
and continued extending laterally (Fig. 1). Many long, slender (xl.0 pm in 
diameter) fibers paralleled the eighth cranial nerve axons (Fig. 2). Branching 
was evident (Fig. 2) among the stained processes. No GFAP reaction product 
was demonstrated in control sections stained with nonimmune serum 
(Fig. 3). 

On closer examination, reaction product appeared in cell bodies of astro- 
cytes among the axonal fibers of the eighth cranial nerve (Fig. 2). Cell bodies 
were round to oval and between 6 and 14 pm in length. Multiple processes 
projected either bipolarly or in any plane (Fig. 2) from the astrocytic celI 
bodies. 

Glial fibrillary acidic protein-stained structures were present only in the 
medial one-third of the eighth cranial nerve (Fig. I). Immunocytochemical 
reaction product disappeared at the lateral two-thirds of the length of the 
eighth cranial nerve (Fig. l), the extracranial extent of the nerve (Fig. 1). 

Coronal sections of the medulla and the eighth cranial nerve of mice were 
also stained for GFAP immunoreactivity (unpublished data). Positively 
stained astrocytic intermediate filaments were present along the mouse 
eighth cranial nerve to the base of the modiolus. These findings complement 
the electron microscopic observations (9, 19,24) of the eighth cranial nerve 
of the rat. 
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FIG. I. A-glial fibrillary acidic protein (GFAP)-stained fibers (arrowheads) are evident in this 
coronal section through the eighth nerve (VIII) and the medulla (MD) of the red-eared turtle. 
Many positively stained processes parallel the VIII nerve axons. Immunocytochemical reaction 
product appears in the medial one-third of the nerve; this corresponds to a portion of the intra- 
cranial extent of the auditory nerve (VIII) (refer to B) X195; M, medial; V, ventral. B-the 
intra and extracranial (EC) portions of the VIII cranial nerve of the red-eared turtle are clearly 
delineated in this coronal section through the medulla (MD) and the nerve. Sections of turtle 
brain stained for GFAP (refer to A) contain reaction product in the medial one-third of the 
auditory nerve, i.e., intracranially (IC). Cresyl violet, x60; AGC, auditory ganglion cells; M, 
medial; D, dorsal. 

DISCUSSION 

Turtle astrocytes contain GFAP (7,8,20) similar in molecular weight and 
amino acid composition (7) to that of mammals. Although differences in 
peptide mapping (7) and immunological properties (7,8) exist between turtle 
and mammalian GFAP, turtle astrocytic intermediate filament protein 
(7, 8) cross-reacts with antimammalian GFAP sera. Results of the present 
study confirm earlier reports (7,20) of turtle astrocytic immunocytochemical 
staining with antimammalian GFAP sera. Biochemical (7) and many immu- 
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FIG. 2. A-GFAP stained processes are demonstrated in this coronal section through the VIII 
nerve and the medulla (MD) of the red-eared turtle. Branching is evident among the astrocytic 
fibers containing reaction product (small arrowheads). A stained astrocytic cell body (large ar- 
rowhead) lies among the axons ofthe VIII nerve X 160; L, lateral; D, dorsal. B-at higher magni- 
fication (X395), the immunocytochemically stained astrocyte cell body (arrowhead) appeared 
round. Multiple processes appeared to be projecting from any plane of the glial cell. L, lateral; 
D, dorsal. 
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FIG. 3. No GFAP reaction product was demonstrated in this coronal section of turtle eighth 
nerve (VIII) and medulla (MD) incubated with nonimmune rabbit serum X 150; M, medial; D, 
dorsal. 

nological properties (7,20) of GFAP have remained stable through the phy- 
logenetic development from turtle to mammal. 

Astrocytes are a major glial element of the reptilian central nervous system 
( 12). The presence of astrocytes identifies a region of neural tissue as central. 
The extracranial portion of the turtle eighth cranial nerve lacks astrocytes 
and is therefore of peripheral nervous system origin. It is now clear that in 
earlier studies ( 14- 17) the eighth cranial nerve was transected in its periph- 
eral nervous system extent. It is significant that when the eighth cranial nerve 
of the turtle is axotomized extracranially (i.e., in its peripheral extent) it still 
regenerates into the cochlear nuclei in the medulla. Presumably regenerating 
eighth cranial nerve fibers were guided initially by Schwann cells and their 
basal laminae to the transition zone; regenerating axons then projected 
through the glial dome to enter the central nervous system. 

The precise location of the glial dome in the eighth cranial nerve of the red- 
eared turtle was not identified in the present study; the intracranial astrocytic 
processes and scattered cell bodies indicate the general site of the transition 
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zone. Perhaps simultaneous immunocytochemical staining of the turtle 
eighth nerve with laminin and GFAP antisera (3) would demonstrate the 
glial dome more clearly, labeling peripheral and central nervous system ele- 
ments. Electron microscopic examination of the intracranial extent of the 
turtle eighth cranial nerve also would determine the exact location of the 
glial dome and complement the data. 
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The A1555G mutation in the 12S rRNA gene of human mitochondrial DNA causes maternally inherited,
nonsyndromic deafness, an extreme case of tissue-specific mitochondrial pathology. A transgenic
mouse strain that robustly overexpresses the mitochondrial 12S ribosomal RNA methyltransferase TFB1M
(Tg-mtTFB1 mice) exhibits progressive hearing loss that we proposed models aspects of A1555G-related
pathology in humans. Although our previous studies of Tg-mtTFB1 mice implicated apoptosis in the
spiral ganglion and stria vascularis because of mitochondrial reactive oxygen speciesemediated acti-
vation of AMP kinase (AMPK) and the nuclear transcription factor E2F1, detailed auditory pathology was
not delineated. Herein, we show that Tg-mtTFB1 mice have reduced endocochlear potential, indicative
of significant stria vascularis dysfunction, but without obvious signs of strial atrophy. We also observed
decreased auditory brainstem response peak 1 amplitude and prolonged wave I latency, consistent with
apoptosis of spiral ganglion neurons. Although no major loss of hair cells was observed, there was a
mild impairment of voltage-dependent electromotility of outer hair cells. On the basis of these results,
we propose that these events conspire to produce the progressive hearing loss phenotype in Tg-mtTFB1
mice. Finally, genetically reducing AMPK a1 rescues hearing loss in Tg-mtTFB1 mice, confirming that
aberrant up-regulation of AMPK signaling promotes the observed auditory pathology. The relevance of
these findings to human A1555G patients and the potential therapeutic value of reducing AMPK activity
are discussed. (Am J Pathol 2015, 185: 3132e3140; http://dx.doi.org/10.1016/j.ajpath.2015.08.014)
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Mitochondria are essential organelles that produce ATP via
the process of oxidative phosphorylation, but are multi-
functional, playing additional key roles in metabolism, as
well as other cellular processes like apoptosis, inflammation,
and signal transduction.1e4 Human mitochondria possess a
16,565-bp circular genome that is maternally inherited and
present at hundreds to thousands of copies per cell in most
tissues.5 In mammals, mitochondrial DNA (mtDNA) en-
codes 13 oxidative phosphorylation complex subunits and
the two rRNAs and 22 tRNAs needed for translation of
these by dedicated mitochondrial ribosomes.6 All other
components of the estimated 1200-member mitochondrial
proteome, including the remaining 70 to 75 oxidative
phosphorylation subunits and all of the factors needed for
mtDNA replication and expression, are encoded by nuclear
genes and imported into the organelle.7 Thus, signaling
pathways between mitochondria and the nucleus are
stigative Pathology.

.

required to coordinate the biogenesis, composition, and
activity of mitochondria and to trigger homeostatic nuclear
gene expression responses to mitochondrial dysfunction.
These responses can be beneficial or harmful, depending on
the precise cellular context and, to date, remain poorly
understood.
Mitochondrial dysfunction causes human diseases, with an

estimated occurrence of 1 in 5000 to 10,000 live births.8e10

These can be inherited maternally, because of mutations in
mtDNA, or in a Mendelian manner, because of mutations in
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Mouse Model of Mitochondrial Deafness
nuclear genes encoding mitochondrial components. Because
mtDNA is present in multiple copies per cell, and different
organs vary in their energy requirements, mitochondrial
diseases are complicated and heterogeneous, characterized
by cell- and tissue-specific responses and pathology.2,8e10

An extreme example of tissue specificity is the A1555G
mtDNA mutation that causes maternally inherited deafness.
This mutation causes a progressive, nonsyndromic hearing
loss that can vary from mild to profound and has a variable
age of onset.11,12 A1555G carriers can also be predisposed to
aminoglycoside-induced deafness.13 Hearing loss induced by
A1555G is incompletely penetrant, which has been attrib-
uted, at least in part, to multiple nuclear and mtDNA modi-
fying loci.11,14,15 One such nuclear modifier is the TFB1M
gene, which encodes an RNA methyltransferase that post-
transcriptionally modifies the mtDNA-encoded 12S rRNA
in mitochondrial ribosomes.16

The A1555G mutation is located near a highly conserved
stem loop in the 12S rRNA that contains adjacent adenines
that are dimethylated by TFB1M.We showed previously that
patient-derived A1555G cybrid cell lines exhibit increased
stem-loop dimethylation and/or increased amounts of 12S
rRNA methylated at this site.17,18 These cells also exhibited
enhanced apoptotic susceptibility in culture17,18 because of
mitochondrial reactive oxygen species (ROS)edependent
activation of 50-AMPeactivated protein kinase (AMPK) that
unmasks the pro-apoptotic function of the nuclear tran-
scription factor E2F1. These phenotypes are recapitulated
in cell lines that overexpress the TFB1Mmethyltransferase
in the absence of the A1555G mutation. TFB1M binds to
the mitochondrial RNA polymerase (POLRMT) in the
context of mitochondrial ribosomes to promote proper 12S
rRNA methylation and ribosome biogenesis.19 Thus,
disruption of these interactions in the mature ribosome or
during ribosome assembly may cause unique perturbations
in mitochondrial homeostasis and increased ROS produc-
tion that promote deafness. How this unique mitochondrial
perturbation leads to tissue-specific pathology remains
unknown.

Consistent with the above pathogenic mechanism, we
showed that transgenic mice that globally overexpress TFB1M
(Tg-mtTFB1) exhibit premature hearing loss in an E2F1-
dependent manner.18 These mice have the increased 12S
rRNA methylation signature and AMPK up-regulation in
multiple tissues, as well as increased caspase 3 staining and
E2F1 up-regulation in two tissues in the inner ear, the stria
vascularis and spiral ganglion neurons. This suggested that
deafness in Tg-mtTFB1 mice is induced by a pro-apoptotic,
mROS-AMPK-E2F1 pathway similar to the one we delin-
eated in the A1555G patient cybrids, making Tg-mtTFB1
mice an indirect, yet potentially useful, animal model for
maternally inherited deafness caused by the A1555G
mutation.18 Herein, we have characterized the mechanism
of hearing loss in Tg-mtTFB1 mice and addressed directly
the involvement of AMPK signaling in the pathogenic
response in vivo.
The American Journal of Pathology - ajp.amjpathol.org
Materials and Methods

Animals

The original mixed C57BL/6J� SJL/J transgenic Tg-mtTFB1
mice18were extensively back-crossed to the C57BL/6J genetic
background. F8 and F9 backcrossed animals were bred to
generate the Tg-mtTFB1 and wild-type (WT) littermates
used in electrophysiological and histological studies. F8
Tg-mtTFB1 mice were bred to C57BL/6J heterozygous
knockouts of AMPKa1þ/� (Prkaa1þ/�) obtained from Dr.
Benoit Viollet (INSERM, Paris, France),20,21 and the resulting
AMPKa1þ/�/Tg-mtTFB1mice were bred to AMPKa1þ/þ for
studies of AMPK knockdown.
ABR Analysis

Animals were anesthetized with either 48 mg/kg pentobarbital
or 480 mg/kg chloral hydrate (i.p.), and all recordings were
conducted in a sound-attenuating chamber (Industrial Acoustics
Corp., Bronx, NY). A customized TDT3 system (Tucker-Davis
Technologies, Inc., Alachua, FL) was used for auditory brain-
stem response (ABR) recordings. Subdermal needle electrodes
(Rochester Electro-Medical, Inc., Lutz, FL) were positioned at
the vertex (active, noninverting), the infra-auricular mastoid
region (reference, inverting), and the neck region (ground).
Differentially recorded scalp potentials were bandpass filtered
between 0.05 and 3 kHz over a 15-millisecond (ms) epoch. A
total of 400 trials were averaged for each waveform for each
stimulus condition.

Symmetrically shaped toneburstswere3ms long (1ms raised
cosine on/off ramps and 1ms plateau). All acoustic stimuli were
delivered free field via a speaker (Tucker Davis Technologies,
Inc., Part FF1 2021) positioned 10 cm from the vertex. Stimulus
levels were calibrated using a 0.5-in condenser microphone
(model 4016; ACO Pacific, Belmont, CA) positioned at the
approximate location of the animal’s head during recording
sessions and are reported in decibels sound pressure level (dB
SPL; referenced to 20 mPa). Stimuli of alternating polarity were
delivered at a rate of approximately 20 per second.

Tone burst responses were collected in half octave steps
ranging from 32 to 2.0 kHz. The effects of level were
determined by decreasing stimulus intensity in 5-dB steps.
A maximum stimulus level of 90 dB SPL was used first to
avoid overstimulation. If the thresholds exceed 90 dB SPL,
gain was adjusted to 40 dB to deliver a maximum stimulus
level of 110 dB SPL. ABR thresholds were determined
visually by noting the response waveforms exceeding a 1:1
signal to noise ratio. A two-way analysis of variance was
used to determine the overall effect of genotype on ABR
thresholds at different frequencies. The uncorrected Fisher’s
least significant difference test was used to make post hoc
comparisons for determining statistical significance at each
frequency between WT and Tg-mtTFB1 mice.

Latencies of the initial four ABR peaks were measured
from animals aged 3 to 6 months or 9 to 12 months by
3133

http://ajp.amjpathol.org


McKay et al
setting time markers at maxima of the peaks and measuring
the time from onset of stimulus to peaks. Measurements
were made at 8 and 11 kHz on traces with visible peaks.
Latencies of peak I and central conduction time (peak I to
IV) were used in the analysis. Amplitudes of peak I were
assessed by taking the mean of the DV of the upward and
downward slopes of peak I.

EP Measurements

Tg-mtTFB1 and WT animals, aged 9 to 12 months, were
anesthetized with sodium pentobarbital (48 mg/kg body
weight as initial dose and supplement as needed at 24 mg/
kg). Animals were then placed onto a stereotaxic mouse
head holder (MA-6N; Narishige, Tokyo, Japan) mounted
onto a ball-and-socket stage and a magnetic base (M-RN-
56; Newport Corp.). The round window was exposed
through a ventral approach by opening the bulla of the
temporal bone. A sharp electrode (10 to 15 MU, 1B150F-4;
World Precision Instruments, Sarasota, FL) with 3 mol/L
KCl pipette solution was mounted onto a micromanipulator
with a pulse motor driving unit (PF5-1; Narishige). Electrodes
were first placed at the round window, with visualization
under a surgical microscope. An Axon 200A patch clamp
amplifier was used for current clamp recording with an Axon
Digidata 1321A and jClamp software version 22.8.4 (Scisoft,
Inc., Ridgefield, CT). When the electrode was inserted into the
scala tympani, voltage was balanced to 0 mV and then the
electrodes were advanced through the basilar membrane into
the scala media to measure the endocochlear potential (EP).
Pipettes were then withdrawn back to the scala tympani or
advanced through the scala vestibuli for confirmation of EP.
Data analyses were performed offline.

NLC Measurements

Whole cell patch clamp recordings were made from single
isolated outer hair cells (OHCs) from the organ of Corti of Tg-
mtTFB1 and WT mice. The temporal bones were excised, and
the cochleae were dissected free. Enzyme treatment (1 mg/mL
dispase I, 10 to 12 minutes) preceded gentle trituration, and
isolated OHCs were placed in a glass-bottom recording
chamber. An E600-FN microscope (Nikon, Tokyo, Japan)
with a 40� water immersion objective was used to observe
cells during voltage clamp. Experiments were performed at
room temperature.

The base high chloride ionic blocking solution contained
(in mmol/L) the following: NaCl, 100; TEA-Cl, 20; CsCl,
20; CoCl2, 2; MgCl2, 1; CaCl2, 1; and HEPES, 10. Base
intracellular solutions contained (in mmol/L) the following:
CsCl, 140; MgCl2, 2; HEPES, 10; and EGTA, 10. An Axon
200B amplifier was used for the whole-cell patch-clamping
recording. Nonlinear capacitance (NLC) was measured
using a continuous, high-resolution (2.56 ms sampling),
two-sine stimulus protocol (10-mV peak at both 390.6 and
781.2 Hz) superimposed onto the voltage ramp range from
3134
�200 to 200 mV.22,23 Capacitance data were fit to the first
derivative of a two-state Boltzmann function.

CmZQmax
ze

kT

b

ð1þ bÞ2
þClin ð1Þ

where bZexp

��ze�Vm �VpkCm

�
kT

�
: ð2Þ

Qmax is the maximum nonlinear charge moved, Vh is voltage
at peak capacitance or equivalently, at half maximum charge
transfer, Vm is membrane potential, z is valence, Clin is linear
membrane capacitance, e is electron charge, k is Boltzmann
constant, and T is absolute temperature.

Hair Cell Counts

The temporal bones of 9- to 12-month-old WT (nZ 5) were
dissected, and cochlea removed and immersion fixed for 24
to 48 hours in 4% paraformaldehyde in phosphate-buffered
saline (PBS). Bony capsules were partially dissected to
enable fluid penetration, and the entire structure was then
transferred to a blocking solution containing 10% normal
goat serum and 0.1% Tween 20 in PBS. Mouse monoclonal
Myo7a antibody (Developmental Hybridoma Studies Bank,
University of Iowa, Iowa City, IA) was applied in blocking
buffer at a 1:500 dilution overnight at 4�C and detected using an
Alexa 546 donkey anti-mouse secondary antibody (Jackson
Immunological, West Grove, PA). The bony capsule was then
carefully removed, and the organ ofCortiwas detached from the
modiolus as a single strip. Spiral ligaments were then dissected
away to allow good exposure of the organ of Corti. The organ of
Corti was then dissected andmounted. The apical region ranged
from 57% to 64% from the base. This region has been described
by Müller et al24 as corresponding to frequencies between 13.5
and 16 kHz, which encompasses the range of frequencies
showing elevated ABR thresholds in the Tg-mtTFB1 mice.
Myo7a-labeled inner hair cells (IHCs) and OHCs in this region
were visualizedwith an IX-71 invertedfluorescencemicroscope
(Olympus, Center Valley, PA), and images were collected and
analyzed with a Spot camera (Diagnostic Instruments, Inc,
Sterling Heights, MI). The number of cells was normalized and
expressed as hair cells per 100 mm.

Stria Vascularis Measurements

Temporal bones were dissected and fixed in 4% para-
formaldehyde in PBS at 4�C for 24 to 48 hours, followed by
decalcification in 10% EDTA in PBS for 96 hours. The
cochleae were bisected in the midmodiolar plane, and the two
halves were embedded in paraffin, divided into sections, and
stained with hematoxylin and eosin (Yale Pathology Devel-
opmental Histology Service, New Haven, CT). The width and
thickness of intact, cross-sectioned striae were measured at
multiple points at apical-basal locations25,26 in each animal
using an Olympus microscope and Spot camera software
version 5.1 for analysis. Strial width was measured as the
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Hearing loss phenotype and stria vascularis dysfunction in a transgenic mouse strain that robustly overexpresses the mitochondrial 12S ribosomal
RNA methyltransferase TFB1M (Tg-mtTFB1). A: Auditory brainstem response (ABR) results in wild-type (WT; closed squares) and Tg-mtTFB1 (Tg-B1; open
circles) mice used in this study. Data were analyzed by two-way analysis of variance, and the main effect for genotype is F(1,84) Z 38, P < 0.001. Differences at
each frequency were tested via post hoc Fisher’s least significant difference tests. B: Direct endocochlear potential (EP) measurements of the mice in A. There
is a significant EP reduction in Tg-mtTFB1 (Tg-B1, black bars) mice compared with WT (gray bars) controls [Student’s t(10) Z 3.3, **P < 0.01]. C:
Measurements of the thickness of the stria from hematoxylin and eosinestained sections. No significant difference exists between WT and Tg-B1 mice
[t(45) Z 0.9]. *P < 0.05, **P < 0.01, and ***P < 0.001. dB SPL, decibels sound pressure level.

Mouse Model of Mitochondrial Deafness
length of a curved line between the two end points of the stria
in cross section, one near the insertion of Reissner’s membrane
and the other near the spiral ligament. Thickness was
measured by a straight line drawn through the midpoint of the
section.
Results

Hearing LosseRelated Pathology in the Stria Vascularis

We previously characterized hearing loss in Tg-mtTFB1 mice
as elevated ABR thresholds that progressed with age,
accompanied by increased caspase 3 staining in the stria vas-
cularis and spiral ganglia and reduced numbers of spiral
ganglion neurons.18 Because defects in the stria vascularis, a
three-layered epithelial organ lining the scala media and
responsible for maintaining the requisite elevated extracellular
potassium necessary for hair cell function, can also result in
hearing loss characterized by increased ABR thresholds, we
measured the EP to assess strial function directly. After con-
firming that ABR thresholds were prematurely elevated in a
cohort of Tg-mtTFB1 mice now extensively backcrossed to
the C57BL/6J background (Figure 1A), we recorded EP in a
group of WT and Tg-mtTFB1 animals aged 9 to 12 months.
We observed a 40% reduction in EP in Tg-mtTFB1 mice
(meanTg-mtTFB1 Z 60� 10 mV) compared with WT controls,
which was near 100 mV (meanWT Z 100.2 � 2.1 mV)
(Figure 1B). Hearing loss accompanied by strial dysfunction in
aging humans is often accompanied by atrophy of the epithe-
lium. To assess atrophy, the width and thickness of the stria
were measured at multiple sites in cochlear cross sections of
nine Tg-mtTFB1 and sixWT animals. The widths, indicators of
the cochlear spiral location of the stria, ranged from 131 to 387
mm inWT and from 98 to 358 mm in Tg-mtTFB1 animals. The
thickness of the stria ranged from 13 to 22 mm in the WT and
from 14 to 28 mm in the Tg-mtTFB1 animals. There was no
significant correlation in either genotype between the width of
the stria and the thickness (WT, r2 Z �0.0049; Tg-mtTFB1,
r2 Z 0.0077). Because there was no difference in the
The American Journal of Pathology - ajp.amjpathol.org
thickness as a function of apical-basal location, we com-
bined all of the thickness measurements and compared the
mean values by a t-test. There was no significant difference
between WT and Tg-mtTFB1 mice (Figure 1C). These data
suggest that the strial dysfunction in Tg-mtTFB1 mice is
either distinct from presbycusis or we are sampling at a
stage of progressive hearing loss that precedes gross strial
atrophy.

To more precisely determine the source of auditory
dysfunction, we analyzed details of the ABRs of WT and Tg-
mtTFB1 mice with hearing loss. Mouse ABRs have five
characteristic peaks, the first of which represents activity in
nerve VIII. Changes in the latency or amplitude of peak I
reflect dysfunctional cochlear and/or nerve VIII processing.
By using two-way analysis of variance to assess the latency to
peak I, we observed significant increases in 9- to 12-month-old
Tg-mtTFB1 mice at both 8 kHz [F(1,109) Z 34, P < 0.001]
(Figure 2A) and 11 kHz [F(1,127) Z 28, P < 0.001]
(Figure 2B). When the same analysis was performed on 3- to
6-month-old animals, when only moderate ABR threshold
shifts are observed in Tg-mtTFB1, the latencies were not
significantly affected at 8 kHz [F(1,128)Z 0.23] (Figure 2C) or
11 kHz [F(1,152) Z 0.04] (Figure 2D). Thus, increased latency
to peak I is only observed in older Tg-mtTFB1 animals with
hearing loss. In contrast, central conduction time (elapsed time
between peak I and peak IV), which reflects synaptic and nerve
conduction timing after cochlear/nerve VIII processing, was
unchanged in animals with severe hearing loss [F(1,104) Z 1.2
and F(1,105) Z 1.0] (Figure 2, E and F), respectively. These
data suggest that hearing loss in Tg-mtTFB1 mice is induced
by progressive pathological changes in the cochlea/nerve VIII,
not central auditory system defects (ie, brainstem).

Hearing LosseRelated Pathology in OHCs

To determine whether hair cells are directly affected, we
dissected the organ of Corti from cochleae of 9-month-old
WT and Tg-mtTFB1 mice and labeled IHCs and OHCs with
an antibody for Myo7a. Despite considerable ABR threshold
3135
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Figure 2 Changes in auditory brainstem
response (ABR) latencies demonstrate progressive
cochlear damage underlying deafness in a trans-
genic mouse strain that robustly overexpresses the
mitochondrial 12S ribosomal RNA methyltransfer-
ase TFB1M (Tg-mtTFB1). The latency in millisec-
onds (ms) to ABR peak I is plotted as a function of
the indicated suprathreshold decibels sound
pressure level (dB SPL) for 9- to 12-month-old
mice at 8 kHz (A), 9- to 12-month-old mice at 11
kHz (B), 3- to 6-month-old mice at 8 kHz (C), and
3- to 6-month-old mice at 11 kHz (D). The central
conduction time was measured as the time from
ABR peak I to peak IV and is shown for 9- to 12-
month-old mice at 8 kHz (E) and 11 kHz (F).
Closed squares indicate wild-type and open circles
indicate Tg-mtTFB1 in all panels.

McKay et al
changes at frequencies from 4 to 16 kHz (Figure 1A), the hair
cells in the apex of the cochlea, which detect frequencies in
the range of hearing loss in Tg-mtTFB1 mice,24 are largely
intact, as evidenced by quantifying Myo7a-labeled IHCs and
OHCs in the most apical 2.5 to 3.0 mm of the organ of Corti
(Figure 3A). Although there might be a downward trend in
the number of hair cells in Tg-mtTFB1 mice, a two-way
analysis of variance shows that the counts do not differ
significantly from WT [F(1,10) Z 0.90].

Next, to determine whether OHC function was altered,
NLC, the electrical correlate of electromotility, was measured
in OHCs isolated from WT and Tg-mtTFB1 mice between 9
and 12months of age. NLCwas measured bywhole-cell patch
clamp using symmetric chloride solutions (140 mmol/L Cl�

intracellular and extracellular). OHCs from Tg-mtTFB1 mice
exhibited a positive shift of nearly 20 mV in the voltage
at peak capacitance (Vh; meanWT Z �94 � 2.6 mV;
meanTg-mtTFB1 Z �76 � 5 mV) (Figure 3B), suggesting that
3136
TFB1M overexpression in the cochlea induces a long-term
change in OHC voltage responsiveness.

Functional Evidence for Spiral Ganglion Loss in
Tg-mtTFB1 Mice

To determine whether the approximately 20% spiral gan-
glion neuronal loss we observe in Tg-mtTFB1 mice18 has an
effect on hearing, we analyzed ABR peak I amplitude,
which reflects the number of spiral ganglion neurons
recruited for the generation of ABR and would be reduced
in animals with neuronal death in the spiral ganglion.
Consistent with spiral ganglion loss, peak I amplitudes were
significantly reduced in 9- to 12-month-old Tg-mtTFB1
animals [F(1,116) Z 57, P < 0.001] (Figure 3C). In addi-
tion, as stimulus levels increase, the characteristics of the
curves in Tg-mtTFB1 mice diverge from those of WT,
which show a steeper upward slope (recruitment) >60 dB
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Outer hair cell dysfunction and reduced amplitude of auditory
brainstem response (ABR) peak I in a transgenic mouse strain that robustly
overexpresses the mitochondrial 12S ribosomal RNA methyltransferase
TFB1M (Tg-mtTFB1). A: Hair cell counts in wild-type (WT; gray bars) and Tg-
mtTFB1 (Tg-B1; black bars) mice. Cells counted are as indicated: inner hair
cells (IHCs), outer hair cell rows 1 (OHC1), 2 (OHC2), and 3 (OHC3). B:
Nonlinear capacitance (NLC) recordings from OHCs isolated from WT (closed
squares) and Tg-B1 (open circles) mice. The voltage at peak capacitance
(Vh) is plotted, and means were compared with a t-test. There is a statis-
tically significant change in Tg-mtTFB1 [t(11) Z 2.3]. Other parameters of
NLC were not different (means � SD): maximum nonlinear charge moved
(pC), 0.54 � 0.11 WT/0.42 � 0.11 Tg-mtTFB1; z, 0.76 � 0.05 WT/
0.76 � 0.07 Tg-mtTFB1; linear membrane capacitance (pF), 4.93 � 0.47
WT/4.44 � 0.72 Tg-mtTFB1. The amplitude of ABR peak I was measured at
8 kHz at the indicated intensities (decibels sound pressure level). Supra-
threshold for 9- to 12-month-old mice (C) and 3- to 6-month-old mice (D).
Suprathresholds at 9 to 12 months in Tg-mtTFB1 mice are significantly
lower than WT controls by two-way analysis of variance. *P < 0.05.
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Figure 4 Reduced AMP kinase (AMPK) a1 signaling rescues hearing loss
in a transgenic mouse strain that robustly overexpresses the mitochondrial
12S ribosomal RNA methyltransferase TFB1M (Tg-mtTFB1). Auditory brain-
stem response thresholds of littermates of the indicated genotypes were
tested at 9 to 12 months of age. A two-way analysis of variance demonstrates
that the overall effect for genotype was statistically significant [F(3,126)Z 17,
P < 0.001]. A: All animals are AMPKþ/þ (wild-type for AMPKa1) and either
wild-type (non-transgenic, closed squares) or transgenic for mtTFB1 (Tg-
mtTFB1, open circles).B: All animals are AMPKþ/� (heterozygous for AMPKa1)
and either wild-type (non-transgenic) or transgenic for mtTFB1 (Tg-mtTFB1).
Results of post hoc Fisher’s least significant difference tests comparing the
genotypes at individual frequencies. *P< 0.05, **P< 0.01. db SPL, decibels
sound pressure level.

Mouse Model of Mitochondrial Deafness
(Figure 3C). This suggests that Tg-mtTFB1 animals have an
impaired cochlear amplifier, consistent with the findings of
EP decrease (Figure 1B) and OHC Vh shift (Figure 3B).
Younger animals with only moderately elevated ABR
thresholds (3 to 6 months) had no significant change in the
peak I amplitude [F(1,130) Z 3.1, P > 0.05] (Figure 3D),
consistent with a progressive nature to the hearing loss in
Tg-mtTFB1 mice.

Rescue of Tg-mtTFB1 Hearing Loss by Genetically
Reducing AMPK Signaling

We proposed previously that mitochondrial ribosomal dis-
ruptions in Tg-mtTFB1 mice resulted in increased mito-
chondrial ROS-mediated activation of AMPK that engages
the pro-apoptotic function of E2F1.18 In Tg-mtTFB1 mice,
there is also increased phosphorylation of AMPK in the spiral
ligament, a tissue that supports the K-recirculation function
of the stria vascularis.18,27 If up-regulation of AMPK in the
stria (or other cochlear cells) activates E2F1 to initiate
apoptosis or other deleterious signaling events, then reducing
AMPK activity in Tg-mtTFB1 mice would be predicted to
rescue hearing loss. We bred Tg-mtTFB1 mice with hetero-
zygous AMPKa1 subunit knockout mice20,21 (AMPKþ/�) to
The American Journal of Pathology - ajp.amjpathol.org
generate age-matched littermates of the following genotypes
for ABR analysis: AMPKþ/þWT (no transgene), AMPKþ/þ

Tg-mtTFB1 (with mtTFB1 transgene), AMPKþ/� WT
(no transgene), and AMPKþ/� Tg-mtTFB1 (with mtTFB1
transgene). At 9 to 12 months of age, we observed the
typical increase in ABR threshold in Tg-mtTFB1 mice
(Figure 4A). However, Tg-mtTFB1 mice with reduced
AMPK signaling (AMPKþ/�) had an ABR threshold profile
indistinguishable from WT littermate controls (Figure 4B).
Thus, we conclude that reducing AMPK signaling has no
effect on normal hearing at the ages tested, but rescues or
delays premature hearing loss in Tg-mtTFB1 mitochondrial
deafness model mice.
Discussion

In this study, we have characterized the pathological
mechanisms of hearing loss in Tg-mtTFB1 mice that we
speculate models, to some degree, the pathology underlying
maternally inherited deafness in humans because of the
common A1555G mtDNA mutation.18 Our results demon-
strate that hearing loss in Tg-mtTFB1 mice is because of
cochlear dysfunction rather than a central processing defect
in the brainstem (Figure 2). In the cochlea, we observe
multiple defects, including signs of reduced spiral ganglion
output (Figure 3C) and direct evidence for dysfunction in
the stria vascularis (Figure 1B). We did not observe sig-
nificant atrophy in the stria (at the light microscopic level),
suggesting the defects involve intrinsic functioning of the
cells in the tissue (eg, an inability to maintain the proper
ionic milieu of the endolymph and EP within the scala
media). The mitochondrial dysfunction in these cells may
affect the functioning of the many ion pumps and trans-
porters that require high and sustained amounts of ATP to
operate. Alternatively, or in addition, these cells may be
3137
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more prone to oxidation reduction perturbations and
oxidative stress driven by mitochondrial ROS. Also,
Schmitz et al26 observed reduced EP without morphological
changes in the stria when hearing loss was induced with
kanamycin and furosemide, which is similar to our results.
We did not find evidence for major hair cell loss at ages
when there is a clear ABR defect (Figure 3A), but there is
some OHC dysfunction (Figure 3B). Interestingly, Niu
et al28 showed that mice with accumulated mtDNA muta-
tions have hearing loss with pathological features in the
spiral ganglion and stria vascularis, but do not display major
effects on hair cells, suggesting this may be a common
profile of mitochondrial dysfunction in the inner ear. The
loss of spiral ganglion neurons we reported previously18 is
consistent with the reduced ABR peak I amplitude
(Figure 3C) caused by fewer nerve VIII fibers contributing
to the compound action potential. We propose that this loss
of spiral ganglion neurons is because of apoptosis on the
basis of the heightened caspase 3 staining in this region we
reported previously.18 Furthermore, we propose that the
defects we observe in the stria, spiral ganglion neurons, and
OHCs conspire to produce the observed progressive hearing
loss profile in Tg-mtTFB1 mice. Whether different patho-
genic mechanisms downstream of mitochondrial ribosome
disruptions in Tg-mtTFB1 mice occur independently in the
three cell types involved or defects in one tissue occur as the
result of a primary dysfunction in another cannot be deter-
mined from our results.

One interesting issue raised by our findings is the func-
tional changes in the OHCs. Tg-mtTFB1 OHCs show a shift
in NLC in vitro, suggesting that some chronic change in
their responsiveness had occurred in vivo. Shifts in NLC are
expected to have detrimental effects on cochlear amplifica-
tion.29 It is possible that this shift is because of some
intrinsic dysfunction. For example, the subsurface cisternae
of the OHC that border the lateral membrane, which harbors
the electromotile protein prestin,30,31 are lined by mito-
chondria,32 again suggesting that proper mitochondrial
function may be necessary for normal OHC electromotility.
Alternatively, stria dysfunction leading to altered composi-
tion of the endolymph (Figure 1B) may also produce some
persistent cellular change in OHCs that we identified as a
change in NLC. This could represent a new aspect of
regulation of OHC activity.

Our previous study18 led to the formulation of a mito-
chondrial stress model that drives tissue-specific apoptotic
signaling in the stria vascularis and spiral ganglion neurons.
Specifically, altered mitochondrial ribosome activity and/or
biogenesis because of premature or aberrant methylation of
the 12S rRNA by TFB1M, or direct inhibition of ribosome
assembly on the basis of our recent report of physical and
functional interactions between TFB1M and POLRMT in
the ribosome,19 is proposed to lead to ROS-dependent
activation of AMPK kinase and unveiling of the pro-
apoptotic function of the nuclear transcription factor
E2F1.18 This model, based initially on in vitro results with
3138
cultured human A1555G cybrids, was partially verified in
our previous study18 by showing the following: i) hearing
loss in Tg-mtTFB1 mice did not occur when E2F1 levels
were reduced genetically, ii) there is increased E2F1
expression and caspase 3 activation in the strial epithelium,
and iii) there is activation of AMPK in the associated spiral
ligament. Herein, we provide additional direct evidence that
the mitochondrial ROS-AMPK-E2F1 pathogenic signaling
pathway is operational in vivo by showing that hearing loss
in Tg-mtTFB1 is rescued by genetically reducing AMPK
signaling. The AMPKa1 form of the enzyme has been
implicated in oxidative stress and ROS sensing,33e35 which
is consistent with our results that hearing loss in Tg-mtTFB1
mice is rescued by inactivating one copy of the gene
encoding AMPKa1, which would presumably reduce
signaling from mitochondrial ROS. Finally, thioredoxin
regulates the oxidation reduction sensitivity of AMPK.36

Thus, it will be interesting to determine whether this or
other oxidation reductionesensitive proteins are responsible
for mediating mitochondrial ROS signals to AMPK in this
pathogenic context and if antioxidants can also prove
beneficial.
As a proposed animal model of the human deafness-

associated A1555G mtDNA mutation, a comparison of our
results in Tg-mtTFB1 mice to the human condition and how
this might inform prophylactic or therapeutic strategies is
warranted.37,38 In human A1555G patients, hearing loss is
considered to be a progressive, sensorineural deafness. Two
important audiological characteristics of A1555G patients
compare favorably with Tg-mtTFB1. First, in A1555G
carriers with normal hearing, there is a significant reduction
in the distortion products of otoacoustic emissions39

(DPOAEs). Reduced DPOAE is interpreted as OHC
dysfunction, yet these patients have normal ABRs, indi-
cating hair cells must be largely intact. In this case, the
reduced DPOAE might suggest that it is the stria that is not
functioning properly, leading to some dysfunction of the
OHCs, but not enough to affect the ABR at the time of
testing. Our observations of NLC may be relevant, and it is
possible that the magnitude of OHC Vh shift in these pa-
tients is not sufficient to influence threshold. These
asymptomatic carriers of the A1555G mutation may later
lose their hearing either as part of the normal progression of
the disease or in response to aminoglycosides or other
cochlear stressors (eg, intense noise) that we predict might
activate the mitochondrial ROS-AMPK-E2F1 pathway. The
second relevant comparison between humans and the mouse
model involves the peak I latency. In both cases, peak I
takes significantly longer to reach maximum amplitude,
suggesting that cochlear processing and activation of spiral
ganglion neurons are impaired. Interestingly, central con-
duction time is not affected in this model or in A1555G
carriers, thus eliminating any brainstem abnormalities from
the pathogenic process.39 One key difference between Tg-
mtTFB1 mice and A1555G is the involvement of hair
cells in humans with profound hearing loss who have no
ajp.amjpathol.org - The American Journal of Pathology
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measurable DPOAE, suggesting that they have no OHCs or
they are seriously impaired. In contrast, Tg-mtTFB1 mice
have intact OHCs and IHCs, as evidenced in this study both
histologically and functionally. This may reflect a bona fide
difference or a temporal difference in the progression of
pathological events. Although future studies with older Tg-
mtTFB1 mice might help clarify this, we acknowledge that
studies of progressive hearing loss in the C57BL/6J back-
ground at older ages would become confounded by the age-
related hearing loss locus in these mice that, on its own,
causes premature deafness.40,41 Studies of Tg-mtTFB1 in
other genetic backgrounds, that vary dramatically in their
propensity for hearing loss,42,43 should help clarify the
precise degree that our Tg-mtTFB1 mice model human
deafness caused by the A1555G mutation.

Finally, it has recently been reported that lymphocytes and
fibroblasts from A1555G patients do not exhibit increased
12S rRNA methylation like we observe in A1555G cybrid
cells and Tg-mtTFB1 mice tissues.44 Whether this reflects a
difference in how methylation is assayed by our two groups
or if increased methylation only occurs in the inner ear (or
just during stress) in humans remains to be determined. It is
also formally possible that increased 12S rRNA methylation
of mature mitochondrial ribosomes is not the trigger of
pathogenic responses in Tg-mtTFB1 mice or humans, as we
proposed originally. For example, premature binding and/or
methylation of 12S rRNA by TFB1M (eg, during transcrip-
tion or before RNA processing is complete) might disrupt
ribosome biogenesis. Alternatively, we have recently shown
that TFB1M is in a complex with POLRMT in ribosomes19;
thus, overexpression of TFB1M and/or the A1555G mutation
may disrupt the function of this complex in ribosomes to
initiate the mROS-AMPK-E2F1 pathway and hearing loss.
These mechanistic details will be important to decipher to
better understand deafness caused by the A1555G mutation
in humans and the degree to which it can be modeled by our
Tg-mtTFB1 mice.
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Abstract

The transmembrane motor protein prestin is thought to underlie outer hair cell (OHC) motility. Prestin expressed in non-

auditory cells confers OHC-like electrical characteristics to the cell membrane, including the generation of gating-like

currents (or non-linear capacitance), whose voltage dependence is susceptible to membrane tension and initial voltage

conditions. Here we report that prestin’s voltage sensitivity is, like that of the native motor, markedly temperature depen-

dent. Prestin-transfected HEK cells were whole-cell voltage clamped while temperature was varied from 10–358C.Vpkcm, the

voltage at peak capacitance, reversibly and linearly shifted to depolarized levels with increasing temperatures, while peak

capacitance also increased, but with significant hysteresis upon recooling. Mathematical modeling suggests that this

increase may be due to a charged voltage sensor having a wider range of movement through or larger unit charge within

the plasma membrane at higher temperatures. q 2001 Elsevier Science Ireland Ltd. All rights reserved.

Keywords: Prestin; Temperature; Capacitance; Cochlea; Membranes; Outer hair cell

The ability of outer hair cells (OHC) to generate mechan-

ical responses to electrical stimulation is critical for the

precise tonotopic tuning of the mammalian cochlea [2].

For several years it has been known that the mechanism

underlying this motor activity is localized to the basolateral

membrane of the OHC [5], and more recently a novel

protein, prestin, has been identified as the putative motor

protein [16]. Evidence for voltage-dependent mechanical

activity of OHCs is easily detectable in whole-cell patch

recording as a non-linear capacitance, or gating current,

indicating the presence of a charged voltage-sensor partici-

pating in a conformational change [1,10]. Transfection of

prestin into human embryonic kidney (HEK) cells confers

non-linear capacitance with similar characteristics to that of

the OHC lateral membrane[8,13,16]. Notably, transfected

cells can exhibit electromotile responses in microchamber

experiments [16], and excised patches from such cells have

been shown to generate mechanical force in response to

electrical stimulation [8]. These are necessary characteris-

tics of the molecular mechanism for outer hair cell motility,

and the finding that expression of prestin is necessary and

sufficient to invoke them in non-auditory cells is convincing

evidence that prestin is the motor protein of OHCs.

It remains in question, however, whether or not prestin

alone is responsible for the mechanical properties of

OHCs, or if an interaction with other molecular species in

the OHC basolateral membrane is required. Evidence is

accumulating that prestin alone can indeed account for all

of the electromechanical properties of OHCs. One interesting

aspect of OHC non-linear capacitance is that its voltage

dependence is subject to modulation by such fundamental

conditions as membrane tension [6], resting potential [10],

and temperature [11]. Specifically, the voltage at which half

maximal charge movement occurs, or, correspondingly, the

voltage at peak capacitance (VpkCm), can be shifted in the

positive direction by increased intracellular pressure, nega-

tively shifted holding potential, or increased temperature.

The replication of these findings in prestin-transfected cells

is crucial evidence that OHC electromotility relies on a

monomolecular mechanism requiring only prestin. Effects

of membrane tension [8,13] and holding potential [13] in

prestin-transfected cells have been reported, and here we

report on the effects of varying temperature. VpkCm in pres-

tin-transfected cells is markedly dependent on temperature,

in a manner no different from that of the OHC. Increasing
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temperature shifts VpkCm in a positive direction, and the effect

appears to be linear in the temperature range under investiga-

tion. In addition, increasing temperature was seen to increase

the magnitude of peak capacitance, but with significant

hysteresis in the temperature dependence, suggesting that

the relationship of peak capacitance to temperature is more

complex than that of VpkCm. Fitting of capacitance data to the

first derivative of a two-state Boltzmann function [10] indi-

cates that the temperature-dependent increase in capacitance

is accounted for by an increase in the voltage-sensitivity of

the OHC motor protein (z), but not an increase in the maxi-

mum charge moved (Qmax). These results suggest that move-

ment of a voltage-sensor in the membrane is maximized at

physiological temperature.

Transient transfection of HEK 293 cells was conducted as

follows: Cells were cultured in MEME with 10% fetal calf

serum. Cells were trypsinized and replated in 35 mm culture

dishes 24 h prior to transfection with Lipofectamine 2000

(Life Technologies, MD). The transfection mixture

consisted of OPTI-MEM media, Lipofectamine, the gPres-

tin-containing plasmid pcDNA3.1(2), and the GFP-

containing plasmid pGreenLantern, used as a marker for

successfully transfected cells. Generally, cells that success-

fully express one plasmid in a dual transfection will express

both, and indeed, in the course of our recordings only one

cell was found that exhibited green fluorescence (GFP) but

not non-linear capacitance (prestin).

Twenty-four to 72 h after transfection, whole-cell patch

clamp recordings were performed while varying bath

temperature. The 35 mm culture dishes containing the

cells were placed in a Peltier device (Dagan HCC-100A

Heating/Cooling Bath Temperature Controller with HE-

204 stage, Dagan Corp., MN). A temperature probe was

inserted into the bath within 2 mm of the recorded cells.

Cells were either patched at 108C or cooled from room

temperature after patching, after which the temperature

was raised gradually up to 358C and lowered back down

to 108C, and the cycle repeated as long as good recordings

could be obtained from the cells. At 5-degree temperature

intervals, we obtained full capacitance-voltage (C–V) func-

tions as described below.

Round, isolated (non-coupled) cells exhibiting GFP-fluor-

escence were selected for electrophysiological recordings.

Cells were whole-cell voltage clamped with an Axopatch

200A amplifier (Axon, CA) at a holding potential of 0 mV.

The patch pipette solution contained (in mM): 130 CsCl, 10

EGTA, 2 MgCl2, 10 HEPES, pH 7.2. The external bath solu-

tion contained (in mM): 99.2 NaCl, 20 TEA-Cl, 20 CsCl, 2

CoCl2, 1.47 MgCl2, 10 HEPES, 2 CaCl2, pH 7.2. Osmolarity

was adjusted to 300 mOsm with glucose. Gigohm seals were

obtained and electrode capacitance was compensated.

Current responses were filtered at 10 kHz. Data collection

and analyses were performed with a Windows-based whole-

cell voltage clamp program, jClamp (SciSoft, CT, USA),

using a National Instruments PCI-6052 interface.

The magnitude of non-linear membrane capacitance was

evaluated using a continuous high-resolution (2.56 ms

sampling) two-sine voltage stimulus protocol (10 mV peak

at both 390.6 and 781.2 Hz), with subsequent FFT-based

admittance analysis [12]. These high-frequency sinusoids

were superimposed on a sinusoidal stimulus protocol sweep-

ing from 0 to 2175 mV, up to 1175 mV, and back down to 0

mV. C–V data were fit to the first derivative of a two-state

Boltzmann function [10]where Qmax is the maximum non-

linear charge moved, Vpkcm is voltage at peak capacitance

or half maximal non-linear charge transfer, Vm is membrane

potential, Clin is linear capacitance, z is valence, e is electron

charge, k is Boltzmann’s constant, and T is absolute tempera-

ture. Gating currents were obtained with a standard P/-5

protocol, at a subtraction potential of 150 mV, as previously

described [10]. In addition, in some experiments VpkCm was

continuously tracked with 2 mV resolution by monitoring the

reversal of gating current polarity as fully described

previously [6]. This real-time tracking of VpkCm allowed a

direct observation of the temperature dependence of non-

linear capacitance, as VpkCm was observed to continuously

follow changes in temperature in a reversible fashion.

Our results were very similar to those obtained from

OHCs [11]. Fig. 1 plots non-linear capacitance vs. voltage

for a cell at two temperatures. Two main effects of tempera-

ture can be seen - at the higher temperature, the magnitude

of the capacitance is slightly greater, and the voltage at

which the peak capacitance occurs is shifted to the right,

to a more positive voltage. In all transfected cells exhibiting

non-linear capacitance, VpkCm was seen to shift linearly in a

positive direction with increasing temperature, at a rate of

about 16.1 ^ 6.8 mv/108C (n ¼ 5). This result agrees well

with findings in OHC cells, which exhibited an average shift

of 19.7 mV/108C. Fig. 2a illustrates that these effects are

continuous and fully reversible, using the continuous track-

ing of VpkCm as described above.

In order to calculate the average rate of shift in Vpkcm in

response to temperature changes from the data of five cells,

it was necessary to verify that the effect is linear in the

temperature range studied. Fig. 2b, top panel illustrates

that this is the case. Cells that were continuously held

through a wide temperature range yielded data that consis-

tently fit a linear regression function of VpkCm vs. tempera-

ture (r2 , 0.93). Peak Cm was also seen to increase with

temperature (Fig. 2b, bottom panel), but there is a consider-

able amount of hysteresis in the response, rather than the

simple linear temperature dependence of VpkCm. With cool-

ing, peak Cm in all cells was relatively stable until tempera-

tures well below physiological (,258C) were reached.

The reason for this non-linearity is not entirely clear. As

Fig. 2 illustrates, there was often a lag in the temperature

dependent change in peak capacitance, compared with the

change in VpkCm, which precisely followed temperature

changes. The lag ranged up to three minutes, as seen in Fig.

2a. Fig. 2b bottom panel shows that peak Cm continued to

increase for a short while after heating, even when the cell

was cooling back down. Note that this lag cannot be
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explained by a discrepancy between the measured bath

temperature and the actual temperature of the cell, since

VpkCm does not show any such delay. Such slow effects may

be due to changes in metabolic processes, or state of motor

protein phosphorylation [3,4]. It is significant that sensitivity

to temperature change was minimal at physiological

temperatures. Our results are comparable to those of Khvoles

et al. [7], who found that the amplitude of otoacoustic emis-

sions from rat cochleae is maximal and nearly temperature

insensitive at temperatures approaching physiological, but is

significantly and reversibly depressed at higher and lower

temperatures. Otoacoustic emissions are a byproduct of the

so-called ‘cochlear amplifier,’ which is thought to be depen-

dent on the mechanical responses of OHCs. In related studies,

Seifert et al. [14,15] found that the amplitude of otoacoustic

emissions in humans and guinea pigs declines with decreas-

ing temperature, and recovers with considerable hysteresis.

Detectable emissions tended to return while rewarming at

lower temperatures than those at which they disappeared

during cooling. The authors hypothesize that hypothermia

causes a hearing loss associated with a decline in function

of the cochlear amplifier, due to a reduction in OHC motility

subsequent to a depression of the endocochlear potential

(EP). However, our results suggest that the effect is direct,

a decrease in prestin’s non-linear capacitance being indica-

tive of a decrease in its motor activity. Furthermore, the shift

in the voltage-dependence (indicated by VpkCm) of the

cochlear amplifier would affect its gain and influence emis-

sions, even if EP were to remain constant.

To investigate further the nature of the temperature-

dependent changes in prestin’s function, we fit voltage-

dependent capacitance data to the first derivative of a two-

state Boltzmann function, as described above and illustrated

in Fig. 1. This fit allows for the derivation of the parameters

Qmax, the total amount of non-linear charge moved, and z, the

effective charge movement of a single voltage-sensor. An

increase of either of these parameters would result in the

increased capacitance seen at higher temperatures. Fig. 3

shows VpkCm, Qmax, and z plotted at two temperatures for

each of five cells. There was not a reliable trend in the

variation of Qmax, which remains fairly stable, whereas z

shows a consistent increase with increasing temperature.

Similar findings were previously reported in OHCs [11]. z

depends upon both the magnitude of charge and the distance

it traverses within the membrane’s electric field. Thus, the

increase in z may be caused by changes in either one of these

factors. An increase in charge displacement may result from

a decrease in plasma membrane viscosity at higher tempera-

tures; the magnitude of charge may vary with phosphoryla-

tion and/or metabolism. Finally, it may be possible that

some of the temperature-dependent effects that we observe

could be due to a change in the availability of intracellular

Cl2, which is required for prestin activity [9]. These factors

are expected to account for the non-linear effects of

temperature on otoacoustic emissions [7,14,15], and their

relative insensitivity to temperature changes in the physio-

logical range. This insensitivity, reflecting properties of the

motor protein prestin, would allow an animal to maintain
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Fig. 2. (A) The voltage at peak capacitance (VpkCm) and the peak

capacitance (Cm) follow changes in temperature in a continuous

and reversible manner. Here, a tracking procedure developed

previously [6] was used to keep a cell voltage-clamped at VpkCm

during heating and cooling. (B) Vpkcm and peak Cm plotted as a

function of temperature for the same cell. Data from the heating

phase is shown in gray, while data obtained during subsequent

cooling is plotted in black. VpkCm increases nearly linearly with

temperature (top panel), fitting a linear regression with r2 ¼

0.91(heating), r2 ¼ 0.95 (cooling). However, Cm shows consider-

able hysteresis in its response to changing temperature (bottom

panel).

Fig. 1. Effect of temperature on non-linear capacitance of a pres-

tin-transfected HEK cell. Capacitance was evaluated with a two-

sine voltage stimulus protocol (see text) and the data were fit to

the first derivative of a two-state Boltzmann function. Note two

main effects of increasing temperature: a rightward (depolariz-

ing) shift in the voltage at peak capacitance (VpkCm), and an

increase in peak capacitance. (35.68C) VpkCm: 232.2 mV, z: 0.49,

Qmax: 0.37 pC, Clin: 18.25 pF; (16.28C) VpkCm: 248.4 mV, z: 0.38,

Qmax: 0.44 pC, Clin: 18.17 pF.



optimal cochlear function across small fluctuations in envir-

onmental temperature.
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Fig. 3. The relationship between temperature and the para-

meters VpkCm, Qmax, and z, derived from the fitting of capacitance

data to a two-state Boltzmann function. Each of these quantities

is plotted at two different temperatures for each of five cells. The

increase in peak capacitance seen with increasing temperature

cannot be due to an increased amount of total charge move-

ment, because no clear increase is seen in Qmax. However, z

shows a clear increasing trend.



N-Terminal-Mediated Homomultimerization of Prestin, the Outer Hair Cell
Motor Protein
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ABSTRACT The outer hair cell lateral membrane motor, prestin, drives the cell’s mechanical response that underpins mam-
malian cochlear amplification. Little is known about the protein’s structure-function relations. Here we provide evidence that
prestin is a 10-transmembrane domain protein whose membrane topology differs from that of previous models. We also present
evidence that both intracellular termini of prestin are required for normal voltage sensing, with short truncations of either terminal
resulting in absent or modified activity despite quantitative findings of normal membrane targeting. Finally, we show with fluo-
rescence resonance energy transfer that prestin-prestin interactions are dependent on an intact N-terminus, suggesting that this
terminus is important for homo-oligomerization of prestin. These domains, which we have perturbed, likely contribute to allosteric
modulation of prestin via interactions among prestin molecules or possibly between prestin and other proteins, as well.

INTRODUCTION

A key evolutionary step in the development of high-

frequency acoustic sensitivity in mammals appears to have

been the recruitment of an anion transporter family member,

prestin (SLC26A5) (1), to enable amplification of passive

basilar membrane motion by outer hair cells (OHCs) (2).

When transfected into nonauditory cells, this voltage-

dependent, integral membrane protein presents all of the

known biophysical attributes expressed by the native OHC

lateral membrane motor, including voltage and tension

sensitivity (1,3–6). These preserved attributes confirm the

identity of prestin as the prime component of the lateral

membrane motor. Nevertheless, we and others have noted

some differences in the electromechanical activity of trans-

fected prestin compared to that of the native OHC motor, and

suggested that subunit interactions might be required for

amplification of prestin’s activity (6,7).

The molecular conformation or state of prestin, which

underpins OHC electromotility and drives cochlear ampli-

fication, can be deduced from ‘‘gating charge’’ measures, or

measures of the cell’s voltage-dependent, nonlinear capac-

itance (NLC). Using these measures, the control of prestin’s

voltage-dependent activity has recently been linked to prestin’s

affinity for anions, in particular chloride ions (9,10). It has

been suggested that these ions function either as extrinsic

voltage sensors (9), or as allosteric modulators that influence

the protein’s steady-state energy profile (10,11). In this series

of experiments, we extend our concept of allosteric mod-

ulation of prestin to include modulation via protein-protein

interactions.

METHODS

Preparing mutants and transient transfection

Truncations of the N-terminus were achieved by introducing start codons

before the indicated amino acid positions by polymerase chain reaction (PCR)

amplification. Similarly, C-terminal truncations were obtained by intro-

ducing stop codons after the indicated positions. Yellow (YFP) or cyan

(CFP) fluorescent protein fusion proteins were made by introducing the

fluorescent proteins at the C-terminus of the prestin. In the case of the

C-terminal truncations the truncated protein was fused directly to the

N-terminus of YFP without an intervening stop codon. Amplification by

PCR was done using Hi-Fidelity DNA polymerase (Roche, Indianapolis,

IN). The parameters were 10 cycles of 94�C for 40 s, 55�C for 2 min, and

68�C for 6 min; and 30 cycles of 94�C for 40 s, 55�C for 2 min, and 68�C for

6 min, with 20 s extension for every cycle. A clone of gerbil prestin served as

the template. Amplified products were purified, ligated into PCDNA 3.1

topo TA (Invitrogen, Carlsbad, CA) or into eYFPN1 (Clontech, Palo Alto,

CA). Each of the clones generated were sequenced to exclude the possibility

of PCR-generated errors. Transient cotransfection into Chinese hamster ovary

(CHO) cells was achieved with Lipofectamine (Invitrogen) in accordance

with the manufacturer’s recommendations.

Fluorescence resonance energy transfer

Fluorescence resonance energy transfer (FRET) was determined using a

Zeiss 510 with a meta-analyzer. CHO cells transiently transfected with

prestin-YFP and prestin-CFP constructs (at a 2:3 ratio, to counter a lower

CFP quantum yield and CFP’s more diffuse emission spectrum) were ana-

lyzed 24–48 h after transfection. Emission from 10 defined regions of interest

of each cell, detected by the meta-analyzer (in 10-nm increments) while

excited at 458 nm were recorded before and after photobleaching at 514 nm.

Photobleaching at 514 nm was done with the 40W argon laser set at maxi-

mum for a period of 1 min. FRET efficiency was defined as (Ea � Eb) 3

100/Ea, where Ea was the CFP emission (473–494 windows) after photo-

bleaching and Eb the CFP emission before photobleaching, and calculated as

previously described (12). In determining FRET efficiency in unbleached

controls, CFP emission values obtained 1 min after determining the initial

CFP emission were defined as Ea (a period of 1 min was the interval of

photobleaching). To minimize CFP photobleaching while determining its

emission, the laser intensity was set at 5% while measuring CFP emission.

Although there was some minimal CFP bleaching during photobleaching of

YFP, the effect was the same across all the sample combinations tested
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where YFP photobleaching was performed. Thus, the increase in FRET

efficiency observed in these bleaching experiments was found despite the

slight decrease in CFP fluorescence after YFP bleaching. Thus, we cannot

rule out that a relatively slight increase in FRET efficiency was masked in the

observed decrease in efficiency found with start 21 prestin-YFP and prestin-

CFP (see Fig. 5). Nevertheless, each group would be affected similarly.

Immunofluorescence staining

Affinity-purified rabbit polyclonal antibodies against two peptides corre-

sponding to extracellular domains of prestin, GGKEFNERFKEKLPAPI

(274–290) and KELANKHGYQVDGNQEL (359–375), respectively, were

purchased from Genemed Synthesis (San Francisco, CA). Live OHCs or

transfected CHO cells were incubated separately with these primary anti-

bodies and then subsequently fixed. Primary antibody was detected using a

fluorescent-labeled secondary antibody. Specificity of antibody labeling was

established by preadsorbtion of the primary antibody with the corresponding

peptide. Cells that were transfected with empty vector and stained in an

identical fashion served as negative controls. Specific staining was not ob-

served with either of these procedures.

Fluorescence-activated cell sorting analysis

CHO cells transfected with the different prestin-YFP constructs were labeled

with affinity-purified anti-prestin antibodies. Live cells were disassociated

and incubated with antibody in phosphate-buffered saline, 1% bovine serum

albumin, and 0.5% fetal calf serum at 4�C. The primary antibody was de-

tected using a biotinylated anti-rabbit antibody (Molecular Probes, Eugene,

OR) followed by streptavidin conjugated to Alexa 647. The cells were fixed

briefly in 1% paraformaldehyde before analysis. Fluorescence-activated cell

sorting (FACS) analysis was carried out using FlowJo software. Stained

cells were analyzed on a FACSCalibur TM (Becton Dickson Immunocy-

tometry Systems, Franklin Lakes, NJ). Forward and side scatter profiles were

used to exclude dead cells. From 30,000 to 50,000 events were collected for

analysis. Cells transfected with empty vector stained with the prestin anti-

bodies and prestin-YFP stained with rabbit IgG served as negative controls

for the primary and secondary antibodies, respectively.

Nonlinear capacitance

Cells were recorded by whole-cell patch-clamp configuration at room

temperature using an Axon 200A amplifier (Axon Instruments, Foster City,

CA), as described previously (13,14). The bath solution contained (in mM)

TEA 20, CsCl 20, CoCl2 2, MgCl2 1.47, Hepes 10, NaCl 99.2, and

CaCl2.2H2O 2, pH 7.2, and the pipette solution contained (in mM) CsCl 140,

EGTA 10, MgCl2 2, and Hepes 10, pH 7.2. These conditions ensured that

prestin-chloride interactions were maximal (9,10). Osmolarity was adjusted

to 300 6 2 mOsm with dextrose. Command delivery and data collections

were carried out with a Windows-based whole-cell voltage-clamp program,

jClamp (Scisoft, Ridgefield, CT), using an NI PCI 6052E interface (National

Instruments, Austin, TX).

Capacitance was evaluated with a continuous high-resolution 2-sine

wave technique fully described elsewhere (14,15). Capacitance data were

fitted to the first derivative of a two-state Boltzmann function (13):

Cm ¼ Qmax

ze

kT

b

ð1 1 bÞ2 1 Clin; (1)

where

b ¼ exp
�zeðVm � VhÞ

kT

� �
; (2)

Qmax is the maximum nonlinear charge transfer, Vh is the voltage at peak

capacitance or half-maximal nonlinear charge transfer, Vm is membrane

potential, Clin is linear capacitance, z is valence, e is electron charge, k is

Boltzmann’s constant, and T is absolute temperature. Gating charge currents

were obtained with a standard P/�5 procedure (13).

RESULTS

CHO cells transfected with the gene for normal prestin show

large gating currents and NLC, similar to that in OHCs (see

Fig. 2 B). This signature of prestin’s electromechanical ac-

tivity was quantified through estimates of Vh (the voltage at

half-maximal motor charge transfer), z (the charge valance),

and Qmax (total charge moved) that were derived from fits

with two-state Boltzmann functions (13). With our intra-

cellular and extracellular solutions, average normal values

for Vh, z, and Qmax (mean 6 SE) were �102.4 6 1.8 mV,

0.67 6 0.02, and 130 6 20 fC, respectively (n ¼ 30).

Nonlinear charge density (coulombs per pF of linear capac-

itance) averaged 4.8 6 0.6 fC/pF. Additionally, we were able

to measure NLC in prestin that had been fused with YFP at

its C-terminus (n ¼ 20). This fusion construct of prestin

provides electrical properties statistically indistinguishable

from normal prestin; fusion constructs of mutant prestin that

we made (see below) similarly remained unaffected by the

tag. The assessment of this YFP fusion construct permitted

not only quantitative electrical evaluations, but both qual-

itative and quantitative evaluations of membrane targeting

via confocal microscopy and FACS, respectively.

To better understand structure-function relationships of

prestin, we sought to refine our working knowledge of prestin

topology (Fig. 1). The current membrane topology model of

prestin posits 12 transmembrane (TM) domains (9,16). This

model is, in part, based on placing two potential N glyco-

sylation sites on the extracellular surface of the protein (17).

In our modeling of prestin’s TM regions, we abandoned this

constraint based on several pieces of information. First, po-

tential N glycosylation sites are common and often non-

specific, being present even in frank intracellular proteins,

including two potential N glycosylation sites that are within

prestin’s intracellular C-terminus (603 and 736). Second, in

contradistinction to the results of Matsuda et al. (17), we find

no significant effects of glycosylation site mutations (N163Q 1

N166Q) or glycosidase F treatment on the voltage depen-

dence of NLC in transfected CHO cells (control (n ¼ 28)/

mutant (n ¼ 10)/enzyme (n ¼ 13): Vh ¼ �100.2 6 1.76/

�95.9 6 3.92/�100.1 6 3.61; t-tests, p ¼ 0.26/0.98).

Furthermore, the molecular mass of both prestin and doubly

mutated prestin (N163Q and N166Q) were indistinguishable

at 80 kD (Fig. 2 J), this also being in contradistinction to the

results of Matsuda et al. (17). In the absence of that con-

straint, we are left with the observation, supported by epitope

tagging and/or antibody staining of live and permeabilized

cells, that the N- and C-termini are likely intracellular (9,16),

results that we too have since replicated. Consequently, the

molecule has an even number of TM domains, and based on

an analysis of prestin’s structure with a number of topology

prediction programs (TMPred, DAS, TMAP, TMHMM, and
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Predict Protein), we modeled prestin to contain 10 TM do-

mains (Fig. 1 A). Our 10-TM model has a membrane topol-

ogy the reverse of that previously proposed by Deak et al.

(18); that is, segments on the intracellular surface in our

model would lie on the extracellular surface of the cell in

their model. We tested the model by immunostaining live

outer hair cells and prestin-transfected CHO cells using anti-

bodies raised to two peptides that are predicted, based on this

model, to lie on the extracellular surface of the cell. The two

peptides GGKEFNERFKEKLPAPI (274–290) and KE-

LANKHGYQVDGNQEL (359–375) lie between TM do-

mains 5 and 6, and 7 and 8 in our model (they would lie on

the intracellular surface of the protein in the existing topol-

ogy models (9,16,18)). We found live staining and fixed,

nonpermeabilized staining of these cells with these two an-

tibodies, confirming that the two peptides lie on the extracel-

lular surface (Fig. 1 B). We also hemagglutinin (HA)-tagged

prestin at residue 168, which proved functional, and were not

able to find live staining by immunocytochemistry or FACS,

but were able to immunocytochemically observe the tag after

permeabilization (Fig. 2, A–F). HA tagging of residue 371

did not produce functional prestin (no NLC) and rarely

showed membrane targeting; however, in those few rare cells

live staining was observed (Fig. 2, G–I). We were unable to

produce HA tagging of residue 281.

Our 10-TM model of prestin indicates that the amino and

carboxy termini before residue 94 and after residue 498 re-

side intracellularly, that is, outside the lipid bilayer and be-

yond where a functional voltage sensor should reside. We

used site-directed C-terminal and N-terminal truncations to

evaluate the contribution of these intracellular moieties to

prestin ’s voltage-dependent activity, as we did above with

normal prestin. Successive truncations of the C- and

N-terminus resulted in a graded decrease and eventual elimi-

nation of nonlinear charge movement (Fig. 2). In truncations

that remained functional, voltage sensitivity (z) did not vary

far from control values, indicating that the truncated

protein’s voltage sensor remained relatively unaltered. On

the other hand, Vh varied among truncations, especially that

of the N-terminal, and likely reflects structural influences on

the steady-state energy profile that controls the voltage range

over which the motors operate. Additionally, since the total

FIGURE 1 (A) Model of prestin’s transmem-

brane topology that posits 10 transmembrane

domains with intracellular amino and carboxy

termini of the protein. Shown are the positions

(red circles) of individual truncations of the

protein that we tested. A cartoon of the crystal

structure of the C-terminus of prestin modeled on

the bacterial protein SpoIIAA, to which it shows

strong homology, is shown. The positions of two

peptides that would lie on the extracellular

surface of the protein between transmembrane

domains 4 and 5 (peptide A) and 6 and 7 (peptide

B) are indicated. (B) Affinity-purified antibodies

against these peptides (ApA and ApB) were used

to stain both live guinea pig OHC (upper panel of

confocal images) and live CHO cells transfected

with prestin (lower panel). These results, to-

gether with other data (see text), confirm that

these antigens lie on the extracellular surface, and

support the 10-transmembrane model.
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charge movement Qmax decreased, with z remaining normal,

it appears that the number of functional proteins decreased.

Stops N-terminal to residue 712 and starts C-terminal to

residue 20 were functionally lethal, indicating catastrophic

alterations in protein structure and/or absent or abnormal

interactions with other potential intracellular subunits.

To rule out absent surface expression of these lethal trun-

cations as a cause of a loss in NLC we confirmed proper tar-

geting to the plasma membrane by live antibody staining of

mutated prestin molecules in transfected cells. Similar

patterns of antibody staining appear in both control and non-

functional mutations. Additionally, several of the truncated

mutations were evaluated with a YFP fusion construct. In

each case, the results were the same as the ones we obtained

with green fluorescent protein coexpression experiments, and

each successfully targeted the plasma membrane (Fig. 3,

E–G). The only exception was the full C-terminus truncation

(stop 498), which was nonfunctional and confined intra-

cellularly (Fig. 3 H). Full truncations of the C-terminus are

not expected to properly target the membrane (D. Oliver,

University of Freiburg, and J. Zheng, Northwestern University,

personal communications, AOR meeting, 2004). Finally, to

allay our concerns over the poor statistical power of confocal

microscopy, we used FACS in large populations of cells to

confirm that membrane targeting was normal (Fig. 4). In these

studies, the correspondence of fluorescence intensities in con-

trols and mutants indicates that equal numbers of prestin mole-

cules reach the plasma membrane in normal and mutant

transfections. Thus, the proper targeting of functional and non-

functional truncated mutations indicates that there is a decrease

in the number of functional motors, not a decrease in the num-

ber of prestin molecules residing within the plasma membrane.

One possible mechanism for the reduction of functional

motors is an interference with obligatory homomeric inter-

actions among prestin molecules. To evaluate the possibility

that prestin may function as multimers, we investigated whether

individual prestin molecules could closely interact with each

other using FRET. Fig. 5 shows that indeed close interactions

(,100 Å) occur between fluorescently tagged neighboring

C-terminals of prestin; additionally, controls with the fluo-

rescently tagged Slo K channel do not show interactions with

prestin. Restricting the area of interest to the plasma mem-

brane produced the same FRET response, as larger cellular

areas. Consistent with this data, chemical cross-linking of

purified poly-his tagged prestin yielded a minimal molecular

mass of 160 kD, suggesting that prestin formed dimers. To

FIGURE 2 Confocal images show CHO cells transfected with prestin-YFP constructs into which the HA epitope was inserted into position 168 (A–F) and

position 371 (G–I). The HA tags were detected with a mouse anti-HA epitope and Alexa 647-conjugated antimouse antibody (A, D, and G). (B, E, and H). YFP

images. (C, F, and I) Merged images. Cells in A–C and G–I were stained live, and cells in D-F were fixed and permeabilized with detergent. As is evident, the

detection of the HA epitope at position 168 required that the cells be permeabilized, whereas that at position 371 was detectable in live cells without

permeabilization. These results suggest that position 168 of prestin in these constructs lies on the intracellular surface, whereas position 371 lies on the

extracellular surface. (J) Substitution of the two potential N-glycosylation asparagine residues with glutamine residues does not result in a change in molecular

weight, indicating that prestin is not glycosylated at these two residues. CHO cells were transfected with constructs of prestin fused to poly-His V5 epitope tag

at its C-terminus (lane A) and prestin N163Q 1 N166Q double mutant fused to a poly-His V5 epitope tag at its C-terminus (lane B). Normal and mutated

prestin were purified from lysed CHO cells on a Ni column and separated by PAGE (8%). The gel was blotted on to polyvinylidene difluoride and probed with

an anti-V5 antibody/horseradish peroxidase-conjugated secondary antibody followed by enhanced chemiluminescence detection. As is evident, prestin

migrates at its predicted molecular weight of 80 kD, as does the N163Q 1 N166Q double mutant.
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determine whether the intracellular termini were required for

these interactions, we used FRET to identify homomultime-

rization of two prestin truncations, start 21 prestin-YFP and

stop 709 prestin-YFP, each of which was physiologically

nonfunctional, but targeted the membrane successfully. In

contrast to stop 709 prestin-YFP, which showed FRET when

cotransfected with normal prestin-CFP, start 21 prestin-YFP

did not show FRET when cotransfected with normal prestin-

CFP. The differences in FRET efficiencies obtained before

and after acceptor photobleaching were statistically signif-

icant (see Fig. 5), indicating that the N-terminus of prestin is

important for the formation of multimers, and the loss in

NLC is possibly a result of an inability to form multimers. In

contrast, since the C-terminal truncation that resulted in a loss

of NLC was still able to form homomultimers, we speculate

that the C-terminus interacts with other proteins that are im-

portant for generating NLC.

DISCUSSION

The discovery of prestin (19) identified a molecule that likely

is the foundation of the mammalian auditory system’s

FIGURE 3 Serial truncations of the amino and carboxy termini of prestin result in a loss of NLC. (A) Nonlinear capacitance as a function of C-terminal

truncations. A stop codon at 712 abolishes NLC. (B) Examples of gating currents induced by a voltage step showing a decrease in magnitude corresponding to

reductions in NLC. (C) Nonlinear capacitance as a function of N-terminal truncations. A start codon at 21 abolishes NLC. (E–G) Confocal images of CHO cells

transfected with prestin-YFP, start 21 prestin-YFP, and stop 709 prestin-YFP, respectively, showing plasma membrane targeting of these constructs. (H) A confocal

image of a CHO cell transfected with stop 498 prestin-YFP that does not target the membrane (and corroborates work by other workers in the field; Jing Zheng,

Northwestern University, and Dominik Oliver, University of Freiburg, personal communication, AOR meeting, 2004). These results confirm that the loss in NLC

with these truncations is not due to absent targeting to the surface membrane.
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FIGURE 4 Quantification of prestin surface expression in transfected CHO cells by flow cytometry. CHO cells transfected with prestin-YFP fusion

constructs (normal prestin, start 21, and stop 709) were disassociated and stained live with two affinity-purified rabbit polyclonal antibodies to two peptides

expressed on the extracellular surface of the protein (upper panels: antibody to peptide A ¼ GGKEFNERFKEKLPAPI (aa 274–290); middle panels: antibody

to peptide B ¼ KELANKHGYQVDGNQEL (aa 359–375)). The primary antibody was detected using a biotinylated anti-rabbit antibody (Molecular Probes)

and streptavidin conjugated to Alexa 647. All antibody staining was done in phosphate-buffered saline and 0.5% bovine serum albumin at 4�C. The cells were

then fixed in 4% paraformaldehyde before flow cytometric analysis. Shown are contour plots with outliers of YFP intensity (Phycoerythrin window) on the x
axis and prestin intensity (Alexa 647) on the y axis of live stained cells (identified by forward and side scatter). As is evident, a subpopulation of YFP positive

cells, recognized by both antibodies, is present in those cells transfected with the three prestin-YFP fusion constructs (normal prestin, start 21, and stop 709) and

not in those cells transfected with empty vector alone stained with anti-prestin antibodies to peptides A and B, unstained prestin-YFP transfected cells, or

prestin-YFP transfected cells stained with rabbit IgG (lower panels). Both the intensity of staining and the percentage of cells within the boxed area recognized

by the antibodies are similar in cells transfected with full-length prestin (4.4% and 4.3% for anti-peptides A and B, respectively), start 21 (2.6% and 3.9%), and

stop 709 (3.2% and 3.3%). The three control groups contained an insignificant number of cells labeled with the antibodies. Differences in number of cells

indicate variability in expression efficiency among experiments hovering around 3–6%. These efficiencies are obtained by other workers in the field (Dominik

Oliver, personal communication). These quantitative analyses are evidence that the absence in NLC in these two truncations is not due to aberrant surface

expression.
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nonlinear amplificatory mechanism (20). How this protein

works is key to understanding the remarkable ability of OHCs

to respond mechanically to electrical stimuli, discovered some

20 years ago (21). Our observations on the functional conse-

quences of short terminal truncations indicate that this protein

does not work alone, but requires interacting partners to

drive OHC motor activity. Though some molecular manip-

ulations can interfere with proper membrane targeting (for

example, full C-terminal truncations of prestin were not deliv-

ered to the plasma membrane), we combined techniques with

low and high statistical power, namely confocal microscopy

and FACS, respectively, to unambiguously confirm uncom-

promised membrane residence.

In previous work we demonstrated that intracellular

chloride altered the operating voltage range of prestin,

shifting Vh to more negative voltages (10). This observation

was incongruent with a simple extrinsic voltage sensor

scheme for anions previously proposed (9). Additionally, we

showed that the valence of substituted anion did not, as

expected, alter the valence of charge movement (11), further

supporting our conclusion that anions serve as allosteric

modulators rather than voltage sensors. However, although

allosteric effects can be mediated by ion interactions with

proteins, e.g., chloride with Cl channels (22) or Ca with K

channels (23), conformational alterations can additionally

arise from protein-protein/peptide/domain interactions (24).

FIGURE 5 FRET demonstrated by acceptor (YFP) photobleaching confirms prestin-prestin interactions and suggests that the N-terminus is important in these

interactions. The figure shows a CHO cell transfected with prestin-CFP (A and D) and prestin-YFP (B and E) before (A–C) and after (D–F) photobleaching YFP

(514 line of the Argon laser) in the right half of the cell. (C and F) Merged images of A and B, and D and E, respectively. As is evident, there is an increase in CFP

emission (D and F) concomitant with a decrease in YFP emission (E and F) in the right half of the cell. (G) The graph shows a quantitative estimate of FRET

efficiencies after photobleaching (7). The efficiency of FRET is compared between CHO cells transfected with prestin-CFP together with prestin-YFP without

(first bar) and with (second bar) acceptor photobleaching, prestin-CFP together with start 21 prestin-YFP (third bar), and prestin-CFP together with stop 709

prestin-YFP (fourth bar). A normal decrease in FRET efficiency in the absence of YFP photobleaching (�7.39 6 2.189 (mean 6 SE), n ¼ 3 cells) is converted to

an increase in FRET efficiency with photobleaching in prestin-CFP and prestin-YFP (4.64 6 0.63, n ¼ 5), and prestin-CFP and stop 709 prestin-YFP (4.67 6

1.54, n ¼ 4), confirming interactions between normal prestin molecules, and C-terminally truncated prestin molecules and normal prestin. The absence of an

increase in FRET efficiency with start 21 prestin-YFP and prestin-CFP (�1.94 6 1.57, n ¼ 4 cells) confirms an absence of interaction between the N-terminally

truncated prestin molecules and normal prestin. A one-way ANOVA between these groups demonstrated a significant difference between unbleached normal

prestin and bleached normal prestin ( p , 0.002) or stop 709 prestin ( p , 0.002), but no difference between unbleached normal prestin and start 21 prestin.

Similarly, there was a significant difference between FRET efficiencies in normal prestin and start 21 prestin ( p , 0.05) transfected cells. Also noteworthy was that

FRET efficiency at the membrane (6.5 6 1.5, n ¼ 3) was not significantly different from elsewhere in the cell.
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Thus, our present data, which show a requirement for

homomeric interactions among prestin’s N-termini for

normal charge movement, indicate that motor behavior is

also allosterically controlled by these interactions. Indeed,

we have previously interpreted the motors’ sensitivity to prior

voltage conditions as resulting from prestin-prestin inter-

actions within the bilayer (6,14). Thus, we argued that

prestin interactions may underlie the shift in the steady-state

energy profile that results from prepulse perturbations,

possibly through viscoelastic relaxations of prestin-induced

membrane tension. Clearly, our new data open the possibility

that these voltage-dependent viscoelastic effects could arise

from interactions between homomeric components of prestin

motor complexes, as well as among the complexes.

The topology of SLC26 transporter family members is not

well delineated, with divergent models predicted possessing

10–14 TM domains (25). For prestin, a 12-TM domain

model had been proposed, but our data do not support this

model. Instead, we propose a 10-TM model, with the antibody-

identified loops 5 (aa274–290) and 7 (aa359–375) residing

extracellularly, as opposed to intracellularly as in previous

models. Interestingly, Adler et al. (26), using antibody labeling,

also placed region 274–290 on an extracellular loop. Addi-

tionally, the original 12-TM model of Zheng et al. (16,17)

has recently been modified by that group with a reentrant

loop to move a putative cGMP phosphorylation site at resi-

due 238 onto the intracellular aspect of the protein (18)—a

location already predicted by our model. Taken together,

evidence for our 10-TM model is strong and dramatically

changes our view of the landscape over which intracellular

constituents can interact with prestin.
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On the Effect of Prestin on the Electrical Breakdown of Cell Membranes
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ABSTRACT The voltage-dependent activity of prestin, the outer hair cell (OHC) motor protein essential for its electromotility,
enhances the mammalian inner ear’s auditory sensitivity. We investigated the effect of prestin’s activity on the plasma mem-
brane’s (PM) susceptibility to electroporation (EP) via cell-attached patch-clamping. Guinea pig OHCs, TSA201 cells, and prestin-
transfected TSA cells were subjected to incremental 50 ms and/or 50 ms voltage pulse trains, or ramps, at rates from 10 V/s to
1 kV/s, to a maximum transmembrane potential of 61000 mV. EP was determined by an increase in capacitance to whole-cell
levels. OHCs were probed at the prestin-rich lateral PM or prestin-devoid basal portion; TSA cells were patched at random
points. OHCs were consistently electroporated with 50 ms pulses, with significant resistance to depolarizing pulses. Although
EP rarely occurred with 50 ms pulses, prior stimulation with this protocol had a significant effect on the sensitivity to EP with
50 ms pulses, regardless of polarity or PM domain. Consistent with these results, resistance to EP with depolarizing 10-V/s
ramps was also found. Our findings with TSA cells were comparable, showing resistance to EP with both depolarizing 50-ms
pulses and 10 V/s ramps. We conclude prestin significantly affects susceptibility to EP, possibly via known biophysical influ-
ences on specific membrane capacitance and/or membrane stiffness.

INTRODUCTION

In the mammalian cochlea, outer hair cells (OHC) enhance

hearing sensitivity and frequency selectivity (1). This en-

hancement, known as the ‘‘cochlear amplifier’’ (2), results

from OHC mechanical activity, as this unique neuroepithelial

cell can undergo electrically induced rapid length changes

(3–6) at acoustic rates (7–9). Prestin, the OHC motor protein

(10), is fundamental for OHC electromotility (11). Mechan-

ical, electrical, and morphological data indicate that these

motors are distributed preferentially within the cell’s lateral

plasma membrane (PM) (12–17).

A variety of models for electromotility have been pro-

posed, based on electro-osmosis (4), electrophoresis (18),

membrane bending (19), stiffness changes (20), and via sur-

face area modulation, designated the ‘‘area-motor’’ model

(21–26). The latter three remain serious candidates. We have

proposed, based on modeling the voltage dependent capac-

itance of the OHC, that prestin’s conformational change

alters tension within the lateral membrane (27).

It is well known that cell membranes break down when

subjected to mechanical or electrical stress, and that these

stimuli can interact (28,29). The vulnerability to electro-

poration (EP) can provide insight into the interaction be-

tween PM and cortical cytoskeleton (29–31); for instance,

negative pressure has been found to be more effective in

producing membrane breakdown, presumably due to the

greater interaction with the cytoskeleton with positive

pressure (29). In addition, the integrity of the cytoskeleton

is critical for resealing (32). The composition of the

membrane is also highly influential; an increase in cho-

lesterol, protein content, or certain surfactants can alter the

susceptibility of the lipid bilayer to applied electrical tension

(28,33). A variety of models have been proposed to explain

the molecular mechanism of EP. It is generally accepted that

a progression of membrane defects occurs as the energy

threshold for their production is surpassed and maintained,

resulting in increased permeability.

We have studied EP via cell-attached patch-clamping in

OHCs to determine whether the electromechanical activity

of prestin alters the biophysical properties of the PM. We

also tested prestin-transfected TSA201 cells to divorce

prestin’s activity from modulation by the OHC’s specialized

cytoskeletal lattice. We find significant differences in sus-

ceptibility to EP between the lateral and basal membranes of

OHCs, as well as between prestin-transfected and untrans-

fected TSA cells, which we attribute to the residence of

prestin.

MATERIALS AND METHODS

Cell preparation

Guinea pigs were overdosed with halothane, according to Yale University’s

Animal Use and Care Committee guidelines. Their temporal bones were

dissected, isolating the top two turns of the organ of Corti. OHCs were

dissociated with dispase in calcium-free medium for 10–15 min, followed by

gentle pipetting. The cell-enriched solution was transferred to a 700-mL per-

fusion chamber and allowed to settle on the coverglass bottom for 10–15

min.

TSA201 cells, clones of human embryonic kidney (HEK) 293 cells that

express the simian virus 40 large T-antigen in a stable manner, were cultured

in Dulbecco’s modified Eagle’s medium (Sigma Chemical, St. Louis, MO)

with 5% fetal bovine serum, 100 U/ml of penicillin and 100 mg/ml of
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streptomycin. Cells were plated for 24 h before transfection using effectene

(Qiagen). The transfection reaction mixture consisted of 1 mg/ml of Pres

cDNA plasmid added to 0.1 mg/ml of green fluorescent protein (GFP)

plasmid, as a transfection marker in the 3 ml of Dulbecco’s modified Eagle’s

medium the TSA cells were cultured in. Experiments were carried out

24–48 h posttransfection in the same culture dish without any dissociat-

ing procedures to avoid trauma to the cells.

Experimental setup

The guinea pig OHC and TSA cell PMs were probed via cell-attached patch-

clamp recording. All experiments were performed at room temperature

(;23�C). A Nikon Diaphot (Melville, NY) inverted microscope with

Hoffman optics (Aurora, IL) and a Sony VCR Model EV-C200 (Tokyo,

Japan), were used to observe and tape record the experiments with OHCs. A

Leica DM-IRB inverted microscope (McHenry, IL) with differential inter-

ference contrast optics was used for experiments with TSA cells.

OHC patches were clamped with an Axon Instruments Axopatch 200B

amplifier (Foster City, CA) at a holding potential of �20 mV, the resting

potential of dissociated OHCs (6), to zero the transmembrane voltage drop.

Gigohm seals were obtained at the OHC lateral PM, where there is a high

concentration of prestin, and at the basal area, which is devoid of these

motors. TSA cells were also patch-clamped on random points of their PM

that appeared smooth with an Axon Instruments Axopatch 200 amplifier

holding them at their estimated average resting potential of �10 mV (E. G.

Navarrete, unpublished observations). An ionic blocking solution was used

in the bath and pipette, consisting of (in mM) 20 TEA, 20 CsCl, 2 CoCl2,

1.47 MgCl2, 10 Hepes, 99 NaCl, and 2 CaCl2. CsOH and glucose were used

to adjust pH to 7.2 and osmolarity to 300 mOsm. Ion channel blockers were

used to avoid increases in membrane conductance due to channel activity

and to measure prestin’s voltage-dependent capacitance. Pipettes had an

average aperture of 1.43 6 0.03 mm (mean 6 SE; n ¼ 78 measurements)

and initial resistances ranged from 1.5 to 3 MV.

Pulse and ramp protocols

In all cells, EP was investigated using square voltage pulses and ramps. We

used stimulus protocols based on Akinlaja and Sachs (31) in the case of

the pulse trains, and O’Neill and Tung (36) in the case of the ramp stimuli.

Initially, in OHCs two different pulse protocols were used, varying the

duration of the voltage stimulus. The first protocol consisted of a series of

50-ms voltage pulses with sequential increments of 50 mV and an interpulse

delay of 5 s to a transmembrane potential (TMP) of at least 61000 mV

(�1020 mV, 11030 mV). The second protocol consisted of 50 ms voltage

pulses with sequential increments of 20 mV and an interpulse delay of 7 s, to

a TMP of 61000 mV. The 50-ms protocol was administered after the 50-ms

pulse train in all cells that did not undergo EP and additionally to a set of

cells in isolation to check for prior stimulation effects. Because OHCs were

rarely permeabilized with 50-ms protocols, and to avoid loss of seal resis-

tance or sensitization, TSA cells were only subjected to a 50-ms pulse train

starting at 400 mV. During the interpulse interval, membrane capacitance

(Cm) was measured every 120 ms, with transient analysis (14). EP was deter-

mined by a step increase in capacitance to whole-cell levels (Fig. 1). Occasionally,

transient EP occurred (Fig. 2), which we defined as an increase in Cm to

whole-cell levels for a minimum of two data points.

Ramps at speeds from 10 V/s to 1 kV/s were additionally used to study

both cell types, also to a maximum voltage of 61000 mV. Membrane

breakdown (MB) was defined, as it was previously (32), as a step increase in

the conductance of the membrane patch indicated by a sudden and sharp rise

in current (I). As with the pulse protocol, Cm was measured with transient anal-

ysis after administering the stimulus, occasionally revealing an intact,

resealed patch. Thus, we defined the permanent increase in Cm to whole-cell

levels as patch breakdown (PB).

Although membrane conductance will increase with EP, only the increase

in charging time/capacitance irrefutably demonstrates EP; however, it is

possible that the plasma membrane was electroporated and quickly resealed.

This would be unusual since cell membranes have relatively long sealing

times, on the order of minutes; for example, in their study, O’Neill and Tung

(34) found that conductance changes persisted when their cardiac myocytes

were restimulated within a minute. Since the increase in capacitance may

have been missed due to our sampling resolution, we proceeded to analyze

the membrane instability (MI) and MB data.

Data analysis

Statistical analyses were performed with Excel (Microsoft) and Analyse-it

(Analyse-it Software, Leeds, UK). To avoid obtaining a potentially

misleading asymmetric polarity-dependent TMP at the onset of EP, the

resting potential was subtracted/added to the applied voltage (35,36). For

OHCs, absolute TMP at onset of EP was calculated taking into account the

average resting potential of �20 mV (see above). With TSA we accounted

for an average resting potential of �10 mV. Results were evaluated using

parametric (t-tests, analysis of variance (ANOVA), and linear regression)

and nonparametric (chi-square) statistical analyses when appropriate. After

the electrical stimulation and establishment of whole-cell configuration,

TSA cell capacitance was measured as fully described elsewhere (27,37)

to confirm prestin’s presence and functionality, and to measure the motor

protein density. The density of prestin was assessed via charge density, a

normalization metric measuring maximum charge moved per linear

capacitance (Qmax/Clin), since the linear capacitance will be proportional

to cell surface area. To avoid sensitization, charge density in the cell-

attached patch configuration was not measured before the EP protocols. It

is assumed that the concentration of prestin would be very similar to the

FIGURE 1 Increase in membrane capacitance (Cm) to whole-cell levels

after a voltage pulse indicates electroporation (EP). Voltage pulses are indi-

cated by the thick lines on the x axis.

FIGURE 2 Episodes of transient membrane breakdown followed by fast

resealing are indicated by the spikes in Cm on this data trace reaching whole-

cell levels. Voltage pulses are indicated by the thick lines on the x axis.

Electroporation is noted at the end of the trace by the sustained increase in

Cm after a voltage pulse.
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whole-cell value. We also assumed consistent patch geometry in TSA cells

and OHCs based on images in the literature (13,31), although we did not

control for this variable for each individual cell. A Windows-based software

package, jClamp (SciSoft, Branford, CT), was used for acquisition and

analysis. Igorpro (Wavemetrics; Lake Oswego, OR) was used to fit the

capacitance data. All data are presented as mean 6 SE.

RESULTS

Pulse protocols in outer hair cells

Susceptibility to EP with 50 ms pulse trains in our population

of OHCs is very similar to that reported previously with

HEK cells (29) and lipid bilayers (28). EP was rarely

produced at voltages ,1 V in the absence of extrinsic

pressure (6.8%, n ¼ 59). Nevertheless, the integrity of the

membrane was undoubtedly compromised in the OHC by

this prior stimulation. Sufficient current was injected through

the patch to produce a change in the TMP and evoke the

OHC’s unique electromotile responses, as fast reversible

movements in phase with the stimulus polarity were evident

starting at an absolute average TMP of 765 mV. Further-

more, a consistent decrease in seal resistance was frequently

revealed, which analyzed in isolation could have been mis-

taken for a loss of the seal were it not for our ability to

monitor the electromotile responses and interpulse capaci-

tance. Significant differences in the absolute average volt-

ages at which mechanical responses occurred during 50 ms

pulse trains were found depending on prior stimulation with

the 50 ms protocol (71 6 9 mV with prior stimulation versus

214 6 12 mV with no prior stimulation, p , 0.001, n ¼ 81,

t-test). In addition, multiway analysis of variance demon-

strated that prior stimulation with 50 ms pulses was a sig-

nificant factor influencing the onset of EP in the OHC PM

( p , 0.001, n ¼ 85) during the subsequent 50 ms protocol.

EP occurred consistently between 240 and 580 mV,

similar to the values reported previously for HEK cells (29).

There was little difference in the average absolute TMP at

onset of EP at the OHC basal area (see Table 1). At the lateral

PM our results demonstrated a significant difference when

polarity was varied ( p , .05, t-test). Transient reversible EP

with fast resealing (Fig. 2) on a timescale as short as 240 ms

was observed in almost 20% (seven cells) of OHC patches

subjected to depolarization (n ¼ 40) at a TMP ranging be-

tween 360 and 460 mV, regardless of location. Interestingly,

this phenomenon was not observed with hyperpolarizing

pulses, although its occurrence could have been possible at

a timescale beyond the detection of our sampling frequency.

Because of our 2-data-point minimum as criteria for deter-

mining transient reversible EP, it may also have been dis-

missed as noise.

Pulse protocols in prestin-transfected and
nontransfected TSA cells

TSA cells transfected with gPres demonstrate significant

resistance ( p , .02, chi-square analysis) to EP with our de-

polarizing 50 ms pulse protocol, failing to be permeabilized

in .50% of our sample (see Table 2). Untransfected TSA

cells underwent EP in 90% of the cells tested at absolute

TMPs between 400 and 580 mV, consistent with our OHC

data. Regarding the average absolute TMP at onset of EP, no

statistically significant trends were evident, although it is inter-

esting that the average threshold TMPs required for EP were

slightly higher in transfected cells, in addition to showing

greater variance. Virtually every cell resealed within seconds

of EP, regardless of transfection or stimulus polarity.

Ramp protocols in outer hair cells

Almost 100% of the OHCs displayed a period of MI before

a rapid step increase in conductance attributed to MB (Fig.

3), as described in the literature (33), regardless of portion

probed, polarity, or ramp speed. After the ramp stimulus, and

despite evidence for MB during the ramp, Cm increase to

whole-cell levels is not consistently observed at 1 kV/s (see

Table 3). This resistance to EP was clearly a rate-dependent

phenomenon as it occurred in almost 100% of the sample at

10 V/s (see Table 4). Significantly, the lateral PM was more

resistant to PB with depolarizing 10 V/s ramps ( p , .02, chi-

square analysis). Although we find interesting polarity-

dependent trends in both MI and MB, it is impossible to

distinguish whether conductance increases were due to seal

loss or EP without monitoring capacitance. Although it is

plausible that the plasma membrane was electroporated and

TABLE 1 Pulse protocols in OHCs: comparison of absolute

TMP at onset of EP

Location

Stimulus

polarity

Absolute TMP

at onset of EP

Basal Hyperpolarizing 388 6 21 (n ¼ 10)

Depolarizing 382 6 14 (n ¼ 10)

Lateral Hyperpolarizing 388 6 13 (n ¼ 10)

Depolarizing 446 6 20 (n ¼ 10)

OHCs demonstrated a statistically significant difference in susceptibility

to EP due to the effect of polarity at the lateral PM (p ,.05, t-test). The

incidence of EP was 100% in all categories. The charge density of the

guinea pig OHCs lateral wall is estimated to be ;150–200 fC/pF.

TABLE 2 Pulse protocols in gPres transfected and

nontransfected TSA cells: incidence of EP,

absolute TMP at onset of EP

DNA

Stimulus

polarity

EP

incidence

Absolute TMP

at onset of

EP (mV)

Charge

density

None Hyperpolarizing 90% (n ¼ 10) 464 6 20 N/A

Depolarizing 90% (n ¼ 10) 495 6 13 N/A

gPres Hyperpolarizing 100% (n ¼ 9) 549 6 50 13.1 6 3.1 fC/pF

Depolarizing 44% (n ¼ 9) 600 6 122 14.5 6 10.6 fC/pF

Transfected TSA cells demonstrate significantly reduced EP incidence

with depolarizing 50 ms pulse trains (p , .02, chi-square analysis). No

statistically significant differences are evident comparing absolute TMP at

onset of EP.
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quickly resealed, only the increase in capacitance indisput-

ably demonstrates EP.

Since the increase in capacitance may have been missed

due to our sampling resolution, we present our findings and

analysis of the MI and MB data. Location did not have a

significant effect on either MI or MB TMPs with the 1-kV/s

ramps (see Table 3). The effect of polarity on the onset of MI

is obvious at both ramp speeds, but more significant with

1 kV/s ramps ( p , .0001, two-way ANOVA); there is more re-

sistance to MI with depolarizing ramps. Interestingly, we find

the opposite effect with 10 V/s ramps, an increased resistance

to MI with hyperpolarizing ramps ( p , .05, two-way

ANOVA). We performed additional experiments using

100 mV/s ramps and found no polarity dependence in MI or

MB at either region of the OHC (data not shown). Although

there are no polarity-dependent differences with respect to

MB at the lateral wall with 1 kV/s ramps, we find resistance

to depolarizing ramps at the base. Regarding MB with 10 V/s

ramps, we find significant effects due to polarity and resis-

tance to depolarizing ramps ( p , .01, two-way ANOVA),

regardless of location.

Ramp protocols in prestin-transfected
and nontransfected TSA cells

Both transfected and untransfected cells undergo MI some-

what consistently (100% at 1 kV/s, 77–93% at 10 V/s).

TMPs at onset of MI and MB were independent of trans-

fection and polarity, although variance at 10 V/s in TSA cells

was very large (see Tables 5 and 6).

After the ramp stimulus, PB was never observed after the

1 kV/s ramps. Interestingly, the incidence of PB at 10 V/s in

the transfected TSA cell was virtually identical to that of the

OHC lateral membrane, showing increased resistance to PB

with depolarizing ramps ( p , .05, chi-square analysis; see

Table 6).

DISCUSSION

We have found that the OHC lateral membrane, as well as

the prestin-transfected TSA cell membrane, exhibit polarity-

dependent sensitivity to EP. Prestin’s influence is to signif-

icantly increase resistance to EP and PB with depolarizing

50 ms pulse trains and with depolarizing 10 V/s ramps. These

features appear to result from prestin’s residence and/or

activity within the PM. There are, however, clear differences

in responses between OHCs and TSA cells that likely do not

depend on prestin expression. First, in the TSA cell there

was, in general, a greater resistance to EP, most notably with

50 ms pulse trains and 1 kV/s ramps. Also, unlike the OHC,

MI in TSA cells was not affected by polarity when 1 kV/s

ramps were used (see Tables 3 and 5) and we find higher

TMPs at onset of MB with 10 V/s ramps (see Tables 4 and

6). Finally, in TSA cells, transient EP with fast resealing

occurs much more frequently with pulse stimuli. It is con-

ceivable that some of the divergence we find between

responses of OHCs and transfected TSA cells may relate to

peculiarities of each cell type. Probably most significant

is the structural complexity of the OHC. In OHCs, prestin is

uniformly concentrated within the lateral PM, which is

closely associated with a well developed submembranous

cortical cytoskeleton and subsurface cisternae. Additionally,

the OHC has a cytoplasmic turgor pressure of up to 1–2 kPa

(38), which contributes to cell shape and the tensile forces

the OHC PM experiences. The TSA cell lacks these features,

and prestin may be heterogeneously distributed throughout

the entire PM, possibly providing patch densities that vary

significantly. This disparity in prestin density is highlighted

FIGURE 3 Response to a depolarizing voltage ramp at 1 kV/s in an OHC.

Membrane instability is noted by the deviation from the preceding linear

trace. Membrane breakdown is indicated by the rapid step increase in

conductance.

TABLE 3 Ramp protocols at 1 kV/s in OHCs: absolute TMP

at onset of MI and MB and incidence of PB

Location Polarity MI (mV) MB (mV) PB

Basal Hyperpolarizing 299 6 4 (n ¼ 19) 559 6 9 16%

Depolarizing 538 6 12 (n ¼ 19) 606 6 11 37%

Lateral Hyperpolarizing 290 6 10 (n ¼ 18) 590 6 10 28%

Depolarizing 527 6 19 (n ¼ 13) 582 6 16 15%

PB did not occur consistently with this stimulus type. MI occurs at pro-

nouncedly higher TMPs with depolarizing 1 kV/s ramps, demonstrating the

significant effect of polarity (p , .0001, two-way ANOVA). MI and MB

values are given as mean 6 SE.

TABLE 4 Ramp protocols at 10 V/s in OHCs: absolute TMP

at onset of MI and MB and Incidence of PB

Location Polarity MI (mV) MB (mV) PB

Basal Hyperpolarizing 314 6 14 (n ¼ 12) 445 6 30 92%

Depolarizing 273 6 16 (n ¼ 13) 374 6 16 100%

Lateral Hyperpolarizing 317 6 12 (n ¼ 11) 454 6 31 91%

Depolarizing 284 6 10 (n ¼ 14) 383 6 15 57%

The incidence of PB is .90% at the basal area with 10 V/s ramps. Sig-

nificantly, the lateral PM was more resistant to PB with depolarizing ramps

(p , .02, chi-square analysis), although MI and MB are polarity-dependent

regardless of region ( p , .05 and p , .01, respectively, two-way ANOVA).

In contrast to 1 kV/s responses, with 10 V/s ramps there is more resistance

to MI with hyperpolarizing stimuli.
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by motor charge density estimates in OHCs (;150–200 fC/pF

(14,25)) and our TSA cells (13–30 fC/pF). Despite these cell-

specific contributing factors, our data clearly indicate that

the presence of prestin within a membrane will alter the

membrane’s susceptibility to electrical breakdown.

Mechanistic considerations

Based on the mechanistic model of Needham and Hochmuth

(28), derived from their investigation of lipid bilayers, mem-

brane breakdown will occur when the average energy density,

T, exceeds a critical value. T arises from mechanical and/or

electrical loads applied to the membrane,

T ¼ Tm 1 Te; (1)

where Tm is the mechanically induced tension and Te is the

electrically induced tension. The addition of mechanical ten-

sion to the PM will lower the voltage that is required for EP.

Though we did not subject the patches to extrinsic me-

chanical tension, mechanical forces must be taken into account

due to the voltage-dependent conformational changes of

prestin. As mentioned previously, we have evidence based

on modeling of capacitance measures that depolarization,

which drives the OHC into a compact state, produces tension

in the lateral membrane (27). Consequently, depolarization

might have been expected to be a more effective stimulus for

EP in the lateral PM, but we found the opposite. It is possible

that our data were influenced by the time dependence of

interactions between electrical and mechanical tension, since

we proposed that the tension generated by prestin dissipates

in a multiexponential fashion (27). Time-dependent inter-

actions of electrical and mechanical tension have been ob-

served previously. For example, though Akinlaja and Sachs

(29) found that their results with HEK 293 cells probed with

50 ms pulse trains were consistent with the simple Needham

and Hochmuth model (see above), mechanical tension had

no effect with longer 50 ms voltage pulses. There are prob-

ably other prestin-induced mechanical changes in the OHC

PM that may influence EP. For example, lipid lateral dif-

fusion in the OHC PM is a sigmoid function of voltage,

depolarization reducing membrane fluidity by half (39).

Voltage-dependent membrane folding could also explain the

biophysical effects on the diffusion constant as well as on

EP. In addition, a number of experiments suggest that the

PM is a major contributor to the OHC’s axial stiffness (40–

43) and that this stiffness is also voltage-dependent sec-

ondary to the activity of prestin (44). These investigators

have found that stiffness increases with hyperpolarized

potentials and decreases with depolarization. Thus, prestin’s

effects on membrane fluidity and stiffness, as well as on elec-

trically induced membrane bending, may significantly in-

fluence our results.

A role for prestin’s voltage-dependent
specific capacitance

We have previously noted polarity-dependent biophysical

properties that prestin imparts to the PM in OHCs while

studying capacitance changes at extreme voltages (25,45). In

the OHC, we found that the linear capacitance is actually

voltage-dependent and is greater in the hyperpolarized re-

gion. The capacitance increase, which averages 3.3 pF at

voltages ,–200 mV, is too great to be explained solely by

the area motor model, and we concluded that the membrane di-

electric and/or thickness is altered (see Fig. 4). The electrical

tension is described by Needham and Hochmuth (28) as

Te ¼ ½ee0ðV=hcÞ2
h; (2)

or, as simplified by Akinlaja and Sachs (31),

Te ¼ CsV
2
=2; (3)

where e0 is the permittivity of free space, e the dielectric

constant of the membrane, V the transmembrane potential, h
the membrane thickness, hc the capacitive thickness of the

membrane, and Cs the specific membrane capacitance.

TABLE 5 Ramp protocols at 1 kV/s in gPres transfected and

nontransfected TSA cells: absolute TMP at onset of MI and MB

DNA Polarity MI (mV) MB (mV) Charge density

None Hyperpolarizing 551 6 27

(n ¼ 9)

595 6 35 N/A

Depolarizing 526 6 27

(n ¼ 10)

601 6 26 N/A

gPres Hyperpolarizing 541 6 36

(n ¼ 10)

602 6 36 30.3 6 3.6 fC/pF

Depolarizing 524 6 20

(n ¼ 10)

617 6 23 20 6 2 fC/pF

PB never occurred at this ramp speed.

TABLE 6 Ramp protocols at 10 V/s in gPres transfected and nontransfected TSA cells: absolute TMP at

onset of MI and MB and incidence of PB

DNA Polarity MI (mV) MB (mV) PB Charge density

None Hyperpolarizing 321 6 44 mV (n ¼ 9) 514 6 136 mV 100%

Depolarizing 331 6 118 mV (n ¼ 9) 579 6 121 mV 88%

gPres Hyperpolarizing 338 6 45 mV (n ¼ 10) 592 6 50 mV 90% 19.6 6 4.2 fC/pF

Depolarizing 364 6 51 mV (n ¼ 15) 564 6 66 mV 53% 16.4 6 3.2 fC/pF

Onset of MI and MB were independent of transfection and polarity. Increased resistance to PB with hyperpolarizing ramps ( p , .05, chi-square analysis) in

transfected TSA cells was consistent with the OHC lateral membrane results.
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It is clear that the effectiveness of a given voltage will

depend directly on the specific capacitance of the membrane.

If we assume that the specific capacitance of 0.5 mF/cm2 (48)

characterizes the OHC PM at very positive voltage levels,

then we estimate that the 3.3 pF increase at hyperpolarized

extremes translates to an increased specific capacitance value

of 0.61. Given this, we calculate for 50-ms pulse thresholds

in the absence of prior stimulation:

Te depol ¼ 0:50 ð0:446Þ2
=2 ¼ 0:50 dynes=cm

Te hyperpol ¼ 0:61 ð0:388Þ2
=2 ¼ 0:46 dynes=cm:

To some extent, then, accounting for the voltage de-

pendence of the OHC’s specific membrane capacitance

reconciles differences in breakdown voltage thresholds,

since the membrane would require greater voltages in the

depolarizing direction to reach breakdown threshold. Our

values for pulse-induced breakdown are in line with those

obtained by Akinlaja and Sachs (29), who found a Te of 0.47

dynes/cm for hyperpolarizing pulses of 100 ms duration.

Time-dependent membrane breakdown
and recovery

We find that the time integral of stimulation affects the

membrane’s susceptibility to EP; this is shown by the

resistance to EP with 50 ms pulse trains compared to that

with 50 ms pulse trains in the OHC. If the possibility of seal

loss is eliminated, the short timescale of EP with 50 ms

square voltage pulses would seem to have potential for gene

transfer and drug delivery experiments in OHCs. Addition-

ally, there is an increased susceptibility to PB with 10 V/s

ramps, especially in TSA cells. After induced membrane in-

stabilities, fast resealing was a common phenomenon in both

cell types, although more frequent in TSA cells, probably

due to prestin’s reduced density, which likely results in faster

lateral diffusion kinetics within the bilayer. Although fast

resealing is commonly seen in pure lipid bilayers, such rapid

resealing has never been documented in other biological

membranes (35,47,48) despite the vast amount of work done

on HEK cell lines (34,49,50). Fast resealing may be impeded

by the presence of proteins that limit the bilayer’s lipid lateral

diffusion (51). In the lateral OHC membrane, besides the

high-density prestin known to be present, other protein spe-

cies are present; these include AE2 (52), aquaporins (53,54),

glut 5 (55,56), stretch-activated channels (57,58), and a

nonselective stretch-sensitive conductance with significant

chloride permeability (59). Although we can expect mem-

brane composition to play an important role in fast resealing,

we must also remain cognizant that within patches protein

residence may be dramatically altered. In addition, the OHC’s

highly organized cytoskeleton, with its intimate relationship to

the plasma membrane via the pillars, most likely plays a role

in resealing, as it does in other cell types (31,32,47).

We should make one final point on resealing after ap-

parent membrane breakdown during ramp stimuli in the

prestin-containing membrane. The membrane breakdown

(defined according to O’Neill and Tung (34)) during depo-

larizing ramp stimulation probably represents a lower energy

state before PB, since subsequent Cm measures frequently do

not show an increase to whole-cell levels. According to EP

theory (60–63), progression from reversible unstable electro-

pores to permanent stable electropores requires breaching

a higher energy threshold. MB as defined by O’Neill and

Tung (34) and the transient EP with fast resealing we en-

countered are likely a lower energy state with a predominance

of unstable reversible electropores. Apparently the presence

of prestin increases the energy requirement to achieve PB

with depolarizing stimuli and fosters patch recovery after

the electrical stimulus in the absence of a transmembrane

potential. The fact that the thresholds for those patches that

did undergo PB and those that did not were not significantly

different in OHCs or TSA cells supports this conclusion.

The differences between prestin’s effects during ramp stimu-

lation and during pulse stimulation, where breakdown thresh-

olds were clearly altered during depolarization, again points

to stimulus-type and rate influences on prestin’s interaction

with the lipid bilayer.
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IR Laser-Induced Perturbations of the Voltage-Dependent Solute Carrier
Protein SLC26a5
Oluwarotimi Okunade† and Joseph Santos-Sacchi†‡§*
†Department of Surgery (Otolaryngology), ‡Department of Neurobiology, and §Department of Cellular and Molecular Physiology,
Yale University School of Medicine, New Haven, Connecticut
ABSTRACT Alterations in membrane capacitance can arise from linear and nonlinear sources. For example, changes in mem-
brane surface area or dielectric properties can modify capacitance linearly, whereas sensor residues of voltage-dependent pro-
teins can modify capacitance nonlinearly. Here, we examined the effects of fast temperature jumps induced by an infrared (IR)
laser in control and prestin (SLC26a5)-transfected human embryonic kidney (HEK) cells under whole-cell voltage clamp. Pres-
tin’s voltage sensor imparts a characteristic bell-shaped, voltage-dependent nonlinear capacitance (NLC). Temperature jumps
in control HEK cells cause a monophasic increase in membrane capacitance (Cm) regardless of holding voltage due to double-
layer effects. Prestin-transfected HEK cells, however, additionally show a biphasic increase/decrease in Cm with a reversal po-
tential corresponding to the voltage at peak NLC of prestin (Vh), attributable to a rapid temperature-following shift in Vh, with shift
rates up to 14 V/s over the course of a 5 ms IR pulse. Treatment with salicylate, a known inhibitor of NLC, reestablishes control
cell behavior. A simple kinetic model recapitulates our biophysical observations. These results verify a voltage-dependent pro-
tein’s ability to respond to fast temperature perturbations on a par with double-layer susceptibility. This likely arises from prestin’s
unique ability to move sensor charge at kilohertz rates, which is required for the outer hair cells’ role as a cochlear amplifier.
INTRODUCTION
Outer hair cells (OHCs) are mechanically active compo-
nents of the inner ear that underlie cochlear amplification
(1). Cochlear amplification denotes a process whereby re-
sponses to low-level acoustic stimuli are enhanced, resulting
in an increase in auditory sensitivity and frequency-
resolving power. This is accomplished by OHCs feeding
back mechanical energy into the vibrating sensory organ
to boost stimulation to the inner hair cells, which are pre-
dominantly innervated by the auditory nerve. Prestin motor
units (SLC26a5), proteins of the SLC26 anion transporter
family (2), are localized to the OHC lateral membrane, drive
rapid mechanical changes in OHCs, and are associated with
nonlinear capacitance (NLC). NLC arises as the first deriv-
ative of a two-state Boltzmann function relating prestin
voltage-sensor charge as a function of transmembrane
voltage. It reflects the movement of charged residues within
these motor units and peaks at a voltage (Vh) to which the
OHCs’ mechanical response is maximally sensitive. NLC
is vulnerable to biophysical forces, including temperature
and membrane tension (3–8).

Here, we examine the effects of fast temperature jumps
induced by an infrared (IR) laser in control and prestin-
transfected human embryonic kidney (HEK) cells under
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whole-cell voltage clamp. We find effects on both linear
and prestin-derived NLC. Whereas fast temperature jumps
monotonically increase linear Cm in a voltage-independent
manner, the Boltzmann distribution of motors along the
voltage axis is rapidly and simultaneously altered in a
reversible manner. Our observations clearly show that
voltage-dependent proteins, given sufficiently fast kinetics
(as with prestin), can contribute to rapid alterations of mem-
brane capacitance.
MATERIALS AND METHODS

Cell culture and expression

We previously developed a tetracycline-inducible HEK293 cell line that

highly expresses prestin (9). Here, we cultured HEK293 cells in Dulbecco’s

modified Eagle’s high glucose base medium (DMEM) containing 50 U/ml

each of penicillin, streptomycin, and L-glutamine, supplemented with 10%

fetal bovine serum, 5 mg/ml of blasticidin, and 130 mg/ml of zeocin. The cells

were maintained at 37�C in a humidified incubator gassed with 5% CO2. The

addition of 1 microgram/ml tetracycline to the growth medium induced

prestin expression and trafficking to the cell membrane. Patch-clamp re-

cordings of the cells were made 24–72 hr after induction at room temperature.
IR laser

Photonic stimulation with a Capella R-1850 laser was used to deliver rapid

temperature jumps to cells in the recording chamber. The laser was coupled

to a 600-mm-diameter optical fiber that delivered an output wavelength of

1850 nm in pulses of variable duration. At a power setting of 100%, the

optical pulse energy was 5 mJ/ms. Laser stimulation was computer-

controlled via TTL and synchronized to voltage clamp commands using

an Axon Instruments 1320 series A/D and D/A board. The laser fiber was

mounted on a micromanipulator and the tip was placed within 0.5 mm of

the recorded cell, ensuring that the whole cell was irradiated.
http://dx.doi.org/10.1016/j.bpj.2013.09.008
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We assume that our observations arise from temperature changes within

the membrane fostered by temperature changes in bath solution water, in

accord with conclusions made in previous studies (10,11). We calibrated

the temperature change indirectly by monitoring changes in patch electrode

resistance (Rs, i.e., changes in IRs with fixed voltage stimulation) as in the

previous studies. Thus, in preliminary experiments, we correlated Rs versus

changes in whole bath temperature. In the physiological experiments, our

admittance analysis of currents allowed us to quantify Rs changes indepen-

dently of Cm and Rm changes (12). We found that a 33% change in Rs indi-

cated a temperature change of 17�C. In our experiment, peak Rs change

averaged 31.2 5 0.02% (n ¼ 5) at 40% laser power. Our previous observa-

tion that a 20 mV shift in NLC Vh occurs per 10�C change in bath temper-

ature corroborates these estimates (3,4).
Patch-clamp electrophysiology

Ionic blocking solutions were used to remove voltage-dependent ionic con-

ductances so that capacitive currents could be analyzed in isolation. Extra-

cellular bath solutions for whole-cell recording in HEK293 cells consisted

of (mM) 20 TEA, 20 CsCl, 2 CoCl2, 1 MgCl2, 10 Hepes, 1 CaCl2, 100 NaCl

adjusted to pH 7.22 with NaOH, and 301 mOsm using D-glucose. An extra-

cellular perfusion solution containing 132 NaCl, 2 CaCl2, 2 MgCl2, 10

Hepes, 10 Na salicylate (pH 7.20, 300 mOsm) was also used for experi-

ments to block NLC. Electrodes were filled with (mM) 140 CsCl,

2 MgCl2, 10 Hepes, 10 EGTA (pH 7.27, 302 mOsm). All chemicals used

were purchased from Sigma.

Borosilicate glass pipettes were pulled using a P-2000 laser-heating

pipette puller (Sutter Instruments) to initial resistances ranging between

3.5 and 5 MU. Pipette stray capacitance was compensated for before

recordings were obtained, and voltages were corrected for effects of series

resistance offline. A Nikon Eclipse TE300 inverted microscope with Hoff-

mann optics was used to observe the cells during electrical recording.

Round, isolated cells growing on a glass coverslip were patched 24–72 hr

after tetracycline induction.

Cells were clamped to a holding potential of 0 mV using an Axon 200B

patch-clamp amplifier. During the temperature jump protocol, cells were

held under voltage clamp at 0 mV and stepped in 30 mV increments

(from hyperpolarizing values of �150 mV to 150 mV) for 1024 ms during

which a brief IR laser pulse was delivered to the cells for each voltage step.

Solution exchange (e.g., with salicylate) was performed using gravity flow.

All recordings were made at room temperature. Local temperature mea-

surements of the cells were calculated by measuring changes in electrode

resistance and extrapolating from a resistance-temperature calibration

curve (11). A resistance-temperature calibration curve was obtained by

observing changes in pipette resistance in a hot bath solution (~55�C)

that was allowed to cool passively.

Cell capacitance was measured under a whole-cell configuration using

jClamp software (SciSoft, CT; www.SciSoftCo.com). Voltage records

sampled at 10 ms were filtered at 10 kHz with an eight-pole Bessel filter

and saved to disk for offline analysis. NLC was measured using a contin-

uous high-resolution (2.56 ms sampling), two-sine stimulus protocol

(10 mV peak at both 390.6 and 781.2 Hz) superimposed onto the voltage

command (12,13). Capacitance data were fit to the first derivative of a

two-state Boltzmann function (14):

Cm ¼ Qmax

ze

kT

b

ð1þ bÞ2
þ Clin; b ¼ exp

�
�zeðVm � VhÞ

kT

�

(1)

where Qmax is the maximum nonlinear charge moved; Vh is voltage at peak

capacitance or, equivalently, at half-maximum charge transfer; Vm is mem-

brane potential; z is valence; Clin is linear membrane capacitance; e is elec-

tron charge; k is Boltzmann’s constant; and T is absolute temperature. Our

justification for using steady-state fits of prestin’s charge movement at the
2.56 ms Cm measurement sampling rate is that the parameters are largely

stable (z, Qmax), except for Vh, across time samples. DCm is defined as

the difference between pre-IR and post-IR maximal capacitance. Results

are reported as the mean 5 standard error (SE).
Model

To understand the biophysical data, we used a kinetic model of SLC26a5

that we previously developed (15). The model was developed to account

for a chloride-dependent disparity between NLC and electromotility Vh,

requiring intermediate transitions much slower than either chloride- or

voltage-dependent transitions. A model cartoon is shown in Fig. 5 A of

Song and Santos-Sacchi (15).

Xo#
k1

k2
Xc#

a0

b0

X#
a

b
C (2)

State X0 is SLC26a5 in the absence of bound anion; state Xc is with bound

anion; state X is voltage-enabled after anion binding, with its residence

being favored by hyperpolarization (expanded state); and state C results

from depolarization (contracted state). The model has very fast anion (chlo-

ride) binding and unbinding transitions (Xo4Xc) and very fast voltage-

dependent conformational transitions (X4C). The transition to state C

carries a unit charge, q; Qmax, the total charge moved, will reflect the

maximal accumulation of motors in that state. Nestled between the

anion-binding and voltage-dependent transitions resides a nonvoltage-

dependent transition (Xc4X), which is very much slower than the other

two transitions.

We assessed the kinetic model using MATLAB (The MathWorks, Natick,

MA) Simulink via an automation link with jClamp (www.scisoftco.com).

The kinetic model was interfaced to jClamp via a model of the patch-clamp

amplifier and cell. The linear component of the patch-cell model possessed

an Rs of 5 MU, Rm of 500 MU, and Clin of 10 pF. The nonlinear component,

NLC, derived from charge movement of the SLC26a5 model, with the

following parameters: k1 ¼ 107 * [Cl]in, k2 ¼ 107 * kd, a0 ¼ 75 * exp(tm),

b0¼ 95, a¼ 106 * exp(zFVm/2RT), b¼ 583 * 109 * exp(�zFVm/2RTþ tm/

2 – Ea/RT), kd Cl ¼ 0.001,T ¼ 296 kelvin, Ea ¼ 45 kJ/mol, F ¼ 9.648 * 104

C/mol, R ¼ 8.315 J/Kmol, k ¼ 1.381 * 10�23 VC/K.

The rates a0 and b are tension sensitive because tension is known to in-

crease prestin residence in the expanded (X) state (5,6), tm in units kT (eRT/

F); the rate b is temperature sensitive, with Arrhenius activation energy, Ea.

a and b are voltage dependent, with sensor valence z ¼ 0.7. At T ¼ 296 K,

Vm ¼ 0 mV, Tm ¼ 0 kT, and [Cl]in ¼ 0.14 M, initial rates are k1 ¼ 1.4e6,

k2 ¼ 1e4, a0¼ 75, b0¼ 95, a ¼ 1e6, and b ¼ 1e5. Chloride concentrations

and Kd are in molar; rates are 1/t, with time (t) being 1 s. Voltage is in volts.
RESULTS

Capacitance

The rapid temperature change associated with an IR laser
pulse delivered directly to a cell via optical fiber alters mem-
brane capacitance. Control HEK cells and cells of our unin-
duced SLC26a5 HEK cell line increase their linear
membrane capacitance in a voltage-independent fashion.
Fig. 1 A shows Cm measures of a voltage-clamped, unin-
duced SLC26a5 HEK cell for a wide range of holding poten-
tials. The delivery of a 20 ms IR pulse (40% of maximal
laser power) induces a linearly ramped increase in Cm coin-
ciding with the duration of the pulse. To better visualize the
overlapped traces and indicate holding voltage, we offset the
Biophysical Journal 105(8) 1822–1828
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FIGURE 1 IR laser-induced temperature jump alters linear capacitance.

(A) Under whole-cell voltage clamp, an uninduced SLC26a5 HEK cell was

nominally stepped to the membrane potentials indicated. During the voltage

step, an IR laser pulse of 20 ms duration (nominally 40% Capella laser

power) was delivered via optical fiber. Regardless of the holding potential,

the laser pulse induced a fixed maximal increase in Cm, ~10% of resting Cm.

Averages are given in Results section. (B) Simultaneously measured series

resistance indicates a linear increase in temperature during the pulse and an

exponential cooling of bath media after the pulse. (C) An increase in dura-

tion of the pulse results in a greater Cm change. The holding potential

is 0 mV.
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NLC and linear capacitance. (A) Under whole-cell voltage clamp, an

induced SLC26a5 HEK cell was nominally stepped to the membrane poten-

tials indicated. During the voltage step, an IR laser pulse of 20 ms duration

(nominally 40% Capella laser power) was delivered via optical fiber. The

laser pulse induced a maximal change in Cm that depended on the holding

potential. The change could be either an increase or decrease. (B) Cm-Vm

plots of NLC as a function of time after pulse onset. Note the effect on

the voltage dependence of NLC, namely, a shift to the right. (C) Changes

in Vh and Clin follow temperature. Rapid shifts and increases in Clin occur

during laser heating and return back to initial levels during bath cooling.

Averages are given in the Results section. To see this figure in color, go

online.
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traces by an arbitrary constant, allowing clearer observation
of the voltage independence. The increase in Cm is 10.8% 5
2.5% (n¼ 5) of whole-cell capacitance for a 20 ms pulse. In
Fig. 1 A, at laser offset, a single exponential decrease in Cm

occurs with a time constant of 70 ms at 0 holding potential
(81.5 5 3.2 ms; n¼ 5). These linear and exponential phases
of Cm change correspond, respectively, to a linear increase
in temperature during the pulse and an exponential cooling
of the bath solution/cytoplasm after the pulse, both of which
are reflected in simultaneous changes in the series resistance
of the pipette electrode (Fig. 1 B). Our admittance analysis
allows us to quantify Rs changes, which are known to corre-
spond to temperature manipulations (11). Fig. 1 C shows
that increases in pulse durations induce increasing tempera-
ture changes that evoke larger Cm responses. Within our
exposure range, we do not see any threshold effect for cell
damage that is not associated with loss of cell recording.

In our SLC26a5 HEK cell line after tetracycline induc-
tion, cells possess a voltage-dependent NLC atop their linear
capacitance (16). This arises from the voltage sensor activity
underlying the protein’s role in OHC electromotility (3,4).
Biophysical Journal 105(8) 1822–1828
Fig. 2 illustrates the voltage-dependent nature of the induced
HEK cell’s Cm, and the influence of temperature jumps on
NLC and linear Cm. Again, we offset the overlapped traces
by an arbitrary constant, allowing clearer observation of the
effects of IR pulse on Cm; obvious differences are found in
comparison with uninduced HEK cells (see Fig. 1). Indeed,
a voltage-dependent effect is now observed. In Fig. 2 B, Cm-
Vm functions are plotted at various time points relative to the
start of the IR pulse. The laser pulse induced a shift of the
Cm-Vm relation in the depolarizing direction. After correc-
tion of voltages for Rs effects, Boltzmann fits to the data
(see Materials and Methods) allow a high-resolution
(2.56 ms) inspection of dynamic changes in NLC and linear
capacitance during and after the IR pulse (Fig. 2 C). In this
example, NLC Vh shifted 40 mV in 20 ms at a linear rate of
2.03 V/s (average is 2.32 5 0.21 V/s; n ¼ 6) during the
heating phase, and recovers (with temperature) exponen-
tially with a time constant of 73 ms (average is 65.4 5
10.8 ms; n ¼ 6) during the cooling phase. The shift in Vh

represents a redistribution of prestin motors into the
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expanded conformation during heating. We previously
observed this shift over the course of minutes using Peltier
control of the bath solution temperature, with the shift aver-
aging ~20 mV/10�C (3,4). In two additional cells, we were
able to determine the Vh shift with 5 ms pulses at 90% laser
power. The shift was 67 and 70 mV in 5 ms or 13.4 and
14 V/s, indicating that heating rates and corresponding Vh

shift rates increase with greater laser power. The increase
in rates with laser power indicates that we have yet to
observe the fastest response and are limited by the laser
power (for technical reasons, we avoid >90% power usage).
Linear capacitance also changes simultaneously, with a time
course similar to that of NLC Vh. In this case, there is a
linear change of 50 pF/s during heating and a recovery
due to cooling with a time constant of 69 ms (average is
78.9 5 7.7 ms; n ¼ 6). The changes due to cooling in linear
capacitance are similar to those observed in control HEK
cells. These rapid rates of change during heating and cool-
ing mirror the changes in temperature as gauged from Rs

inspection or predicted from previous observations on tem-
perature-dependent shifts of Vh during slow bath changes in
temperature (3,4), i.e., they correspond to a temperature-
induced change of 20 mV/10�C.

The difference in susceptibility of NLC and linear Cm to
temperature jump is readily illustrated by the behavior of
DCm, defined as the maximal difference between pre-IR
and post-IR capacitance. Examples from two cells are
shown in Fig. 3, A and B. Whereas IR pulse-induced linear
Cm changes occur at the same magnitude and direction (in-
crease) regardless of the holding potential (Fig. 1), NLC
changes vary depending on the holding potential, and
reverse in direction near voltages (average is �96.8 5
6.4 mV; n ¼ 5) around NLC Vh (average is �94.7 5
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6.2 mV; n ¼ 5), with an R2 value of 0.9943 (Fig. 3, A
and B). Thus, it is possible, depending on the magnitude
of NLC and its Vh (relative to holding potential), to induce
a decrease in Cm by IR laser pulse. Salicylate (10 mM)
not only reduces NLC, as expected (18,19), but also elimi-
nates the characteristic reversal of DCm normally afforded
by SLC26a5 expression, essentially returning the induced
HEK cell back to its preinduced condition (n ¼ 2). That
is, only an increase in Cm is observed, regardless of the hold-
ing potential (Fig. 3 A).

To understand the data, we evaluated the temperature-
dependent behavior of a recently developed kinetic model
of SLC26a5 (15). In this model (see Materials and
Methods), only the backward, voltage-dependent transition,
b, is temperature sensitive, indicating that only movements
into the hyperpolarized (expanded) state of SCL26a5 are
affected by temperature. In the simulation, we simply
modeled the temperature change as that revealed by our
experimental measures of Rs (in this case, with a 23�C
maximum change; Fig. 4 A). Similar to the biophysical
data, a rapid temperature change followed by cooling
induced characteristic changes in Cm, which derived from
NLC magnitude and induced Vh shifts (Fig. 4, B and C).
As we deduced from the biophysical data, NLC Vh shifts
directly mirror temperature changes. To match the average
biophysical data of 2.3V/s (~20 mV/10�C), an Arrhenius
activation energy of 45 k J/mol was required. The model
also recapitulates the reversal of DCm near Vh (Fig. 4 D).
Also note that DCm recovers with temperature back to
zero at voltages away from Vh, in contrast to the biophysical
data (Fig. 3), because the original model had no tempera-
ture-sensitive linear Cm (Fig. 4, solid circles). However,
when a linearly temperature-dependent Cm is introduced,
DCm appears more similar to the biophysical data (Fig. 4
D, open circles). The original implementation of the kinetic
model (15) had temperature dependence of both the back-
ward intermediate rate, b0, and the backward voltage-
dependent rate, b. Here, however, we obtained better
correspondence to the biophysical data by setting tempera-
ture dependence only in b.
Currents

We found two components of currents associated with fast
temperature jump (Fig. 5). The first component coincided
with the IR heating phase and its magnitude was related to
the rate of heating (or correspondingly to the rate of linear
Cm change; Fig. 5, A and B). This current appeared to
reverse at positive voltages, as found by Shapiro et al. (10)
(Fig. 5 C). We agree with their discussion on the matter,
especially their interpretation that this may arise from asym-
metrical fixed charges on the membrane leaflets. The
second, slower component, which reversed near 0 mV,
peaked at maximal temperature and then decayed during
the cooling phase (Fig. 5, C and D). We interpret this as
Biophysical Journal 105(8) 1822–1828
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an ionic current that is nonspecific with a reversal potential
near zero. Sometimes we found that the second, slower
component obscured the first component as described in
Shapiro et al. (10). Nevertheless, the rapid component is
clearly observable in the traces near zero potential (Fig. 5
C). The second, slow-decaying membrane current displays
nonlinear features (Fig. 5 D) reminiscent of GmetL, a
conductance found in OHCs with marked temperature
dependence (20,21). The current increase due to IR stimula-
tion is likewise nonlinear, and therefore is unlikely due to
linear decreases in Rs with temperature.
DISCUSSION

Control HEK cells and HEK cells expressing the voltage-
dependent protein SLC26a5 show very fast changes in
membrane capacitance when rapid temperature jumps are
Biophysical Journal 105(8) 1822–1828
delivered to the cells by IR laser. For control cells, rapid
alterations in linear Cm directly follow changes in tempera-
ture, as observed by Shapiro et al. (10). With the pulse en-
ergies we used, the rates of change were up to 50 pF/s and
magnitudes peaked near 10% of the cell’s resting membrane
capacitance. Effects were reversible upon heat dissipation
through the bathing solution. HEK cells expressing prestin
showed additional effects on the Boltzmann characteristics
of voltage sensor-related NLC. With 20 ms IR pulse dura-
tions, Vh was shifted in the positive direction at an average
rate of 2.3 V/s, corresponding to 20 mV/�C, and subse-
quently returned to prior conditions as the heat dissipated.
In two cells, delivery of near-maximum laser power pro-
duced Vh shift rates of 13–14 V/s. The rates of recovery of
linear Cm and Vh with cooling were indistinguishable,
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indicating that each is directly coupled to thermal energy. A
simple kinetic model of prestin (15) that possesses temper-
ature-sensitive, voltage-dependent transitions that move
prestin into the expanded state can mimic our biophysical
observations. Thus, we conclude that temperature-induced
alteration of transition rates between voltage-dependent
conformations of prestin can alter NLC as fast as thermal
influences on the membrane double layer (10).
Capacitance

It is well established that capacitance is temperature sensi-
tive; for example, Taylor (22) reported that squid axon
capacitance increased 1% per degree centigrade. Others
have reported that the kinetics of voltage-dependent chan-
nels is temperature sensitive, consequently influencing
gating currents (23,24) and necessarily altering their equiv-
alent voltage-dependent capacitance. It is therefore not sur-
prising that prestin NLC is temperature dependent, as we
previously showed with slow alterations in bath temperature
(3,4). Prestin’s NLC Vh shifts ~20 mV per 10�C. What may
appear surprising is that prestin can redistribute between
expanded and contracted states so rapidly upon IR stimula-
tion, showing Vh shift rates up to 14 V/s. Of course, by
nature, prestin is poised to transition between states at kilo-
hertz rates, and apparently is capable of rapidly responding
to a variety of energy forms, including mechanical, electri-
cal, and thermal forms (7,8,25,26). Nevertheless, our obser-
vations are not simply related to the ability of prestin to
rapidly transition between states; more importantly, they
reflect the efficacy of realigning the protein’s operating
voltage range by external influences, namely, adjusting the
gain of cochlear amplification.

Our modeling of temperature effects on prestin’s voltage-
dependent backward rate is similar to that employed to
understand TRP channel heat sensitivity (27). In this regard,
we recently found that prestin is sensitive to capsaicin (28),
an agent that mimics heat activation of TRP channels. How-
ever, in prestin, the mechanism of action must be different
from that of temperature since it causes negative shifts in
Vh, pointing toward action on forward rates. Thus, it will
be of interest to evaluate the simultaneous effects of capsa-
icin and temperature on prestin NLC. Of course, other pro-
posed mechanisms in TRP channels that may also contribute
to temperature sensing by prestin include allosteric mecha-
nisms (29) and changes in specific heat capacity (30).
Nevertheless, the simplest scheme is likely that of tempera-
ture-sensitive transition rates as modeled here, which show
excellent agreement with the biophysical data. This is not to
say that the sensitivities of the other transitions in the model,
i.e., those displaying tension and chloride sensitivity, cannot
influence the temperature-sensitive, voltage-dependent
transition, as it is well known that a voltage-independent
transition can affect the characteristics of a linked voltage-
dependent one (31–33).
Currents

In this study, we used blockers to reduce ionic conductances
so that we could effectively measure capacitance. We iden-
tified two components of residual current: one that is fast,
coinciding with the duration of laser heating, and one that
follows the temperature of the bath as it cooled. This obser-
vation is similar to that of Parker (24), who suggested that
the fast component represents gating currents of oocyte
ion channels. This was suggested because in the absence
of the slow component (i.e., at its reversal potential), tran-
sient capacitive-like currents were revealed. Although we
do expect that sensor charge movement (i.e., gating-like cur-
rents) should arise when prestin’s Vh suddenly shifts, we find
no evidence of transient-like currents near the reversal
potential of our slow component, around 0 mV. We should
note that when the cell is held at 0 mV, we are interrogating
a linear region of Cm, since NLC Vh is very negative. Our
laser-induced currents at 0 mV resemble those found by
Shapiro et al. (10), and we conclude that they represent cur-
rents generated by rapid changes in linear Cm. The second
component of current, which reverses near zero, has some
nonlinear features of a conductance, GmetL, found in
OHCs (20,21). Notably, increases in temperature augment
the nonlinear current and are not simply leakage currents.

In summary, we find that SLC26a5 (prestin) is remark-
ably responsive to fast temperature jumps, rapidly moving
its operating point along the voltage axis. This susceptibility
to thermal perturbations likely arises from the protein’s
natural ability to follow voltage changes at acoustic fre-
quencies, but it also has implications for manipulation of
cochlear amplifier gain control. Thus, we predict that we
may be able to drive auditory sensation by stimulating
OHCs with a high-frequency gated IR laser, and manipulate
cochlear amplification in vivo.
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SUMMARY

Mitochondrial dysfunction causes poorly under-
stood tissue-specific pathology stemming from
primary defects in respiration, coupled with altered
reactive oxygen species (ROS), metabolic signaling,
and apoptosis. The A1555G mtDNA mutation that
causes maternally inherited deafness disrupts mito-
chondrial ribosome function, in part, via increased
methylation of the mitochondrial 12S rRNA by the
methyltransferase mtTFB1. In patient-derived
A1555G cells, we show that 12S rRNA hypermethyla-
tion causes ROS-dependent activation of AMP
kinase and the proapoptotic nuclear transcription
factor E2F1. This retrograde mitochondrial-stress
relay is operative in vivo, as transgenic-mtTFB1
mice exhibit enhanced 12S rRNA methylation in
multiple tissues, increased E2F1 and apoptosis in
the stria vascularis and spiral ganglion neurons of
the inner ear, and progressive E2F1-dependent
hearing loss. This mouse mitochondrial disease
model provides a robust platform for deciphering
the complex tissue specificity of human mitochon-
drial-based disorders, as well as the precise patho-
genic mechanism of maternally inherited deafness
and its exacerbation by environmental factors.
INTRODUCTION

Mitochondria are multi-functional cellular organelles involved in

oxidative metabolism, ion homeostasis, signal transduction,

and apoptosis and hence contribute to human disease by

a variety ofmechanisms.Mitochondrial pathogenesis is complex

and involves maternally inherited diseases due to mutations in

mtDNA, as well asMendelian-inherited disease due tomutations

in nuclear genes required for mitochondrial function (DiMauro

and Schon, 2003). Furthermore, mitochondrial dysfunction is

implicated in more common disorders such as diabetes, heart
716 Cell 148, 716–726, February 17, 2012 ª2012 Elsevier Inc.
disease, cancer, neurodegeneration, and aging (Wallace, 2005;

Shadel, 2008), making efforts to better understand how mito-

chondria cause and exacerbate human disease pathology

imperative and of broad significance.

A major hurdle in understanding mitochondrial disease patho-

genesis is the current lack of understanding of the often-extreme

tissue specificity involved (DiMauro and Schon, 2003). Because

defective oxidative phosphorylation (OXPHOS) per se can be

pathogenic, this is often attributed to variable energetic thresh-

olds in different cell types. However, defective OXPHOS is also

frequently associated with increased mitochondrial reactive

oxygen species (ROS) that are a major cause of pathology

because they promote molecular damage, oxidative stress,

and cell death. Finally, mitochondria and ROS are involved in

signal transduction pathways (Hamanaka and Chandel, 2010)

that are likely an underappreciated downstream cause of

pathology due to mitochondrial dysfunction. For example,

a major signaling node that reacts to mitochondrial dysfunction

is the AMP-dependent protein kinase (AMPK) pathway, which

responds to cellular energy decline that can occur when

OXPHOS is disrupted (Hardie, 2007) and is regulated by ROS

(Emerling et al., 2009; Quintero et al., 2006).

A hallmark case of tissue-specific mitochondrial disease

pathology is maternally inherited deafness caused by the

A1555G mutation in human mtDNA (Prezant et al., 1993). This

relatively common mutation (Vandebona et al., 2009) causes

nonsyndromic and/or aminoglycoside-induced deafness and

occurs in the 12S rRNA gene, encoding the RNA component of

the small (28S) mitochondrial ribosome subunit. It is also in close

proximity to an evolutionarily conserved stem-loop that contains

two tandem adenine residues that are methylated by the site-

specific rRNA adenine N6-di-methyltransferase, h-mtTFB1/

TFB1M (McCulloch et al., 2002; Seidel-Rogol et al., 2003). This

methylation occurs during ribosome biogenesis in bacteria

(Pulicherla et al., 2009) and is essential in mice, the lack of which

disrupts mitochondrial 28S ribosome subunit assembly (Meto-

diev et al., 2009).

Hearing loss caused by the A1555G mutation is irreversible

(Prezant et al., 1993), implying death of critical, irreplaceable

cells in the inner ear by an unknown pathogenic cell-death

pathway. The A1555G mutation alters mitochondrial ribosome

mailto:gerald.shadel@yale.edu
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function and translation (Cotney et al., 2009; Guan et al., 1996,

2000; Hobbie et al., 2008), which in turn causes OXPHOS

defects that are thought to contribute to deafness pathology.

However, mitochondrial translation and OXPHOS defects

observed in patient-derived primary and cytoplasmic hybrid

(cybrid) cell lines are mild and highly dependent on the nuclear

genetic background (Guan et al., 1996, 2000), suggesting that

other aspects of mitochondrial dysfunction may also be opera-

tive. Finally, polymorphisms near the TFB1M gene encoding

h-mtTFB1 are nuclear modifiers of the A1555G deafness pheno-

type (Bykhovskaya et al., 2004), suggesting a connection

between 12S rRNA methylation and hearing loss (Shadel,

2004b).

We recently showed that patient-derived A1555G cybrids are

hypermethylated at the 12S rRNA stem-loop methylated by

h-mtTFB1 (Cotney et al., 2009). These A1555G cybrids exhibit

defective mitochondrial biogenesis and membrane potential

and heightened sensitivity to stress-induced apoptosis (Cotney

et al., 2009), apparently due to disrupted coordination of overall

mitochondrial biogenesis with the assembly of mitochondrial

ribosomes (Cotney et al., 2007). Remarkably, these phenotypes

are shared by HeLa cells with wild-typemtDNA that instead have

hypermethylated 12S rRNA due to overexpression of h-mtTFB1,

leading us to conclude that hypermethylation of mitochondrial

ribosomes per se is a key molecular defect driving the apoptotic

phenotype (Cotney et al., 2009).

In the current study, we tested the hypothesis that this hyper-

methylation of mitochondrial ribosomes instigates a unique form

of mitochondrial stress signaling involved in the deafness

pathology of the A1555G mutation. We show that increased

mitochondrial ROS generated in A1555G cybrids activate the

proapoptotic nuclear transcription factor E2F1 in an AMPK-

dependent manner, and that overexpression of mtTFB1 in

mice (to model pathogenesis due to increased mitochondrial

12S rRNA methylation) is sufficient to cause progressive hearing

loss associated with tissue-specific upregulation of E2F1 and

apoptosis of critical cells of the inner ear.

RESULTS

A Mitochondrial Stress-Response Pathway Activates
Nuclear Transcription Factor E2F1
We hypothesized that mitochondrial defects due to 12S rRNA

hypermethylation elicit a mitochondrial retrograde stress signal

(Butow and Avadhani, 2004) that explains the apoptotic suscep-

tibility we documented previously in A1555G and h-mtTFB1

methyltransferase overexpression cell lines (Cotney et al.,

2009). Therefore, we performed microarray analysis on these

cell lines, which exhibit 12S hypermethylation for different

reasons (i.e., due to the A1555G point mutation or overexpres-

sion of the h-mtTFB1), reasoning that this would define a

common transcriptional signature, which, in turn, would allow

elements of this mitochondrial stress-response pathway to be

deciphered.

Expression microarrays were performed on A1555G cybrids,

using analogous 143B cybrids containing the corresponding

wild-type mtDNA (‘‘A’’ at position 1555) as the negative control,

and on HeLa cells overexpressing h-mtTFB1 compared to
those expressing a methyltransferase-deficient G65A mutant

of h-mtTFB1 as a negative control (Figure 1A). We identified

genes that were significantly upregulated or downregulated in

the hypermethylation cell lines (Table S1 available online), which

we reasoned would include genes that were responding specif-

ically to 12S hypermethylation. We then analyzed the promoters

of this set of hypermethylation-responsive genes (Figure 1B) for

transcription factor binding sites and found that E2F1 sites were

the most frequently overrepresented in genes upregulated in

12S hypermethylation (Table 1). We next crossed our microar-

ray dataset with a published dataset identifying E2F1-respon-

sive genes and found significant overlap (Table S2), again

supporting E2F1 induction in our experimental system. We

also prepared a list of E2F1 targets by selecting human genes

whose promoter is predicted to contain cis-elements for

E2F1, and found that there is a significant enrichment of E2F1

targets in the transcripts induced by 12S rRNA hypermethyla-

tion (Table S2), again suggesting an increase in E2F1 transcrip-

tional activity.

E2F1 Mediates Proapoptotic Signaling in Cells
Containing the Human Deafness-Associated A1555G
Mutation
E2F1 is one of a family of eight E2F transcription factors that are

involved in cell cycle regulation through their cyclin-dependent

interactions with pocket proteins, including the tumor

suppressor Rb (DeGregori and Johnson, 2006). Of particular

significance, E2F1 is involved in proapoptotic signaling (Field

et al., 1996; Hou et al., 2000; Polager and Ginsberg, 2009).

This connection to cell death, in conjunction with our microarray

results, made E2F1 a likely candidate for a stress-responsive

protein that is responding to mitochondrial dysfunction caused

by the A1555G mutation and perhaps also the causative factor

in the observed apoptosis susceptibility in the 12S hyperme-

thylation cell lines (Cotney et al., 2009). Entirely consistent with

this concept, we confirmed E2F1 transcriptional induction in

cells with 12S rRNA hypermethylation by q-PCR (Figure S1A),

and found that the steady-state level of E2F1 protein was

increased in A1555G cybrids and in HeLa cells that overexpress

h-mtTFB1 compared to appropriate control lines (Figure 2A; Fig-

ure S1B). In addition, we observed a decrease in the steady-

state amount of Rb (Figure 2A; Figure S1B) and/or its increased

phosphorylation (Figure 2A; Figure S1B), either of which is

consistent with increased E2F1 activity in the 12S hypermethy-

lated cell lines.

Given the association of active E2F1 with apoptosis, we next

tested whether the upregulation of E2F1 per se in A1555G

cybrids is involved in their heightened sensitivity to apoptotic

cell death. In strong support of this concept, we found that

suppressing the hypermethylation of the 12S rRNA via knock-

down of h-mtTFB1 abolished E2F1 induction (Figure 2B; Fig-

ure S1C) and reduced the susceptibility of A1555G cybrids to

apoptosis (Figure 2C). Furthermore, reduction of E2F1 to near

wild-type levels by shRNA in the A1555G cybrids abrogated

the increase in apoptosis susceptibility, as measured by cas-

pase 3/7 activity (Figure 2D) and accumulation of the cleaved

form of PARP (Figure 2E; Figure S1D). Altogether, these results

indicate that the Rb-E2F1 apoptotic pathway responds to
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Figure 1. Integrative Genomic Analysis Reveals Upregulation of Nuclear Transcription Factor E2F1 in Response to Mitochondrial Stress

Induced by Mitochondrial Ribosome Hypermethylation
(A) Table showing the four cell lines on which we performed microarray analysis to develop a signature of the gene expression response to mitochondrial 12S

hypermethylation: two control lines with ‘‘basal’’ mitochondrial 12S hypermethylation (blue) and two experimental cell lines with 12S hypermethylation (orange),

with the number of biological replicates indicated. To the right of the table is the representative heat map of all replicates of the cell lines analyzed, with transcripts

that are induced or repressed depending on 12S hypermethylation status delineated. ‘‘wt’’ indicates wild-type with regard to either mtDNA or h-mtTFB1.

Transcripts whose expression was significantly different (t test p value < 0.05) between the two groups (‘‘basal’’ versus ‘‘hyper’’-methylated) represented a 12S

hypermethylation signature list that was analyzed further (total of 4,333 transcripts, 2,492 induced, and 1,841 repressed).

(B) The promoter regions (�500 to +100 bp of the predicted transcription start site, TSS) of the genes that were differentially expressed were analyzed for known

transcription factor binding sites. The Venn diagram indicates the top transcription factors identified in the repressed (blue) and induced (orange) genes. Since

E2F1 was the most overrepresented binding site in the genes induced by 12S rRNA hypermethylation, it became a focus of this study.
mitochondrial stress induced by hypermethylation of 12S rRNA

in mitochondrial ribosomes.
ROS-Dependent AMPK Activation Underlies E2F1
Induction in A1555G Cells
To determine the proximal signal leading to E2F1 activation we

examined respiratory function in A1555G and corresponding

wild-type cybrids and found that the former have decreased

basal and maximal mitochondrial O2 consumption rates (Fig-

ure 3A). Furthermore, the respiratory chain in the A1555G cells
Table 1. Transcription Factors Whose cis-Elements Are

Detected in the Promoters of Transcripts Upregulated in

Response to 12S rRNA Hypermethylation, but Not in the

Promoters of the Downregulated Transcripts

Transcription

Factor

Upregulated

Target Genes

Downregulated

Target Genes p Value

E2F1 50 0 0.00010

CEBPA 43 0 0.00012

RUNX1T1 15 0 0.0010

IRF3 13 0 0.0018

E2F2 9 0 0.0128

The p value was calculated using Fisher’s exact test.
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is reduced (Figure 3B), a condition conducive to increased

ROS production (e.g., superoxide) (Jones et al., 2005).

Accordingly, we found that A1555G cells have increased

mitochondrial superoxide, as measured by MitoSox (Figure 3C).

To determine if this increased superoxide was underlying

proapoptotic signaling to E2F1 in A1555G cybrids, we overex-

pressed mitochondrial superoxide dismutase 2 (SOD2) and

found that this eliminated E2F1 induction, increased the total

amount of Rb, decreased Rb hyperphosphorylation and elimi-

nated the apoptosis susceptibility in A1555G cells (Figures 3D

and 3E).

We next sought to determine howmitochondrial superoxide is

sensed and promotes E2F1 activation. AMPK is an established

sensor of mitochondrial dysfunction. Furthermore, its activity is

activated by superoxide (Quintero et al., 2006) and regulates

E2F1 by phosphorylating Rb (Dasgupta and Milbrandt, 2009)

making it a potential candidate in the stress pathway we have

elucidated. Accordingly, we found that A1555G cybrids have

increased active AMPKa (phospho-AMPKa) compared to wild-

type controls, and that AMPKa activity was restored close to

normal upon overexpression of SOD2 (Figure 3D). To determine

if the increased AMPK activity was linked to E2F1 induction in

A1555G cells, we treated A1555G cells with AMPK inhibitor

compound C, which was confirmed by reduced phosphorylation

of AMPK target acetyl-CoA carboxylase (ACC) (Figure 3F). Phar-

macological inactivation of AMPK in A1555G cybrids reduced



Figure 2. Hypermethylation of Mitochondrial 12S rRNA Leads to Activation of E2F1- and E2F1-Dependent Apoptosis

(A) Western blot analysis of whole-cell extracts for E2F1, Rb and phosphorylated-Rb, (Rb[T826]-P) in HeLa cells that overexpress h-mtTFB1 (mtTFB1-OE)

compared to cell containing an empty-vector negative control (pcDNA), and in human 143B cybrids containing wild-type (wt) or A1555G mtDNA. Tubulin was

probed as a loading control. Quantification is shown in Figure S1B.

(B) Effect of mtTFB1 knockdown (to reduce 12S hypermethylation) on E2F1 levels in A1555G cybrids by Western blot using tubulin as a loading control. Two

independent knockdown constructs were used (+), and a scrambled shRNA was used as a negative control (�). 143B cybrids with wild-type (wt) mtDNA treated

with the negative control shRNA are shown in lane 1. Quantification is shown in Figure S1C.

(C) Quantitation of apoptosis (caspase 3/7 activity) in 143B cybrids containing wild-type (wt) or A1555G mtDNA without (�) or with (+) mtTFB1 knocked down by

shRNA. Basal and induced apoptosis refer to the presence and absence of staurosporine. The values plotted represent mean ± standard deviation (n = 12), with t

test p values indicated.

(D) Quantitation of apoptosis (caspase 3/7 activity) in 143B cybrids containing wild-type (wt) or A1555G mtDNA without (�) or with (+) E2F1 knocked down by

shRNA. Basal and induced apoptosis refer to the presence and absence of staurosporine. The values plotted represent mean ± standard deviation (n = 12), with t

test p values indicated.

(E) Western blot analysis of full-length and cleaved PARP and of E2F1 in wild-type (wt) and A1555G treated with scrambled (�) or E2F1 (+) shRNA without (�) or
with (+) induction of apoptosis by staurosporine. E2F1, full-length (PARP) and caspase-3-cleaved forms of PARP are shown, with tubulin probed as a loading

control. Quantification is shown in Figure S1D.
Rb phosphorylation and E2F1 levels (Figure 3F), and lowered

apoptosis susceptibility of the A1555G cells (Figure 3G). Taken

together, these results strongly implicate AMPK as a ROS-sensi-
tive component of the mitochondrial stress-response pathway

that leads to proapoptotic E2F1 signaling in cells containing

the deafness-causing A1555G mutation.
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Figure 3. A Proapoptotic Mitochondrial Stress-Signaling Pathway that Involves Mitochondrial ROS-Dependent Activation of E2F1 by

AMPK

(A) Basal and maximal (+ FCCP uncoupler) mitochondrial O2 consumption rates in 143B cybrids containing wild-type (wt) or A1555G mtDNA are shown. The

mean ± standard deviation (n = 24) is plotted, with t test p values indicated.

(B) Degree of respiratory chain reduction in the same cells as in (A). This is the ratio of basal to maximal respiration, the latter of which was considered

100% reduction (i.e., the chain handling the maximal amount of electrons). The mean ± standard deviation (n = 12) is plotted, with t test p values

indicated.

(C) Mitochondrial ROS in 143B cybrids containing wild-type (wt) or A1555G mtDNA as measured by FACS analysis of MitoSox staining. The mean fluorescence

intensity ± standard deviation is plotted (n = 3), with t test p values indicated.

(D) Western blot analysis of A1555G cybrids that overexpress SOD2. Immunoblotting of E2F1, Rb, phospho-Rb T826 and S807/811, AMPKa, and phospho-

AMPKa T172 are shown in A1555G cybrids transfected with the SOD2 overexpression vector (lanes 5 and 6), and in control cybrids with wild-type mtDNA

(‘‘wt,’’ lanes 1 and 2) and A1555G mtDNA (lanes 3 and 4) transfected with empty vector. Lanes 1 and 2, 3 and 4, and 5 and 6 represent independent biological

replicates. Tubulin was probed as a loading control.
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Figure 4. Transgenic Mice that Overexpress the mtTFB1 rRNA Methyltransferase Exhibit 12S Hypermethylation and Progressive Hearing

Loss

(A) Western blot of mtTFB1 in wild-type (wt) and transgenic mtTFB1 (Tg-mtTFB1) mouse tissues using GAPDH as loading control.

(B) Quantification of the degree of 12S rRNA methylation in Tg-mtTFB1 mouse heart and brain tissues using a methylation-sensitive mitochondrial 12S rRNA

primer-extension assay (Cotney et al., 2009). The values plotted represent mean of methylated/unmethylated ± standard deviation (n = 3), with t test p values

indicated.

(C) Hearing thresholds determined by ABR analysis of Tg-mtTFB1 (red points) and control wild-type (wt), nontransgenic littermate control mice (black points) are

shown in the audiogram (frequency versus threshold curve). The threshold (in sound pressure level, dB SPL) was tested with 5 dB resolution and frequencies in

half octave steps from 32 to 2 kHz. The values plotted representmean ±SEM, with t test p values indicated (*p < 0.05; **p < 0.01; ***p < 0.001). Mice were tested at

ages 3–6 months (9 wt mice and 12 Tg-mtTFB1 mice were used).

(D) Same as in (C) except mice were tested at ages 9–12 months (5 wild-type mice and 6 Tg-mtTFB1 mice were used).
Transgenic Mice that Overexpress the Mitochondrial
rRNA Methyltransferase mtTFB1 Exhibit Increased
Mitochondrial 12S rRNA Methylation in Multiple Tissues
and Progressive Hearing Loss
The cell culture studies above strongly implicate an E2F1-depen-

dent, proapoptotic mitochondrial stress signaling pathway

downstream of mitochondrial 12S hypermethylation as a poten-

tial pathogenic component of deafness caused by the A1555G

mtDNA mutation. To test this hypothesis directly, we generated
(E) Quantitation of apoptosis (caspase 3/7 activity) in 143B cybrids containing wi

SOD2 overexpression (gray bars). Basal and induced apoptosis refer to the pr

standard deviation (n = 12), with t test p values indicated.

(F) Effect of pharmacological AMPK inhibition on the levels of acetyl-CoA carb

A1555G cybrids (lanes 5 and 6), determined bywestern blot of whole-cell extracts

(A1555G cybrids) are the vehicle controls (�). Lanes 1 and 2, 3 and 4, and 5 and

(G) Quantitation of apoptosis (caspase 3/7 activity) in 143B cybrids containing wi

AMPK inhibition (gray bars). Basal and induced apoptosis refer to the presence

deviation (n = 12), with t test p values indicated.
transgenic mice that globally overexpress the mouse mtTFB1

rRNAmethyltransferase (Tg-mtTFB1) responsible for the specific

mitochondrial 12S methylation event implicated (Seidel-Rogol

et al., 2003). These animals are viable and fertile, and have

increased mtTFB1 protein in multiple tissues (Figure 4A) that

corresponds with increased 12S rRNA methylation (Figure 4B).

When we measured hearing function in Tg-mtTFB1 mice by the

auditory brainstem response (ABR) and compared them to

age-matched, nontransgenic littermate controls, we found that
ld-type (wt) mtDNA (white bars) or A1555G mtDNA without (black bars) or with

esence and absence of staurosporine. The values plotted represent mean ±

oxylase (ACC), phospho-ACC S79 (ACC-P), phospho-Rb T826, and E2F1 in

using tubulin as a loading control. Lanes 1 and 2 (wild-type cybrids) and 3 and 4

6 represent independent biological replicates.

ld-type (wt) mtDNA (white bars), or A1555G mtDNA without (black bars) or with

and absence of staurosporine. The values plotted represent mean ± standard
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at 3–6 months of age Tg-mtTFB1 mice have higher ABR thresh-

olds across the entire range of frequencies, indicating significant

hearing loss (Figure 4C). Similar hearing-threshold defects are

observed in patients with the A1555G mutation (Noguchi et al.,

2004). This hearing loss in the Tg-mtTFB1 animals progresses

dramatically with age, with a much greater difference in ABR

thresholds in animals aged to 9–12 months (Figure 4D). It is

important to note that, even though the C57BL/6 genetic back-

ground used here exhibits premature age-related hearing loss

(Someya et al., 2009), significant decreases in ABR in these

mice are not observed until 12–15 months of age, which is

beyond the time frame we analyzed in this study.

E2F1 Induction and Apoptosis in Critical Inner Ear Cells
of Tg-mtTFB1 Mice
The cochlea of the Tg-mtTFB1 mice display a largely normal

structure, with no obvious loss of the hair cells in the organ of

Corti (Figure 5A, upper panel) or obvious disruption of the spiral

ganglion (Figure 5B, upper panel). Not observing significant hair

cell dysfunction or apoptosis even in 1-year-old animals with

severe hearing loss, we turned our attention to other critical inner

ear cell types. We found that E2F1 protein was increased in the

stria vascularis (Figure 5A, middle panel) and in the spiral

ganglion neurons (Figure 5B, middle panel) of Tg-mtTFB1

mice, but not in the organ of Corti. This tissue-specific upregula-

tion of E2F1 correlated with in increased caspase 3/7 staining in

the stria vascularis (Figure 5A, bottom panel) and spiral ganglion

neurons (Figure 5B, bottom panel), consistent with E2F1 enact-

ing a proapoptotic signal in critical cells involved in inner ear

homeostasis and hearing. To confirm the caspase-3 activation

in the spiral ganglion of Tg-mtTFB1 mice, we measured the

number of spiral ganglion neurons and the number of caspase-

3-positive neurons, and found that Tg-mtTFB1 mice have

�30% fewer spiral ganglion neurons and a 3-fold increase in

the number of caspase-3-positive cells (Figure 5C). Conse-

quently, the percentage of caspase-3-positive cells is 4-fold

higher in Tg-mtTFB1 spiral ganglion (Figure 5D).

In support of the cell-type specificity of the mitochondrial-

stress pathway to E2F1 in vivo, we found that E2F1 is not

induced in other tissues of Tg-mtTFB1 mice (Figure S2A). Inter-

estingly, activation of AMPK, measured by phosphorylation of

both AMPKa and ACC, is detectable in some tissues (skeletal

muscle and heart) but not in the liver (Figure S2A). To further

confirm the tissue specificity of E2F1 activation, we measured

the transcript levels of E2F1, and found an increase in the stria

vascularis, but not in the organ of Corti or in the brain (Fig-

ure S2B). Furthermore, there is increased phospho-AMPK in

the stria vascularis of Tg-mtTFB1 mice (Figure S2C). Finally,

analysis of available microarray datasets from the mtDNA-muta-

tor mouse (Trifunovic et al., 2004), which exhibits age-related

pathology including deafness (Someya et al., 2008), revealed

that E2F1 transcripts and its targets are upregulated in the

cochlea, but not in skeletal muscle (Figure S2D; Table S3), further

supporting the role of E2F1 in cell death in the inner ear.

E2F1 Mediates Hearing Loss in Tg-mtTFB1 Mice
In order to determine if E2F1 induction per se has a causal role in

the observed hearing loss in this new mouse model of deafness,
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we crossed the Tg-mtTFB1 mice with E2F1 knockout mice, to

generate mice heterozygous for E2F1 that either overexpress

Tg-mtTFB1 (E2F1+/�,Tg-mtTFB1) or not (E2F1+/�). Evaluation

of hearing function in these animals by ABR revealed that over-

expression of mtTFB1 no longer promoted significant hearing

loss in the E2F1+/� genetic background (Figure 5E), which has

reduced expression of E2F1. These results confirm a causal

role for activation of E2F1 above a certain threshold level in the

hearing loss observed in Tg-mtTFB1 mice.

DISCUSSION

In this study, we endeavored to gain new insight into the

complexity and tissue specificity of mitochondrial-based

diseases by studying the common human mtDNA mutation

A1555G that has one primary outcome, deafness, and modeling

its pathogenic mechanism in mice. Based on our results, we

conclude that a major pathogenic driving force is cell death

due to activation of the proapoptotic nuclear transcription factor

E2F1 by a cell-type-specific mitochondrial stress pathway.

Below we will discuss the results that led us to this conclusion

and the potential broader implications of this study with regard

to the documented environmental exacerbation of this form of

deafness (Warchol, 2010), age-related hearing loss (presbycu-

sis), and other diseases where mitochondria are implicated in

pathogenesis.

We propose that mitochondrial stress due the hypermethyla-

tion of the mtDNA-encoded 12S rRNA is a critical component

of the inner ear pathology associated with deafness caused by

the human mtDNA A1555G mutation. This is perhaps best

demonstrated by our results in the Tg-mtTFB1 transgenic

mice, which exhibit 12S rRNA hypermethylation in multiple

tissues and activation of the proapoptotic transcription factor

E2F1 that causes progressive hearing loss similar to that

observed in human A1555G patients. Deafness is the primary

effect of the A1555G mutation even though most patients are

homoplasmic (i.e., have 100% mutant mtDNA) in all cells

and tissues (Fischel-Ghodsian, 1999; Prezant et al., 1993).

This implies a cell-type specific response to mitochondrial

dysfunction is at play. Our results showing that upregulation of

E2F1 and increased cell death occur in the stria vascularis and

in the spiral ganglion neurons, but not in the organ of Corti, are

consistent with activation of E2F1 bymitochondrial stress occur-

ring only in certain critical cells in the inner ear and their subse-

quent apoptosis via this pathway.

E2F1-dependent cell death in the stria vascularis and spiral

ganglion neurons is consistent with the pattern of hearing loss

across all frequencies that we observe in the Tg-mtTFB1 mice.

With regard to the irreversible nature of the deafness, neurode-

generation in spiral ganglion itself could itself be responsible,

as has been proposed for age-related hearing loss (Someya

et al., 2009). Alternatively, or in addition, dysfunction of the stria

vascularis and spiral ganglion neurons could ultimately result in

a higher susceptibility of irreplaceable inner hair cells to undergo

cell death (Fetoni et al., 2011). Furthermore, since activation of

the cell cycle in post-mitotic neuronal cells is an established

trigger for apoptosis (Chen et al., 2003; Hou et al., 2000; Shadel,

2004a) the mitochondrial stress pathway to E2F1 identified



Figure 5. Deafness Pathology in Tg-mtTFB1 Mice Involves Upregulation of E2F1 and Apoptosis in the Stria Vascularis and Spiral Ganglion

Neurons of the Inner Ear

(A) H&E staining of the organ of Corti and stria vascularis (top panels) from representative 1-year -old wild-type (wt, left column) and Tg-mtTFB1 mice (right

column). The middle panels show immunohistochemistry staining for E2F1 and the lower panels show immunohistochemistry for cleaved caspase-3 in similar

representative sections. White arrows indicate areas where significant changes in signal are observed. Stria vascularis (s.v.), outer hair cells (OHC), scale bar,

100 mm. See also Figure S2.

(B) Same as in (A) but sections that highlight staining in the spiral ganglion neurons are shown. Spiral ganglion (s.g.), scale bar, 100 mm.

(C) Quantification of cellular density in the spiral ganglion (the left side of the plot) and of caspase-3-positive spiral ganglion neurons (right side). The sections were

obtained from three wild-type and three Tg-mtTFB1 mice at 1 year of age, and six independent sections were counted for each animal. The values plotted

represent mean ± standard deviation, with t test p values indicated.

(D) Same as in (C), but expressing the percentage of caspase-3-positive cells in the spiral ganglion. The values plotted represent mean ± standard deviation, with t

test p values indicated.

(E) ABR analysis of E2F1+/� mice (black points) and E2F1+/�/Tg-mtTFB1 mice (red points) performed as described in Figure 4C. Mice were tested at ages

3–6months (eight E2F1+/�mice and ten E2F1+/�/Tg-mtTFB1micewere used). The values plotted represent mean ±SEM,with t test p values indicated (*p < 0.05).
herein may also may make some cells of the inner ear inherently

more susceptible to cell death due to being forced into the cell

cycle, as opposed to activation the E2F1 apoptosis pathway

per se. Based on these considerations, we propose that

A1555G patients would likewise be more prone to eventual

loss of critical inner ear cells via this mitochondrial stress

pathway to E2F1, explaining their irreversible hearing loss either

spontaneously, as a function of age, or in response to environ-
mental stimuli such as noise or aminoglycosides. Even though

our results strongly implicate 12S hypermethylation per se in

the deafness phenotype in mice, it is likely that defects in mito-

chondrial translation caused by the A1555G mutation, such as

infidelity (Hobbie et al., 2008), conspire with hypermethylation

to produce the precise deafness pathology in humans and/or

mediate its exacerbation by aminoglycoside antibiotics. There-

fore, it remains important to determine precisely which
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mechanisms and cell types within the inner ear instigate deaf-

ness pathology in this new mouse model and in human

A1555G patients. A full understanding of these events may be

therapeutic in this regard and could help advance efforts to

regenerate hearing function.

Our results in A1555G cybrids also provide key insight into the

nature of the pathogenic mitochondrial stress-signaling

pathway. Specifically, hypermethylation of mitochondrial ribo-

somes, which are needed for translational and assembly of the

respiratory chain (Bonawitz et al., 2006), disrupts mitochondrial

respiration in amanner that increases ROS production (Figure 3).

We propose that increased mitochondrial superoxide is sensed

by AMPK (Emerling et al., 2009; Quintero et al., 2006), activation

of which relays the stress signal to E2F1. Since E2F1 activity is

associated with proapoptotic signaling and is necessary for the

enhanced cell death on A1555G cybrids (Figure 2D) and hearing

loss in Tg-mtTFB1 mice (Figure 5E), we speculate ROS- and

AMPK-dependent activation of E2F1 is the major mitochondrial

stress-signaling pathway involved under these circumstances.

Going forward, it will be important to determine precisely how

E2F1 is regulated by ROS and AMPK.

Themarked tissue specificity of E2F1 induction and, to a lesser

degree, of AMPK activation (Figure S2A), provides insight into

the complex mechanisms underlying tissue specificity of mito-

chondrial diseases. The requirement for multiple sequential

steps to fully activate the mitochondrial ROS-AMPK-E2F1

apoptotic pathway provides a variety of opportunities for

different tissues to suppress a pathogenic mechanism. For

example, tissues with lower OXPHOS activity or better redox

buffering could prevent initial activation of the pathogenic mech-

anism. Alternatively, in other tissues, AMPK may not respond to

ROS, E2F1 may not be activated by AMPK, or E2F1 may not be

a potent trigger of apoptosis, any of which would presumably

prevent a pathogenic outcome. These observations may be

generalizable, in that other pathogenic mitochondrial retrograde

signaling pathways likely exist with their differential activation or

readout in tissues contributing to the complex tissue specificity

observed in mitochondrial diseases.

Finally, the induction of E2F1 in response to a mitochondrial

malfunction may represent a paradigm in mitochondrial patho-

genesis where the cause of the disease is not the immediate

OXPHOS dysfunction, but instead themisinterpretation of result-

ing retrogradesignals generatedbymitochondria. Thepivotal role

of AMPKas a sensor of energy charge and nowas a ROS-depen-

dent regulator of E2F1 activity highlights the complexity of mito-

chondrial stress responses and the need for additional research

to uncover other such pathways. Finally, it is tempting to specu-

late that aberrant mitochondrial stress signaling may also be of

general significance in diseases and circumstances where mito-

chondrial dysfunctionandapoptosisare implicated, suchasheart

disease, cancer, neurodegenerative diseases and aging.
EXPERIMENTAL PROCEDURES

Cell Culture, shRNA-Mediated Gene Knockdown, FACS Analysis,

and 12S Methylation Assays

143B osteosarcroma cybrids containing either wild-type (A1555A) or mutant

(A1555G)mtDNA (Guan et al., 2001) were grown in DMEMhigh glucose (Sigma
724 Cell 148, 716–726, February 17, 2012 ª2012 Elsevier Inc.
D5648) plus 10% fetal calf serum at 37�Cand 5%CO2. Prior to all experiments,

cells were plated at 5,000 cells/cm2 and grown for 96 hr to 70%–80% conflu-

ence. When puromycin was used for selection, it was removed at least 24 hr

prior to harvesting cells. HeLa cells that overexpress h-mtTFB1 have been

described (Cotney et al., 2007, 2009).

Retroviral-mediated shRNA knockdown ofmtTFB1 and E2F1 by was carried

as described (Cotney et al., 2009) with the following modifications. Wild-type

or mutant 143B cybrids were transfected and plated at 5,000/cm2 in DMEM

with 10% fetal calf serum and 600 ng/ml puromycin and used for experiments

at 70%–80% confluence. Puromycin was removed 48 hr prior to analysis.

Target sequences ligated into the pSiren-RetroQ vector (Clonetech) for

mtTFB1 and E2F1 knockdown, as well the scrambled negative-control shRNA

used were described previously (Cotney et al., 2009; Goto et al., 2006). To

overexpress SOD2, cybrids were transfected with pCMV-SPORT6-SOD2

(Open Biosystems MMM4769-99609684) or pcDNA3.0 as a negative control

as described (Cotney et al., 2009). To inhibit AMPK, cybrids were treated for

16 hr with 10 mM of compound C (Calbiochem) and then used immediately

for experiments.

To analyze mitochondrial superoxide by FACS, wild-type and A1555G cy-

brids were treated with 50 nMMitoSOX (Invitrogen) for 20 min at 37�C, rinsed,

and detached with trypsin. Fluorescence was measured using a FACScan (BD

Biotechnology) and analyzed using FlowJo software. Primer-extension anal-

ysis of mitochondrial 12S rRNA adenine dimethylation was performed on

1–5 mg of total cellular or tissue RNA prepared using the RNEasy Kit (QIAGEN)

as described (Cotney et al., 2007; Seidel-Rogol et al., 2003), except 2 mMeach

of dATP, dCTP, and dTTP and 0.5 mM ddGTP were used.

Western Blotting

Whole-cell extracts of cultured human cells were prepared in 1.5% n-dodecyl-

maltoside in PBS as described (Raimundo et al., 2009). Gels were loaded with

50 mg of total protein per well, and the following antibodies were used for

immunoblotting: E2F1 (Santa Cruz, sc193), mtTFB1/TFBM1 (McCulloch and

Shadel, 2003) or that provided by Dr. Craig Cameron, tubulin (Thermo,

DM1A), Rb (BD PharMingen, 554136), phospho-Rb (T826) (Abcam, ab4779-

50), phospho-Rb (S807/811) (Cell Signaling, 9308S), AMPKa (Cell Signaling,

2603), phospho-AMPKa (T172) (Cell Signaling, 2535S), acetyl-CoA carbox-

ylase (ACC) (Cell Signaling, 3676), phospho-ACC (S79) (Cell Signaling,

3661), SOD2 (Assay Designs, SOD-111), PARP (Cell Signaling, 9542), and

GAPDH (Ambion, AM4300). Western blots were performed on three to four

biological replicates and at least three technical replicates.

Apoptosis Assays

To induce E2F1-dependent apoptosis, cybrids were treated with 200 nM

staurosporine for 3 hr in the presence of 10mMwortmannin as described (Hall-

strom et al., 2008). Cells were then rinsed and used for two different apoptosis

assays. Caspase 3/7 activity was determined using a plate reader 1 hr after

treatment with Caspase-Glo reagent (Promega) as described by the manufac-

turer, and full-length and cleaved PARP were assayed by western blot.

Oxygen Consumption Analysis

Cells were plated in XF96 plates (SeaHorse Biosciences) at 10,000 cells/well

and the next day cellular O2 consumption was determined in a SeaHorse

Bioscience XF96 extracellular flux analyzer according tomanufacturer instruc-

tions. Cells were maintained at 37�C in normal growth medium without serum.

In some wells 8 mM of the mitochondrial uncoupler FCCP was added.

Microarrays and Data Analysis

Total cellular RNA from the cultured cells was prepared using an RNeasy mini

RNA extraction kit (QIAGENGmbH, Hilden, Germany) and used for the expres-

sion microarray procedure in conjunction with the Yale University W.M. Keck

Foundation Biotechnology Resource Laboratory. RNA integrity was first veri-

fied by an Agilent Bioanalyzer and then amplified, labeled and hybridized

onto GeneChip HG-U133 Plus 2.0 arrays (Affymetrix, Agilent, Santa Clara,

CA) using standard protocols recommended by the manufacturer, starting

from 5 mg of total RNA. Data were normalized by the RMA method (Irizarry

et al., 2003), using commercial software (GeneSpring, Agilent, Santa Clara,

California, CA). For each biological sample, two RNA samples were prepared



from two independently collected cell pellets. To analyze the expression data,

samples were grouped according to their 12S rRNA methylation status (Fig-

ure 1A). The four samples in the hypermethylation group were compared to

the four samples with basal methylation to control for nonspecific effects of

overexpression of mtTFB1 independent of increased 12S rRNA methylation

and in an attempt to subtract effects due to cell nuclear genetic background.

Transcripts whose expression was significantly changed between the two

groups formed the 12S rRNA hypermethylation list (4333 transcripts; Table

S1). The student’s t test was used to determine statistically significant changes

in expression, with a cutoff p value of 0.05 (Raimundo et al., 2009). The false-

positive rate was determined to be 3.8% as described (Hovatta et al., 2005).

The correlation of the Q-PCR with the microarray results for six genes tested

was R2 = 0.77 (Raimundo et al., 2009).

To determine which cis-elements were present in the promoters of the

genes up- or downregulated in 12S rRNA hypermethylated samples, we

used the Bibliosphere software (Genomatix Software GmbH, Munich,

Germany). To minimize false positives, a cutoff of at least two cis element-

gene cocitations was implemented. Enrichment in cis-elements of the genes

up- or downregulated was determined by Fisher’s exact test.

Generation and Analysis of Transgenic Mice that

Overexpress mtTFB1

A mouse mtTFB1 cDNA was amplified with primers containing EcoR1 and

EcoRV restriction sites and ligated into the vector pCAGGS that contains

a CMV immediate early-enhancer/chicken b-actin/rabbit b-globin promoter

(Niwa et al., 1991) and confirmed by sequencing. Purified pCAGGS/mtTFB1

plasmid was digested with SalI and PstI, to liberate a fragment containing

the enhancer, promoter, TFB1M ORF, and poly-A tail. This linear DNA frag-

ment was then used by the Yale Animal Genomic Services to microinject

pronuclear, C57BL/6J X SJL/J embryos. Seventy-four animals were born

from the six foster mothers. After genotyping, one female (F1) founder was

identified that contained the transgene. This female was then mated with

a wild-type C57BL/6J male to generate the second generation (F2) and then

serially to create subsequent generations. Female F3 to F5 transgenics and

control nontransgenic littermates were used for all of the experiments. All

procedures were IACUC-approved as determined by the Yale University

Animal Care and Use Committee.

For analysis of mouse samples, tissues from 9-month-old mice were har-

vested, immediately frozen in liquid nitrogen, and stored at �80C. The tissues

were ground using a mortar and pestle previously frozen at �80C, kept on dry

ice during the procedure. Whole-tissue homogenates were prepared as

described (Cotney et al., 2009). Primer extension analysis and q-PCR were

performed onRNApurified from these samemouse tissues using the RNAeasy

kit using the method already described for human cells, but with the following

mouse 12S-specific primer: 50-ATTATTCCAAGC-30. To generate Tg-mtTFB1/

E2F1+/� mice, a C57BL/6J male E2F1�/� was obtained from the Jackson

Laboratory (Bar Harbor, ME) and mated with F4 Tg-mtTFB1 females, yielding

E2F1+/� progeny with and without the mtTFB1 transgene.

Auditory Brainstem Response and Cochlear Histology

Detailed methods for the ABR analysis can be found in the Extended Experi-

mental Procedures. A total of 21 animals (9 Tg-mtTFB1 and 12 wild-type litter-

mates) between the ages of 3 and 6 months, and 11 animals between 9 and

12 months (5 wild-type, 6 Tg-mtTFB1), were used for auditory brainstem

response (ABR) testing. The E2F1+/� animals were tested at 3–6 months of

age (total of 20, 8 wild-type and 12 Tg-mtTFB1). In all experiments, age-

matched littermates were compared directly on the same day and by the

same experienced specialist blinded to the genotype of the mice. The mice

were subsequently combined into 3–6 and 9–12 groups for data presentation

and statistical analysis. Animals were anesthetized with chloral hydrate

(480 mg/kg IP) and all recordings were conducted in a sound-attenuating

chamber (Industrial Acoustics Corp) using a customized TDT3 system

(Tucker-Davis Technologies, Inc.). A t test was used to determine the statistical

significance of the threshold difference at each frequency.

The inner ear was prepared for histology by removing the temporal bone and

exposing and rupturing the bulla. The cochlea was perfused with 4% parafor-

maldehyde (in PBS) using a syringe outfitted with small diameter tubing
through the oval and round windows. The tissue was incubated overnight, de-

calcified in 10% EDTA in PBS for 3 days, and then paraffin embedded,

sectioned in 5 mm samples and mounted onto glass slides by the Yale

Histology section. Following deparaffinization and rehydration, sections

were used for immunohistochemistry and hematoxylin staining. Images were

obtained using an Olympus IX71 microscope and Metamorph image analysis

software. Nine independent cochlear sections were analyzed from three

1-year-old wild-type and three Tg-mtTFB1 mice. Spiral ganglion cells were

counted using the DAPI counterstain in an area of 100 3 100 pixels and

normalized to area (mm2). Cells displaying cytoplasmic foci of caspase-3

were considered caspase-3+.
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Patch-Clamp Recordings from Lateral Line Neuromast Hair
Cells of the Living Zebrafish
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Zebrafish are popular models for biological discovery. For investigators of the auditory and vestibular periphery, manipulations of hair
cell and synaptic mechanisms have relied on inferences from extracellular recordings of physiological activity. We now provide data
showing that hair cells and supporting cells of the lateral line can be directly patch-clamped, providing the first recordings of ionic
channel activity, synaptic vesicle release, and gap junctional coupling in the neuromasts of living fish. Such capabilities will allow more
detailed understanding of mechano-sensation of the zebrafish.

Introduction
Zebrafish hold promise for uncovering physiological mecha-
nisms that are difficult to realize in other model species, because
of the benefits of rapid reproductive rate and reduced organismal
complexity (Rinkwitz et al., 2011). Indeed, progress has been
enormous with this species, even in the auditory/vestibular arena,
a field that usually prides itself on understanding human mech-
anisms with mammalian models. For example, great strides have
been made in hair cell mechano-transduction and synaptic
mechanisms (Nicolson, 2005). However, an obstacle to truly cap-
italizing on zebrafish for hair cell mechanism discovery is the
heretofore inability to obtain patch-clamp recordings from neu-
romast sensory hair cells. We now report that this impediment
has been overcome. We show preliminary data of whole-cell re-
cordings from cells within lateral line neuromasts of living ze-
brafish, demonstrating ionic channel activity and synaptic vesicle
release in hair cells. Additionally, we identify voltage-dependent
gap junctional coupling in neuromast supporting cells. Our ap-
proach should help investigators obtain cellular data crucial to
understanding the powerful genetic manipulations already avail-
able in zebrafish.

Materials and Methods
Zebrafish of either sex ranging in age from 3 to 14 days postfertilization
(dpf) were anesthetized in Tricane and mounted in a recording chamber
using dental floss tie downs (see Ricci and Fettiplace, 1997). Viability was
monitored by visually monitoring heart rate and blood flow. An upright
Nikon Eclipse was used for viewing, and recordings were made with an

Axon 200B amplifier with an Axon DD1322 digitizer. Images were en-
hanced with a Hamamatsu CCD camera. All recordings and image cap-
ture were made with jClamp software (Scisoft). Cells were held at �80
mV. Extracellular solution was as follows (in mM): 125 NaCl, 1.0 KCl, 2.2
MgCl2, 2.8 CaCl2, 10 HEPES, 6 D-glucose, 285 mOsm, pH 7.6. Pipette
solution was (in mM): 90 CsCl, 20 TEA, 5 Na2ATP, 3.5 MgCl2, 10 HEPES,
1 EGTA, 260 mOsm, pH 7.2. Intracellular KCl (110 mM) solution lacked
TEA. P/-5 protocols were made at a subtraction holding potential of �80
mV. Pipette resistance was typically 6.5 M� with Cs pipette solutions.
Pipettes used to clean a pathway toward hair cells were �1–2 M�. For
patch pipettes, 1.5-mm-thick-walled borosilicate glass was used without
any coating. Capacitance measures were made with a dual sine admit-
tance technique (Santos-Sacchi, 2004; Schnee et al., 2011a,b). Recordings
were made at room temperature. Data are reported as mean � SE.

Results
Zebrafish lateral line neuromasts are peripherally located on each
side of the zebrafish. Before scale formation, the organ is accessi-
ble via micropipette. Figure 1 shows a series of Hoffman optics
images at different levels through the neuromast, starting apically
where the hair cell kinocilia insert into the gelatinous cupola
(A,B). Each kinocilium arises from one hair cell, and can be used
to count the number of hair cells in the neuromast. In this exam-
ple, 17 hair cells are present. Further medial, the outlines of the
supporting cell boundaries (C,D; arrows) are visible. In the center
of the neuromast, the tear drop-shaped hair cells are visible (E;
arrows). To prepare for patch clamping, the supporting cells at
the neuromast periphery must be breeched by suction from a
large-tipped pipette, whereupon entry into the neuromast is con-
firmed by positive pressure expanding the neuromast extracellular
volume (F–H; arrows depict fluid-filled space). By maneuvering a
patch pipette under positive pressure through the path previously
made, a hair cell can be patched ( I). This approach has been used
to record from hair cells in a variety of hair cell organs (Ricci and
Fettiplace, 1997; Ricci et al., 2005). We have recorded from �10
neuromasts on several fish. Gigohm seals were readily obtained.
With Cs pipette solutions, average membrane capacitance (Cm)
of hair cells determined from transient analysis at �80 mV at the
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beginning of recording was 1.6 � 0.09 pF
(n � 5). Usually, 1–2 hair cells were re-
corded during a day’s work.

Figure 2 shows K currents recorded
from a patched hair cell with a K-based
intracellular solution. Raw currents were
evoked with voltage steps (C) following a
prepulse to �120 mV from a holding po-
tential of �80 mV. The outward currents
were composed of at least two compo-
nents, a fast decaying one and a slower
noninactivating one (A). The fast-
inactivating (A-type) current was re-
moved with a prepulse to �40 mV (B),
and by subtraction (traces A minus B), the
transient current was isolated (D). Figure
2E shows an average I–V curve of unsub-
tracted currents collected from a �80 mV
holding potential, illustrating outward
rectification averaging 0.25 � 0.07 nA at
�10 mV (n � 3). Slope resistance be-
tween �120 and �60 mV was �2 G�.
Using Cs solutions and P/N leakage sub-
traction, we also identified an inward
Ca 2� current (Fig. 2F). The current was
small and noninactivating during voltage
steps. At �10 mV the Ca current averaged
0.018 � 0.003 nA (n � 5). Ca influx is
expected to release synaptic vesicles at the
basal pole of hair cells. Figure 2G illus-
trates the release of vesicles, measured as a
membrane capacitance increase. In this
case, during the course of a 3 s depolariza-
tion to �10 mV, Cm increased �40 fF.
Open circles depict average responses.
The average increase in Cm at 3 s under
these conditions was 52 � 23 fF (n � 3;
initial Cm was 1.37 � 0.15 pF). Assuming
a vesicle capacitance of 38 –50 aF (Schnee
et al., 2005; Graydon et al., 2011), the Cm

increase equates to a surface area equiva-
lent to 1040 –1370 vesicles. This release is
greater than estimates of vesicles associ-
ated with synaptic ribbons (2–5 ribbons
possessing �120 vesicles each; Obholzer
et al., 2008; Trapani and Nicolson, 2011),
which predicts 12–30 fF for vesicles of 50
aF size. The larger measured values indicate
recruitment of non-ribbon-associated vesi-
cles, though not nearly at the rate observed
in turtle or rat (Schnee et al., 2011a,b). We
also tested for transduction currents during
whole-cell voltage clamp by displacing the
cupola sinusoidally with a fluid jet delivered
by a puff pipette (n � 4) (Fig. 3). Currents of
�100 pA were evoked in this cell of �1.3
G� input impedance. A decrease in ampli-
tude during the extent of stimulation resembles adaptation. It
should be noted that the Tricane anesthetic that we used is expected
to reduce MET function (Farris et al., 2004).

Finally, we observed cells that had larger than the average 1.6
pF capacitance of hair cells, which we identify as supporting cells
(n � 4). Auditory support cells are known to be joined into a

syncytium and display large capacitances (Santos-Sacchi, 1991).
Figure 4 illustrates supporting cell recordings where voltage was
ramped to voltage extremes of ��90 mV. Capacitance, in this
case calculated from transient current response to step voltages,
varied according to holding potential (Fig. 4A). In fact, there is
the expected reciprocal relationship between input resistance and

Figure 1. Electrode approach for patch clamping zebrafish hair cells. Zebrafish were anesthetized and fixed laterally onto a
recording chamber. A–E, Images show neuromast structure from cupola/kinocilia top (A) to location of hair cell soma (E). See
Results for details. F–I, Outer supporting cell ring is breeched with large suction electrode, providing a path for patch electrode to
seal on hair cell. See Results for details. Scale bar (A), 8 �m. Images from 7 dpf.

Figure 2. K, Ca currents and synaptic vesicle release from hair cells in living zebrafish. A, Outward K currents induced by voltage
steps from prepulse level (�120 mV) to a range of voltages depicted in C. B, K currents generated following prepulse to �40 mV.
D, Subtraction of traces (A minus B) reveals A-type inactivating current. E, Outward currents without leakage subtraction. Average
I–V (�SE; n � 3) of last 20 ms of 100 ms current traces. F, Inward Ca current is revealed with P/-5 leakage subtraction protocol
collected with Cs pipette solution. Average I–V (�SE; n �5) of last 10 ms of 50 ms current traces. Inset, Noninactivating Ca current
trace, generated in response to �30 mV step from �80 mV holding potential. Scale is 6 pA/10 ms. G, Hair cell synaptic vesicle
release was determined with membrane capacitance measures. The cell was held at �80 mV and stepped to �10 mV for 3 s;
vesicle release is evident from increase in Cm: �Cm is �40 fF (dark traces). Endocytosis was not observed in our experimental time
frame. Dotted lines show initial capacitance level. Open circles indicate average (�SE) responses at 1 (n � 5), 2 (n � 3), and 3
(n � 3) s following the onset of depolarization. Data were obtained at 7–12 dpf.
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capacitance as gap junctions uncouple and recouple during de-
polarization and hyperpolarization, respectively (Fig. 4B). Audi-
tory supporting cells possess voltage-dependent gap junctions
(Zhao and Santos-Sacchi, 2000) and exhibit this type of behavior,
as well.

Discussion
The zebrafish is a powerful model for auditory/vestibular re-
search. Here we provide data demonstrating the feasibility of
patch recording hair cells and supporting cells in lateral line neu-
romasts from the living zebrafish. The approach is similar to the
one we have used to record from a variety of auditory/vestibular
end organs (Ricci et al., 2005; Schnee et al., 2011a), and should
allow direct assessment of hair cell function in the multitude of
existing genetic manipulations available in the zebrafish.

Zebrafish hair cells possess outward K currents, and inward
Ca currents similarly found in other auditory/vestibular-like or-
gans. For example, the component K currents presented here are
similar to those in the frog vestibular hair cell, where depolarizing
prepulse was found to dissociate A-type and delayed rectifier-
type contributions (Norris et al., 1992). Indeed, the basolateral
electrical properties measured in the zebrafish hair cells are quite
similar to those measured in bird (Lang and Correia, 1989; Ricci
and Correia, 1999), frog (Norris et al., 1992; Masetto et al., 1994),
turtle (Brichta et al., 2002), and mammal (Eatock and Hutzler,
1992). Though the zebrafish hair cell Ca current is small, its prop-
erties are similar to those of CaV(1.3) identified in zebrafish (Sidi
et al., 2004) and its magnitude is similar to that of other vestibular
hair cell types including those of frog (Prigioni et al., 1992;

Martini et al., 2000), chick (Ohmori, 1984), and rat (Bao et al.,
2003). Very recently, dissociated inner ear hair cells of the ze-
brafish were successfully recorded, and the reported K current
was similar to that reported here (Einarsson et al., 2012).

The calcium current elicited was sufficient to evoke substantial
transmitter release, indicative of vesicle replenishment from pools
remote to the synaptic ribbon. The apparent absence of a superlinear
vesicular release component that is found in auditory hair cells of
turtle, mouse, and rat (Schnee et al., 2011a,b), and which may be
associated with a release of intracellular stored Ca, might underscore
differences in functional requirements for vesicle recruitment mech-
anisms in zebrafish hair cells. Perhaps this difference relates to audi-
tory versus vestibular hair cell properties, although calcium-induced
calcium release has been observed in frog vestibular hair cells (Lelli et
al., 2003); alternatively, the very small volume of zebrafish hair cells
may not require elaborate vesicle recruitment mechanisms, or the
small volume may make a kinetic separation between release com-
ponents more difficult to observe. Finally, in contrast to observations
in some other species (Schnee et al., 2005; Graydon et al., 2011), the
substantial vesicle release arising from such small Ca currents may
indicate efficient synaptic mechanisms. Of course, the preliminary
data we report here require further investigation. Nevertheless, one
of the main benefits of recordings in the zebrafish hair cell will be to
capitalize on the wealth of tools and genetic manipulations available
for the ribbon synapse (Nicolson, 2005; Francis et al., 2011) in a
preparation that we now show to be readily accessible.

Aside from direct investigations on sensory hair cell mecha-
nisms, the neuromast provides an opportunity to understand
supporting cell roles in sensory transduction. In the organ of

Figure 3. MET current activity during cupola deflection. A, A patch pipette (pp) voltage-
clamped one hair cell in the neuromast, while a puff pipette (puff) was used to stimulate the
kinocilia-embedded cupola. B, Suction phase of cupola stimulation showing kinocilia displaced
closer to puff pipette. C, Receptor currents generated by sinusoidal fluid jet activity. Stimulus
voltage driving the water jet is shown beneath currents. With the solutions we used, rectifica-
tion of the response is expected (Farris et al., 2004). Scale bar, 6 �m. Data were obtained at dpf
7. Stimulus frequency was 2.0 Hz.

Figure 4. Input capacitance and resistance of supporting cell syncytium. A, B, An individual
supporting cell was patch-clamped (A) and the membrane voltage modulated with a slow ramp
to ��90 mV (B). Note slow changes in input capacitance corresponding to membrane volt-
age, indicative of voltage-dependent gap junctional coupling found in the organ of Corti. Input
capacitance indicates that several cells contribute to membrane surface area. Dotted lines indi-
cate zero levels. Data were obtained at 12 dpf. C, In another cell, the reciprocal relationship
between input resistance and capacitance as gap junctions uncouple and recouple during de-
polarization and hyperpolarization, respectively, is shown. Data were obtained at 3dpf.
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Corti, electrical coupling has been proposed to sink K away from
active hair cells, thereby preserving indefatigable hair cell func-
tion (Santos-Sacchi, 1985, 2000). Our observation of similar
voltage-dependent gap junctional coupling in zebrafish neuro-
masts indicates a corresponding role in this simple organ, with
the preparation offering model benefits similar to those for hair
cell study.
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The mammalian outer hair cell (OHC) evolved from more

primitive hair cells, such as its counterpart, the inner hair

cell (IHC), to enhance detection and discrimination of

high frequency sounds (Dallos, 1992). A key evolutionary

step appears to have been the recruitment of an anion

transporter family member, prestin (Zheng et al. 2000), to

transform the cell into an effector as well as sensor, capable

of boosting passive basilar membrane motion (Liberman

et al. 2002). Electrical stimulation evokes rapid length

changes in OHCs (Brownell et al. 1985; Kachar et al. 1986),

which possibly result from membrane surface area changes

caused by conformational transitions in the integral

membrane motor protein (Kalinec et al. 1992; Santos-

Sacchi, 1993; Iwasa, 1994; Santos-Sacchi & Navarrete, 2002).

The mechanism displays a sigmoidal voltage dependence

(Ashmore, 1987; Santos-Sacchi & Dilger, 1988), resides

exclusively in the OHC lateral plasma membrane (Dallos

et al. 1991; Huang & Santos-Sacchi, 1993; Takahashi &

Santos-Sacchi, 2001) and shows reciprocal sensitivity to

membrane voltage and tension (Iwasa, 1993; Gale &

Ashmore, 1994; Kakehata & Santos-Sacchi, 1995; Ludwig

et al. 2001; Santos-Sacchi et al. 2001). The electrical signature

of the motor protein is its displacement current, or an

equivalent bell-shaped, voltage-dependent capacitance

owing to its voltage sensor’s charge movement within and

normal to the plane of the lateral plasma membrane

(Ashmore, 1990; Santos-Sacchi, 1991b). The probability of

the motor being in a contracted or expanded state (referred

to as state probability hereafter) can be determined from

capacitance vs. voltage (C–V) functions.

Initial work on electromotility indicated that it was driven

by transmembrane potassium current (Ashmore, 1986;

Ashmore & Meech, 1986). Subsequently, evidence

accumulated showing that the phenomenon was voltage

dependent (Santos-Sacchi & Dilger, 1988; Ashmore, 1989;

Iwasa & Kachar, 1989; Santos-Sacchi, 1992). This observation

coupled to the finding that the gain of the mechanical

response is less than maximal near the OHC’s normal

resting potential, led to the realization that the resistance–

capacitance (RC) membrane filter would seriously limit

the driving force for electromotility at high frequencies

(Santos-Sacchi, 1989, 1992). But, in fact, the high frequency

region is where the cochlear amplifier is most effective

(Ruggero & Rich, 1991). Thus, although the prestin-based

motor mechanism can be driven by experimentally

Cl_ flux through a non-selective, stretch-sensitive
conductance influences the outer hair cell motor of the
guinea-pig
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applied voltage sources at very high frequencies (> 70 kHz

(Frank et al. 1999)), the problem remains that receptor

potentials in the OHC are attenuated at 6 db octave_1

above the cell’s RC cut-off frequency (Dallos & Santos-

Sacchi, 1983). The recent discovery of the intracellular Cl_

sensitivity of prestin (Oliver et al. 2001) revealed a possible

alternative mechanism where a hypothetical transmembrane

Cl_ current could affect prestin activity. We report here the

existence of an OHC conductance that is Cl_ permeable,

and mechanically gated at high frequencies. Spatially

co-located with prestin to the lateral plasma membrane,

this conductance results in changes in intracellular Cl_

concentration near prestin that drive motor protein

transitions and, consequently, OHC mechanical activity.

Thus, we hypothesize that a mechanically gated ionic

current, which is intrinsically unaffected by the membrane

time constant t, could provide the driving force for the

cochlear amplifier.

METHODS 
General
Guinea-pigs were killed with halothane inhalation overdose in
accordance with an approved protocol from Yale University’s
animal use and care committee. OHCs were freshly isolated from
the adult guinea-pig organ of Corti by sequential enzymatic (dispase
0.5 mg ml_1) and mechanical treatment in Ca2+-free medium.
Currents from voltage-clamped cells were recorded at room
temperature using an Axon 200B amplifier, Digidata 1231A board
(Axon Instruments, CA, USA) and the software program jCLAMP
(Scisoft, CT, USA). The major intracellular and extracellular
solutions are listed in Tables 1 and 2. At the ion concentrations
listed, pH was 7.25–7.30; the osmolality was ~325 mosmol kg_1

for extracellular solutions, and ~5 mosmol kg_1 lower for intra-
cellular solutions to prevent swelling.

In some cases we added CdSO4 (1 mM) to block Ca2+ currents.
When evaluating K+ ions, 4-aminopyridine (4-AP; 1 mM) and
linopirdine (200 mM) were used to block K+ channels. Solutions
were delivered to individual cells by Y tube, during continuous
whole-bath perfusion with Tris-Hepes solution. Series
resistance (before correction off-line) was ~7–20 MV in Tris-
Hepes solution. A combined Ag–AgCl–KCl–K2SO4-agar ground
electrode maintained liquid junction potentials in the range
±1–2 mV during solution exchanges. Up to 1 % DMSO used in
extracellular solutions for dissolution of tested pharmacological
agents had no influence on the membrane resistance, capacitance
or ionic currents. All chemicals were from Sigma (MO, USA) or
Fluka (Switzerland). Data are presented as means ± S.E.M.

Measurement of non-linear capacitance
Non-linear membrane capacitance was evaluated using a
continuous high resolution (2.56 ms sampling) two-sine voltage
stimulus protocol (10 mV peak at both 390.6 and 781.2 Hz), with
subsequent fast Fourier transform-based admittance analysis as
fully described by Santos-Sacchi et al. (1998b). These high frequency
sinusoids were superimposed on voltage ramps. Peak non-linear
capacitance was determined by subtracting linear capacitance.
C–V data were fitted with the first derivative of a two-state

Boltzmann function and a constant representing the linear
capacitance (Santos-Sacchi, 1991b):

ze b
Cm = Qmax—— ———— + Clin, (1)

kT (1 + b)2

_ze(Vm _ Vpkcm)
and b = exp≤———————≥̆,

kT

where Qmax is the maximum non-linear charge moved, Vpkcm is
voltage at peak capacitance or half-maximal non-linear charge
transfer, Vm is membrane potential, Clin is linear capacitance, z is
apparent valence, e is electron charge, k is Boltzmann’s constant
and T is absolute temperature.

Mechanical stimulation of the lateral membrane
Three methods were used to mechanically stimulate the lateral
membrane while recording whole-cell currents. In order to
induce steady-state changes in membrane tension, positive or
negative pressure into the cells was applied through the patch
pipette and was monitored with an electronic pressure monitor.
For step and low frequency stimulation, a piezoelectrically driven
stiff glass probe was used to deform the cell near the mid region of
the lateral membrane. The device was the same as that used
previously to calibrate a photodiode displacement measurement
technique (see Santos-Sacchi, 1992). The long axis of the probe
was positioned parallel to the perfusion chamber bottom and
normal to the longitudinal axis of the cell (see Fig. 11). OHCs were
compressed statically and vertical DC or AC displacements of
the probe (±2 mm) were superimposed. For high frequency
stimulation, a closely positioned (15–20 mm) piezoelectric-driven
fluid-jet pipette (5–10 mm tip diameter) was used as previously
described (Takahashi & Santos-Sacchi, 2001). The pipette contained
bath solution and was pointed perpendicular to the surface of the
lateral membrane. The latter system is similar to that used
previously (Brundin & Russell, 1994), although we used it simply
to stimulate the lateral membrane and measure whole-cell
currents. That is, we did not replicate their study. Care was taken
to drive the piezoelectric only within its linear range, and use
filters to limit driver resonances. Following dissociation of OHCs
in Ca2+-free medium, stereocilia were either fully absent or very
badly damaged; thus there was no contribution from stereocilia to
the mechanically generated currents we observed.

RESULTS
Intracellular dialysis of Cl_-free solution shifts
prestin’s voltage dependence with little effect on
motor charge movement
In order to study the effects of Cl_ removal on the OHC

motor, we used intracellular solutions that were either

Tris-sulfate or Tris-Hepes based (Tables 1 and 2), as these

solutes are expected to be neutral with respect to prestin

activity (Oliver et al. 2001). The OHC presents a bell-

shaped C–V function whose voltage at peak capacitance

(Vpkcm) is highly susceptible to intracellular Cl_ washout

following the establishment of whole-cell configuration,

shifting in the depolarizing direction (Fig. 1). The degree

of voltage shift and modulation of peak non-linear

capacitance depends upon the species of control anion.

V. Rybalchenko and J. Santos-Sacchi874 J Physiol 547.3
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Figure 1A and B shows that, in the presence of 140 mM

extracellular Cl_, and after washout of intracellular Cl_

during whole-cell dialysis with Cl_-free patch pipette

solutions, peak non-linear capacitance remained stable

when the major intracellular anion was sulfate (steady

state: 96.5 ± 5 % of initial value of 20.63 ± 1.12 pF;

mean ± S.E.M.; n = 5). However, Vpkcm showed a very large

positive shift from an initial value of _4.9 ± 2.7 to +97.4 ±

7.6 mV, reflecting a change in motor-state probability. On

the other hand, washout with Tris-Hepes based, Cl_-free

intracellular solutions decreased peak Cm to 75.3 ± 3.7 %

at steady state (initial value: 19.53 ± 2.64 pF; n = 4), with a

smaller Vpkcm shift from _24.4 ± 0.6 to +8.2 ± 3.5 mV.

Since peak non-linear capacitance (Cmpk = Qmaxze/4kT)

depends on slope (z) and Qmax of the charge–voltage (Q–V)

relationship, the parameters describing the motor’s charge

movement were obtained by fitting (see Methods) OHC

non-linear capacitance with the first derivative of a two-

state Boltzmann function (Fig. 2). In addition to the large

shifts in the operating voltage range, both the voltage

sensitivity (z) and the maximum charge moved (Qmax) of

the motor were affected by intracellular Cl_ removal;

however, even in the steady state presence of Cl_-free

intracellular solutions, Qmax remained greater than 80 % of

initial values. Following the removal of extracellular Cl_,

Qmax remained robust, but its magnitude, as well as that of

z, depended on the species of intracellular anion (SO4
2_ vs.

Hepes; see Fig. 2). In order to assure ourselves that sub-

membranous, intracellular Cl_ and other active anions,

e.g. bicarbonate (Oliver et al. 2001), were depleted, we

pretreated cells in a continuous wash of Tris-Hepes Cl_-

free extracellular solutions for over 4 h prior to recording

with Cl_-free patch-pipette solutions, a procedure that has

been shown to rapidly deplete intracellular stores of Cl_

(Aickin & Brading, 1984; Thoreson et al. 2000). Even

under these conditions, non-linear charge movement

remained considerable (Tris-sulfate intracellular: Qmax,

0.99 ± 0.27 pC; z, 0.62 ± 0.07; Vpkcm, 141 ± 9 mV; Clin,

22.9 ± 1.7 pF; n = 5; Tris-Hepes intracellular: Qmax, 1.45 ±

0.19 pC; z, 0.66 ± 0.02; Vpkcm, 57 ± 4 mV; Clin, 24.6 ± 2.0 pF;

n = 5).

Cl_ current affects the OHC motorJ Physiol 547.3 875

Figure 1. Effects of intracellular Cl_ on prestin-generated
non-linear capacitance in outer hair cells (OHCs)
A, top, C–V functions of an OHC during washout of Cl_ with Tris-
sulfate patch-pipette solution, in the presence of 140 mM Tris-Cl
extracellular solution. Bottom, same as above except with Tris-
Hepes pipette solution. B, relative peak non-linear capacitance
(Cmpk (rel)) as a function of time after patch rupture with either
Tris-sulfate (n = 4; mean ± S.E.M.) or Tris-Hepes (n = 5) Cl_-free
intracellular solutions and Tris-Cl 140 mM (140 Cl) extracellular
solution. Recordings began at the moment of patch rupture at a
holding potential of 0 mV. Data were obtained from full C–V
functions, and peak non-linear membrane capacitance Cm was
obtained by subtracting linear capacitance determined by fits (see
Methods) to the data. [Cl]in, intracellular Cl_ concentration.

Figure 2. Boltzmann parameters of motor charge
movement determined from capacitance functions
during washout of intracellular Cl_

Horizontal bar at top represents extracellular Cl_ concentrations
([Cl]out) during whole-cell recording. Pipette contained either
Tris-sulfate or Tris-Hepes solutions (n = 5 for each condition;
mean ± S.E.M.). The dominant effect of Cl_ washout is a shift in
Vpkcm, with small changes in Qmax and z. Error bars are within
symbol dimensions for most data points. After removal of
extracellular Cl_, steady-state levels of parameters show changes
that depend upon species of the intracellular substitute anion.
Recordings began at the moment of patch rupture at a holding
potential of 0 mV.
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Our results differ from those of Oliver et al. (2001) since

they found that non-linear capacitance was not affected by

extracellular Cl_ manipulations and was abolished when

intracellular Cl_ was removed. Figure 3A shows the

relationship between extracellular Cl_ concentration and

the magnitude of non-linear capacitance in OHCs. In this

case, the extracellular Cl_ manipulations were made after

the cells were allowed to equilibrate (> 5 min) with intra-

cellular Tris-sulfate Cl_-free solutions. For comparison,

Fig. 3A also shows the relationship between intracellular

Cl_ concentration and Qmax (derived from non-linear

capacitance) determined by Oliver et al. (2001). At

concentrations above 5 mM, manipulation of Cl_

concentration on the extracellular aspect of the OHC

membrane mirrored the effects obtained by Oliver et al.
(2001) that relate to manipulation of intracellular Cl_;

however, we were unable to extinguish non-linear

capacitance after total removal of extracellular (and intra-

cellular) Cl_. Another major difference between our results

and theirs is our finding that very large shifts in Vpkcm occur

not only as a function of intracellular- (see above) but also

extracellular-Cl_ concentration (Fig. 3B). An increase in Cl_

concentration shifted Vpkcm to more negative potentials.

The linear regression in Fig. 3B indicates a shift in Vpkcm of

0.37 mV mM
_1 of extracellular Cl_ when Tris-sulfate Cl_-

free intracellular solutions were used. In the presence of

Tris-Hepes intracellular solutions, the shift was about

0.1 mV mM
_1. Thus, the magnitude of the shift was

dependent upon the identity of the intracellular anion.

In order to determine if differences in intracellular control

solutions were responsible for some of the discrepancies

between our results and those of Oliver et al. (2001), we

tested their major control anion, pentane sulfonate, and

found that intracellular dialysis of such Cl_-free

preparations (Table 1) had several atypical effects on OHC

motor charge movement, compared with our other control

anions. First, the initial peak Cm value (11.5 ± 1.1 pF;

n = 4; collected within a few seconds after patch rupture)

was about half that obtained with Tris-Hepes or Tris-

sulfate solutions, indicating that the reduction following

patch rupture was more rapid than the typical time course

of ion washout (Pusch & Neher, 1988); the block is too fast

to result from Cl_ removal during patch-pipette solution

exchange. It is, however, typical of intracellular application

of high affinity motor blockers, such as the charged form of

salicylate, which blocks non-linear capacitance within

seconds of patch rupture (Kakehata & Santos-Sacchi,

1996). As with salicylate, we still observed significant,

though reduced, electromotility in all OHCs studied with

V. Rybalchenko and J. Santos-Sacchi876 J Physiol 547.3

Figure 3. Dependence of peak Cm and Vpkcm on extra-
cellular Cl_ concentration
A, continuous line is sigmoidal fit to data points (mean ± S.E.M.;
n = 5). Intracellular solution was Tris-sulfate (Table 1) and initial
extracellular solution was 140 Cl (Table 2). Extracellular Cl_

([Cl]out) reductions were made by replacement with Hepes. For
comparison, we show relative Qmax (determined from capacitance
measures) vs. intracellular Cl_ ([Cl]in) concentration published by
Oliver et al. (2001). B, same procedures as above. Line is linear
regression (r2 = 0.98) with a slope of 0.37 mV mM

_1.

Figure 4. OHC non-linear capacitance and mechanical
response with sodium pentane sulfonate patch-pipette
solutions
In the presence of 140 Cl extracellular solution, and after steady-
state intracellular perfusion of Cl_-free pentane sulfonate solution,
non-linear capacitance remains significant, and mechanical
responses during voltage stimulation are prominent. Smooth line
is fit to eqn (1) (Vpkcm, _96 mV;  z, 0.31; Qmax, 2.1 pC and Clin,
23.2 pF, respectively. Inset: image of OHC at negative (A) and
positive (B) extremes of voltage ramp. Note displacement of
cuticular plate.
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Cl_-free, pentane sulfonate solutions (n = 5; Fig. 4). At

steady state (> 3 min), intracellular pentane sulfonate

solutions decreased peak Cm to 78.1 ± 8.8 % of the initial

value. Second, unlike the results with Hepes_ or SO4
2_

intracellular anions, the subsequent removal of extra-

cellular Cl_ had no effect on the substantial remaining

non-linear capacitance (78.5 ± 4.6 % of initial value). Last,

shifts in Vpkcm were in the hyperpolarizing direction during

washout, as opposed to the other control anion solutions

we used. Boltzmann fits of these data showed that voltage

sensitivity (z) was substantially reduced, while total charge

moved was minimally affected (sodium pentane sulfonate

intracellular; Cl_-free Tris-Hepes extracellular: Qmax,

1.71 ± 0.20 pC; z, 0.33 ± 0.02; Vpkcm, _99 ± 12 mV; Clin,

21.9 ± 0.7 pF; n = 5). These data clearly show that the

effect of pentane sulfonate is not due to manipulation of

intracellular Cl_, but instead results from its direct action

on the OHC motor.

Cl_ flux through a lateral membrane conductance
influences prestin activity
Our data may indicate that in native, intact OHCs, extra-

cellular Cl_ can influence the lateral membrane motor.

Alternatively, Cl_ ions might be entering the OHC to work

on the inner aspect of the lateral membrane. We evaluated

this possibility by monitoring OHC currents and

capacitance during whole-cell recording with Cl_-free

intracellular solutions while manipulating extracellular

Cl_ concentrations. Figure 5 shows results for a typical

OHC held at 0 mV. As noted above, intracellular washout

with Tris-Hepes solution causes an initial decrease in peak

Cm, and a positive shift in Vpkcm, demonstrating the

dependence of motor charge transfer on intracellular Cl_.

Subsequently, in the face of continuous intracellular

washout, the removal of extracellular Cl_ betrayed an

outward current (Cl_ influx) that sustained a substantial

component of non-linear capacitance; in the absence of

current, owing to the removal of extracellular Cl_,

capacitance again fell and Vpkcm shifted as intracellular Cl_

levels dropped. Steady-state levels were reached within

minutes, which is typical for washout times under whole-

cell voltage clamp (Pusch & Neher, 1988). Replenishment

of extracellular Cl_ restored the Cl_ influx, thereby

increasing the non-linear capacitance of the cell and shifting

Vpkcm back to hyperpolarized levels. These effects were

repeatable. These experiments demonstrate that in the

absence of Cl_ in the patch pipette, the source of intra-

cellular Cl_ that modulates prestin derives from the extra-

cellular solution.

In order to localize the Cl_ conductance, we directly

mapped the increase in non-linear capacitance and Cl_

current as a restricted source of Cl_ roved along the length

of OHCs whose intracellular Cl_ was depleted (Fig. 6). The

largest responses were obtained along the lateral region of

the OHC, in the same region where prestin is localised

(Belyantseva et al. 2000a), and the reciprocal electro–

mechanical sensitivity of the motor is found (Takahashi

& Santos-Sacchi, 2001). Further confirmation of this

conductance site is provided by reversal potential

measurements during application of extracellular Cl_

solutions (see supporting data below). The site of this Cl_

conductance is ideally poised to affect the activity of

prestin  rapidly.

Cl_ current affects the OHC motorJ Physiol 547.3 877

Figure 5. Correspondence among Cl_ current, peak non-
linear Cm and Vpkcm

Horizontal bars at top represent extracellular Cl_ concentrations
([Cl]out) during whole-cell recording. Recordings began at the
moment of patch rupture with Tris-Hepes Cl_-free pipette solution
at a holding potential of 0 mV. Despite a large sustained inward Cl_

flux (outward current; ICl, top), non-linear Cmpk decreases
(middle), and Vpkcm shifts to depolarized levels (bottom ) during
Cl_ washout through the patch pipette. Subsequent removal of
extracellular Cl_ shifts Cmpk and Vpkcm values further, showing their
dependence on Cl_ influx into the cell. The treatments are
reversible and responses are graded with magnitude of Cl_ current.
([Cl]in), intracellular [Cl_].
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Cl_ channels do not underlie the lateral membrane
conductance
Guinea-pig OHCs typically have a relatively low membrane

resistance (< 300 MV) even in the presence of K+ and Ca2+

channel blockers (Santos-Sacchi, 1991b; Santos-Sacchi &

Navarrete, 2002). However, when OHCs were perfused

with solutions containing mainly large, poorly permeable

ions (Tris-Hepes, see Tables 1 and 2), input resistances

ranged from 1–3 GV. Under these conditions, with

approximately equal amounts of Tris+ and Hepes_ as

major charge carriers intra- and extracellularly, whole-cell

steady-state currents revealed non-linear current-to-voltage

characteristics (I–Vs) reversing near 0 mV (Vrev,TH = +1 ±

1 mV, range: _3 to +6 mV, n = 20); moderate inward and

outward rectification was evident at hyperpolarizing and

depolarizing potentials (Fig. 7Aa,b and B). The activation

phase of currents at any voltage was faster than our clamp-

time constant, typically less than 1 ms. These control

currents were not influenced by the stereocilia transducer

channel blocker streptomycin (500 mM) and were not due

to an imperfect seal between patch pipette and OHC

membrane, since their I–Vs showed clearly reproducible

non-linear, sigmoidal shapes. Preconditioning hyper-

polarizing steps did not influence the current at +60 mV

(Fig. 7Aa and B). Additionally, a pre-depolarizing step to

+60 mV did not influence the subsequently evoked currents

at a variety of membrane potentials (Fig. 7 Ab and B),

indicating that no slow-type inactivation of these currents

(5 ms < t < ~100 ms) exists at any physiological membrane

potential.

To study the Cl_ permeability of the conductance

responsible for the sigmoidal currents observed in Tris-

Hepes solutions, we substituted the bulk of extracellular

Hepes with 140 mM TrisCl. This substitution significantly

and reversibly increased both inward and outward currents,

whose kinetics, absence of slow gating and sigmoidal shape

of I–Vs were the same as for Tris-Hepes currents

(Fig. 7Ac,d and B). The reversal potentials in 140 mM

TrisCl extracellular solution (Vrev,140Cl) were smaller in

magnitude than expected, but appropriate in polarity

(Vrev,140Cl = _12 ± 2 mV, range: _33 to _1 mM; n = 20). This

deviation presumably derives from rapid equilibration of

ions into the restricted space (~33 nm) between the lateral

plasma membrane and subsurface cisternae (Pollice &

Brownell, 1993). It is well known that such ion accumulation

under whole-cell voltage clamp can affect reversal

potentials and provide apparent changes in ion selectivity

(Frazier et al. 2000). Accordingly, then, Cl_ applied extra-

cellularly was the major carrier for outward currents (Cl_

influx), and its intracellular accumulation provided for the

inward current component (Cl_ efflux).

In addition to Cl_ , we tested whether the major mono-

valent cations, K+ and Na+, could carry measurable

currents through this lateral membrane conductance. In

the same cells, 80 mM K+, Na+ and Cl_ were sequentially

substituted in the external solution for the equivalent

amount of poorly permeable ions (K+ and Na+ for Tris+,

Cl_ for Hepes_). In these experiments, 1 mM 4AP and

200 mM linopirdine were added to all solutions to block

voltage-dependent potassium channels described earlier

in OHCs (Santos-Sacchi & Dilger, 1988; Marcotti & Kros,

1999). All three substitutions increased both inward and

outward components of the currents above controls

(Fig. 7C). In fact, the resulting currents showed kinetics

and rectification resembling those observed in reference

Tris-Hepes solutions (Fig. 7C and E).

V. Rybalchenko and J. Santos-Sacchi878 J Physiol 547.3

Figure 6. Localization of the Cl_ conductance to the
lateral membrane
A 1 M Cl_ point-diffusion source (high impedance pipette), briefly
positioned close to different OHC regions (image insets), revealed
a maximum increase in ICl and Cm in the mid region of the cell.
After each placement, the pipette was moved away from the cell
and is indicated as a return of current and capacitance to near
baseline.
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Figure 7. OHCs possess a voltage-dependent, cation–anion non-selective conductance
All recordings were made with Tris-Hepes intracellular solution (Table 1). A, currents recorded in the same
OHC subjected to voltage pre-conditioning step protocol (a,c: holding potential, Vhold = _20 mV, 150 ms
conditioning steps from _100 to +60 mV (DV = 20 mV), 150 ms test step to +60 mV) and pre-depolarizing
step protocol (b,d: Vhold = _20 mV, 150 ms conditioning step to +60 mV, 150 ms test steps from _100 to
+60 mV (DV = 20 mV)) in Tris-Hepes reference extracellular solution (a, b) or 140 mM TrisCl-based
(140 Cl) extracellular solution (c, d). Horizontal lines at left of traces indicate zero-current level. B, series-
resistance corrected I–V curves from currents in A, trace averaged between vertical marks. C, OHC currents
recorded in (top to bottom) Tris-Hepes, 80 K, 80 Na and 80 Cl extracellular solutions (Table 2) in the
presence of 1 mM 4AP + 200 mM linopirdine, evoked by voltage steps from +60 to _120 mV (DV = _20 mV)
from Vhold = _20 mV. Records are from the same OHC. D, Deiters’ cell currents recorded in (top to bottom)
Tris-Hepes, 80 Na and 80 Cl extracellular solutions, evoked by the same voltage protocol as in C. Scale is same
as in C. E, relative currents for OHC and Deiters’ cell from C and D above, normalized by their membrane
capacitance (24.7 pF linear capacitance for OHC and 21.8 pF linear capacitance for Deiters’ cell).
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In order to study  further  the accumulation of ions into the

restricted sub-plasmalemmal space, we compared the

reversal potentials of currents obtained in 80 mM [Na+]out-

and 80 mM [Cl_]out-containing extracellular solutions and

found that although they were appropriate in polarity,

they were smaller in magnitude than expected (Vrev,80Na =

+29 ± 2 mV, range: 17 to 39 mV, n = 12; Vrev,80Cl = _16 ±

3 mV, range: _33 to +3 mV, n = 14). These results clearly

indicate that both extracellular cations and anions can

accumulate in the sub-plasmalemmal space of the OHC at

our holding potential of 0 mV. For Cl_ , the Nernst

equation shows that an intracellular concentration of

~40 mM was achieved at steady state with 80 mM Cl_ extra-

cellularly. The same calculations for Na+ show an intra-

cellular concentration of ~30 mM. No indication of a similar

conductance was found under the same experimental

conditions in isolated supporting Deiters’ cells, which lack

prestin but have approximately the same size and passive

membrane capacitance as OHCs (Fig.7Dand E). Normalized

conductance of Deiters’ cells in Tris-Hepes and 80 mM

[Cl_]out (80 Cl) extracellular solutions was (n = 5) 1.0 ± 0.05

and 2.28 ± 0.73 pS pF_1, respectively. For comparison,

OHC conductance was 15.6 ± 5.5 and 56.6 ± 18.9 pS pF_1,

respectively.

We found that steady-state Cl_ current levels remain stable

for several seconds at membrane potentials from _80 to

+40 mV (Fig. 8A). However, during prolonged hyper-

polarizations more negative to _100 mV, a slowly developing

increase in current was often observed. Because such

behaviour might be characteristic of ClC-2 chloride channels,

V. Rybalchenko and J. Santos-Sacchi880 J Physiol 547.3

Figure 8. Cl_ channel blockers increase the lateral membrane conductance but block non-
linear capacitance
A, currents were evoked by prolonged (5 s) pulses from +20 to _100 mV (step = _20 mV) from
Vhold = 0 mV. Data were collected from the same OHC in 80 Na (left) or 80 Cl (right) extracellular solutions
(Table 2), in the absence (top) or in the presence (bottom) of 200 mM niflumic acid (NiA). Horizontal lines at
left of traces indicate zero-current level. Note the identical kinetics, voltage dependence and increase by NiA
for Na+ and Cl_ currents. B, I–V plots obtained from trace averages (between vertical marks) in A above.
C, C–V functions obtained from another OHC after treatments as in A above. Note potent block of niflumic
acid of prestin-related non-linear capacitance, despite enhanced inward–outward Cl_ currents.
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we compared the currents at long hyperpolarizing potentials

in 80 mM [Na+]out and 80 mM [Cl_]out extracellular solutions.

Cl_ channels are not expected to pass cations. In either

solution the slowly developing component was observed.

Additionally, well-known Cl_ channel blockers (niflumic

acid 200–400 mM, DIDS 0.5–2.5 mM, furosemide 200 mM,

NPPB 10–500 mM, 9-AC 1–2 mM; (Jentsch et al. 2002)) did

not decrease the currents. Instead, Cl_and Na+ currents,

including the slow component, were reversibly increased.

For example, niflumic acid at 200 mM increased the Cl_

current by a factor of 3.4 at _75 mV, while the Na+ current

was increased by a factor of 2.2 (n = 3). Figure 8B and C
illustrates the effect of niflumic acid (200 mM) on currents

and capacitance. While currents were increased, non-

linear capacitance was reduced; in fact, niflumic acid was a

potent blocker of non-linear capacitance, working in the

micromolar range. Additionally, a slowly developing outward

component, never observed in ClC-type channels, could

also be observed at large depolarizing potentials (more

positive to +60 mV), but could not be studied in detail

because of irreversible damage to the OHC at prolonged

depolarizations. Taken together, these observations clearly

indicate that ClC channels, whose messenger RNA is

found in OHCs (Kawasaki et al. 1999), or other clearly

characterized types of Cl_ pathways (cystic fibrosis trans-

membrane conductance regulator (CFTR), transporters),

do not underlie the non-selective conductance of the

lateral membrane.

Cl_ current affects the OHC motorJ Physiol 547.3 881

Figure 9. Partial block of the lateral membrane conductance by gadolinium
OHC I–V plots with extracellular solutions 80 Na (A) or 80 Cl (B) without (0) and with (1) the stretch-
channel blocker gadolinium (500 mM) obtained in the same cell.

Figure 10. Membrane tension dependence of the Cl– current
A, sigmoidal I–V curves were derived from trace-averaged currents recorded with Cl_-free Tris-Hepes patch
pipette in the presence of Tris-Hepes (circles) and 80 Cl (triangles) extracellular solutions before (filled
symbols) and after (open symbols) turgor pressure increases in the initially cylindrical OHC (Vhold = 0 mV,
step from +60 to _100 mV). Currents are substantially increased and pressure sensitive in Cl_-containing
solution. Inset: C–V functions, corresponding to the treatments in A, reflect a significant increase in
membrane displacement charge and are shifted in the hyperpolarizing direction in Cl_-containing solution.
The additional charge increase and Cm shift in the pressurized state (7) is due to increased Cl_ flux, because
in Cl_-free solutions (1), as well as in Cl_-saturated solutions (Kakehata & Santos-Sacchi, 1995), the Cm

functions are shifted to depolarizing potentials with positive pressure. B, non-linear charge (Qmax),
determined from C–V function fits (n = 3) does not increase in initially collapsed cells in Cl_-containing
extracellular solution (140 Cl) until Cl_ flux is restored by cell re-inflation.
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The lateral membrane current is partly reduced by
blockers of stretch-activated conductances
Thus far we have ruled out the contribution of Cl_ and

stereocilia transducer channels to the conductance we

observe. In addition, we have evaluated other blockers of

channels that conceivably could support components of

the lateral membrane current. Blockers of aquaporin

(HgCl2 0.4–2 mM; (Belyantseva et al. 2000b)), gap junction

hemichannels (carbenoxolone 200 mM, octanol 2 mM;

(Santos-Sacchi, 1991a; Draguhn et al. 1998)) and cation-

selective vanilloid receptor channels (Ruthenium Red;

(Gunthorpe et al. 2002)) were without success. Additionally,

the absence or presence of intra/extracellular Ca2+, or the

presence of intracellular ATP and GTP did not affect the

currents.

Finally, we evaluated agents known to block swelling-

activated conductances. Stretch-activated channels have

been found in the lateral membrane of OHCs; however,

they are selective for cations (Ding et al. 1991; Iwasa et al.
1991). Several blockers were partly effective. Gadolinium

(Gd3+; 500 mM, n = 5; Fig. 9), tamoxifen (50 mM, n = 4–7)

and quinine (1 mM, n = 4) were from 10 to 40 % effective

at _60 mV in blocking Na+ (relative I, Gd3+: 0.59 ± 0.07,

quinine: 0.74 ± 0.05, tamoxifen: 0.77 ± 0.04) and Cl_

currents (Gd3+: 0.72 ± 0.2, quinine: 0.76 ± 0.16, tamoxifen:

0.91 ± 0.16). Whereas Gd3+ effectively blocked OHC

capacitance and motility, even in the presence of high Cl_

levels (Santos-Sacchi, 1991b), tamoxifen and quinine did

not. These blockers are non-specific, inasmuch as they

have been shown to block a variety of anionic and cationic

channels, some involved in cell swelling (Yang & Sachs,

1989; Allen et al. 1998; Welsh et al. 2000). Interestingly,

tamoxifen and quinine are known to block swelling of

OHCs in cochlear explants (Siegel et al. 2001), and Gd3+

interferes with volume regulation in isolated OHCs (Crist

et al. 1993).

One other agent, poly-lysine (4 mM, molecular weight

70 000–150 000), which has been shown to block stretch-

induced mechanical responses in OHCs (Brundin et al.
1989), had a small blocking effect on both Na+ (relative I:
0.90 ± 0.2; n = 3) and Cl_ (relative I: 0.84 ± 0.13; n = 3)

currents at _60 mV. Poly-lysine, which might be considered

a potent charge-screening agent, had virtually no effect on

the reversal potentials of the currents.

The Cl_ conductance is stretch sensitive and gated at
acoustic rates
Since the lateral membrane ionic current was susceptible

to stretch-activated channel blockers, we evaluated its

response to membrane stress with a variety of means

V. Rybalchenko and J. Santos-Sacchi882 J Physiol 547.3

Figure 11. Whole-cell current responses evoked by stiff probe deformations of the lateral
membrane
A, digitally captured image of OHC under whole-cell voltage clamp with stiff probe placed across the middle
of the cell. B, step mechanical deformation of the lateral membrane evokes a transient gating current and a
DC ionic current at the fixed potential of 50 mV. C, relationship of motor gating charge (integrated transient
current, Q) and ionic current magnitude (I, difference between steady-state levels before and after
membrane stress) with membrane voltage. Motor charge peaks at Vpkcm, whereas I reverses at the potential
(_10.5 mV) where total current reverses. D, sinusoidal mechanical stimulation at various potentials
produces a corresponding current whose phase reverses at the cell’s steady ionic current reversal potential.
Extracellular solution was 140 Cl and intracellular was Tris-Hepes + 1 mM Tris-Cl_.
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Figure 12. Whole-cell current responses evoked by fluid-jet stimulation of the lateral
membrane
A, traces depict an intensity series (6 dB increments in the voltage that drives the piezoelectric fluid-jet) at
488 Hz. Note AC and DC components. DC components grow with stimulus level indicating that they do not
arise from bottoming out of the piezoelectric driver. Zero current level is indicated by horizontal line on left
of top trace. Traces are separated vertically for clarity. Tris-Hepes intracellular vs. 80 Cl extracellular.
B, fundamental (f0) and first harmonic (f1) are present in FFT transform from whole-cell currents generated
by OHC in response to 1 kHz fluid-jet mechanical stimulation against the lateral wall of the cell. Im,
membrane current plotted on a decibel scale. C, If0 is blocked by collapsing the OHC with negative pipette
pressure; re-inflation restores the current. Niflumic acid (250 mM)-treated OHC. D, removal of extracellular
Cl_, in the absence of intracellular Cl_ reduces the fluid-jet evoked current. E, the reduction of non-linear
peak capacitance after 250 mM niflumic acid (NiA) treatment (16.6 pF (Vpkcm: _12.7 mV) vs. 8.63 pF (Vpkcm:
20.3 mV) derived from C–V functions) produced a reduction of the capacitive component and shift in the
current’s voltage dependence to the depolarized levels. Consequently, characteristics of the ionic component
are revealed as If0 magnitude displays a minimum where an abrupt phase reversal occurs. Tris-Hepes-based
intracellular solution (10 mM [Cl_]); extracellular solution 80 Cl.



Jo
u

rn
al

 o
f P

hy
si

ol
og

y

including turgor pressure modulation, and localized

membrane deformation with stiff probe and fluid jet. In

the presence of only poorly permeable ions inside and

outside the OHC, increasing intracellular pressure had

only a slight effect on the resting conductance of the cell;

subsequent to the addition of extracellular Cl_ the effect

was much more pronounced (Fig. 10A). For example, at

_60 mV the Cl_ current was nearly doubled. Simultaneous

with the increase in Cl_ flux, the non-linear capacitance

was augmented. In this example, the OHC was cylindrically

shaped throughout the experiment, that is, there was

tension on the membrane even when no positive pipette

pressure was administered (0 kPa). The effect of the stretch

sensitivity of the current on non-linear capacitance was

more clearly appreciated when re-inflating initially collapsed

OHCs, where the initial tension on the lateral membrane

was minimal or absent (Fig. 10B). Indeed, the augmentation

of non-linear capacitance or charge movement by restoring

extracellular Cl_ did not occur in OHCs that had been

collapsed with negative pressure prior to the restoration,

but ensued when the cells were returned to a cylindrical

shape by positive intracellular pressure. The resulting

increase in membrane tension caused an influx of Cl_ ions,

and an augmentation of prestin-generated charge movement.

The stretch sensitivity of the Cl_ current was further tested

by mechanically stimulating the lateral membrane with

stiff glass probes (Fig. 11A). A step change in membrane

deformation evoked an initial transient current due to

motor charge movement, followed by a shift in steady-

state current (Fig. 11B). As expected, the magnitude of the

charge moved was dependent on holding potential and

reached a maximum at positive potentials where Vpkcm

resides under these ionic conditions (Gale & Ashmore,

1994; Zhao & Santos-Sacchi, 1999) (Fig. 11C). On the

other hand, the polarity of the mechanically induced

component of the ionic current reversed near the reversal

potential (_10.5 mV) of the total ionic current. Low

frequency AC stimulation with the probe generated

corresponding AC currents whose phase reversed at the

reversal potential of the current. The reversals in total

current polarity are not exactly 180 deg since only a pure

ionic current is expected to show this behaviour. These

data are consistent with a dual-component current, one

capacitive (motor-based) and one ionic.

Finally, in order to assess the physiological significance of

the conductance better, we studied its gating by

deformation of the lateral membrane at acoustic rates. We

used stimulus frequencies that were physiologically

appropriate for the OHCs that we isolated, namely for cells

whose characteristic frequency ranged up to about 1 kHz

(Dallos et al. 1982). Figure 12 illustrates that mechanical

perturbation of the lateral membrane with micropipette-

based, fluid-jet stimulation delivered at frequencies up to

1 kHz. The mechanical perturbation generated high

frequency whole-cell currents that display distortion,

including harmonic (If1) and DC components (Fig. 12A
and B). This type of stimulation had been used previously

to generate, poly-lysine-sensitive, tuned AC and DC

mechanical responses from isolated OHCs (Brundin et al.
1989; Brundin & Russell, 1994); however, we did not

measure the mechanical response of the cell under these

conditions, which in any case would not be readily

observable with our video sampling rate . We found strong

evidence that the evoked current results from direct

mechanical perturbation of the lateral cell membrane and

is Cl_ dependent. First, it was generated only in OHCs

possessing positive turgor pressure, and was reversibly

abolished when the cells were collapsed (Fig. 12C). This

dependence is similar to that of the mechanical sensitivity

of prestin in the lateral membrane (Takahashi & Santos-

Sacchi, 2001). Second, in the absence of intracellular Cl_,

V. Rybalchenko and J. Santos-Sacchi884 J Physiol 547.3

Figure 13. Effects of control anions on OHC non-linear
capacitance and current
A, the OHC was perfused with solutions of minimal composition
in order to evaluate the effects of control anions. The intracellular
solution was maleate-based (mM: 120 maleate, 250 Tris, 2 EGTA).
The initial extracellular maleate-based solution (mM: 120 maleate,
250 Tris) was sequentially substituted by Tris-Hepes (mM:
220 Hepes, 60 Tris), Tris-sulfate (mM: 120 SO4

2_, 250 Tris) and
Tris-Cl (mM: 155 Cl_, 165 Tris) solutions. Capacitance measures
and corresponding fits (smooth lines) to eqn (1) provide
Boltzmann parameters for the tested anions: (maleate:Vpkcm,
91 mV;  z, 0.82;  Qmax, 0.23 pC; Clin, 27.96 pF; Hepes: Vpkcm, 60 mV;
z, 0.99; Qmax, 0.30 pC;  Clin, 27.89 pF; sulfate: Vpkcm, 75 mV; z, 0.92;
Qmax, 0.65 pC; Clin, 28.28 pF; Cl_: Vpkcm, 58 mV;  z, 0.91; Qmax,
1.16 pC; Clin, 28.0 pF. B, corresponding ionic currents generated by
downward voltage ramps (+150 to _100 mV, 125 ms; corrected for
ramp-induced passive capacitive offset current component –
52 pA for this cell). Note increasing outward (inward anionic)
currents associated with the different anions, and the
corresponding increases in non-linear capacitance.
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removal of extracellular Cl_ abolished or reduced the

current (Fig. 12D).

Since it is known that mechanical stimulation of the lateral

membrane can generate non-linear capacitive currents (Gale

& Ashmore, 1994; Zhao & Santos-Sacchi, 1999; Takahashi

& Santos-Sacchi, 2001), we performed experiments to

dissociate capacitive and ionic components of the high

frequency current. As with our stiff probe experiments,

several pieces of evidence indicate that it is composed of

capacitive as well as ionic components. First, while DC

current components (Fig. 12A) are not expected for

mechanically driven capacitive currents, they can arise

from the rectified ionic conductance we described above.

Second, in cells that were treated with niflumic acid to

decrease non-linear capacitance and increase ionic (Cl_ )

currents, If0 showed two maxima: one near Vpkcm, where the

non-linear capacitive component is largest (Gale &

Ashmore, 1994; Zhao & Santos-Sacchi, 1999), and another

at hyperpolarized potentials, where the ionic component is

largest (Fig. 12E). Third, magnitude minima corresponded

to abrupt phase changes, as expected for an ionic, but not

for a mechanically driven capacitive current. The phase

change in current polarity is not exactly 180 deg since only

a purely ionic current is expected to show this behaviour.

Based on results from all three methods of mechanical

stimulation, we conclude that the mechanically evoked

currents arise from two sources – the ionic conductance

we described above, and the intrinsic displacement currents

of  the voltage sensor of prestin.

A role for sulfonic moieties in prestin activation
Since our observations and those of Oliver et al. (2001)

suggest that variations in the cationic composition of

solutions do not produce substantial effects on the non-

linear capacitance of prestin, it is possible that our major

control anions, Hepes_ and SO4
2_, could play a role as

co-factors supporting the charge translocation of prestin.

The common structural feature between these two anions

is the presence of a negatively charged sulfonic group, SO3.

To explore the possible active role of sulfonate-containing

molecules in prestin functioning further, we performed

one last set of experiments using maleate (divalent,

sulfonic-free) as control anion, in place of Hepes_ and

SO4
2_ (Fig. 13). Under symmetrical maleate solutions

intra- and extracellularly, a small non-linear capacitance

still remained. However, the exchange of extracellular

solutions with Tris-Hepes, Tris-sulfate, or Tris-Cl produced

an increase in non-linear capacitance and a further shift in

Vpkcm. Thus, each of these anions is able to permeate the

lateral membrane through the non-selective conductance

we describe above, and activate prestin. We conclude that

in the intact OHC, maleate, which lacks a sulfonic group, is

barely active, while Hepes_ and SO4
2_, which possess

sulfonic groups, partially support prestin activity similar

to Cl_.

DISCUSSION
We report several new observations. (1) Motor charge

movement remains substantial in the absence of Cl_ and

other known active anions inside and outside the intact

OHC. (2) Cl_ ions significantly affect the state probability

of prestin. (3) A Cl_ current through a non-selective lateral

membrane conductance modulates prestin activity thereby

making the OHC responsive to extracellular Cl_ , and (4) the

Cl_ current is stretch sensitive and gated at acoustic rates.

Taken together, these observations have substantial impact

on our understanding of OHC function.

How does Cl_ work on prestin?
The current state. Recently, Oliver et al. (2001) proposed

that prestin possesses an extrinsic voltage sensor where

charge movement arises due to the binding and subsequent

translocation of Cl_ or other anions from the intracellular

to the extracellular aspect of the plasma membrane of the

cell; simultaneous with this translocation, prestin is driven

to the expanded state producing cell elongation. Intracellular

SO4
2_ ions were ineffective in promoting charge movement,

as were extracellular Cl_ ions. This was observed in native

OHC membrane patches and whole-cell recorded prestin-

transfected CHO cells.

Evidence for a new state. One of the main differences that

we have with the the data of Oliver et al. (2001) is our

observation of large shifts in the operating voltage of the

motor (Vpkcm) during intracellular Cl_ removal. Since we

first presented evidence for this phenomenon (Rybalchenko

& Santos-Sacchi, 2001), we realized that the simple voltage

sensor scheme of Oliver et al. (2001) was incomplete. A

shift in Vpkcm suggests significant changes in the energy

profile for voltage-dependent motor transitions regardless

of whether extrinsic or intrinsic voltage sensors control

prestin. Supporting this contention, we previously showed

that salicylate, working on the inner aspect of the lateral

plasma membrane, not only reduces the voltage sensitivity

of the motor (z), but shifts Vpkcm in the positive direction

(Kakehata & Santos-Sacchi, 1996), indicating a more complex

interaction than simple competition for an extrinsic

sensor’s binding site as suggested by Oliver et al. (2001).

Another major difference between our data and that of

Oliver et al. (2001) is that we find that extracellular Cl_ can

enter the cell through a lateral membrane stretch-activated

conductance to influence prestin activity. Since they

studied excised membrane patches, it is possible that in the

absence of applied tension to the patch, the conductance

was inactive. Additionally, in transfected cells the conductance

may not have been expressed. In their motility studies on

intact OHCs, the use of intracellular pentane sulfonate

solutions confounded the evaluation of Cl_ effects.

Finally, the most controversial difference between our data

and theirs is our observation that SO4
2_ and other

Cl_ current affects the OHC motorJ Physiol 547.3 885
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sulfonate-containing anions can support significant

voltage sensitivity of prestin. The active role of SO4
2_ may not

seem unreasonable since protein database comparisons

indicate that prestin shows homology to sulfate transporters

(Zheng et al. 2001). Nevertheless, we performed tests to

rule out possible contamination of our solutions with

other known active anions, namely the halides and nitrate.

Independent laboratory (Galbraith Labs, TN, USA) tests

indicate that these anions were less than 100–200 mM in

our solutions. Additionally, we confirmed even lower Cl_

levels by measuring junction potentials at the Ag–AgCl

pipette solution interface. Furthermore, bicarbonate,

whose Kd for prestin effects is 44 mM (Oliver et al. 2001), is

unlikely to be influential for several reasons. First,

carbonic anhydrase is not located at the lateral wall but at

the apical and basal ends of the OHC (Okamura et al.
1996); thus, under our conditions, the little bicarbonate

that might be produced in the absence of energy substrates

(i.e. in the absence of robust CO2 generation) would be

readily washed out from the cell’s cytosol during pipette

perfusion. Second, a control series of experiments in the

presence of acetazolamide, a carbonic anhydrase inhibitor,

performed in the absence of atmospheric CO2 (using

lithium hydroxide absorption), left our results unchanged

(data not shown). Thus we are sure that contaminants are

not responsible for our results, since, according to Oliver

et al. (2001), at these levels of active anions non-linear

capacitance should be miniscule. 

Apart from differences in animal species, the membrane

preparations used could be responsible for discrepancies

between our data and those of Oliver et al. (2001) on the

sulfate sensitivity of prestin. While it is certainly true that

the isolated patch technique as used by Oliver et al. (2001)

is a good method to control solutions delivered to the

inner aspect of the membrane, potential problems may

arise. For example, removal of a patch from a cell, or

measurement of an attached patch in a transfected cell will

drastically alter membrane structure, not to mention the

intracellular environment that a transmembrane protein

normally experiences (Milton & Caldwell, 1990). How this

affects an integral membrane protein is difficult to assess.

For example, both cell-attached and excised patches of

oocyte-expressed Shaker-IR channels display anomalous

mechanical sensitivity because normal cellular mechano-

control mechanisms are absent (Gu et al. 2001). We have

chosen to use the native, whole-cell approach because we

are trying to understand how the intact cell functions. We

conclude that we do have control over solutes delivered to

the intracellular aspect of the lateral sub-plasmalemmal

space (LSpS), at least at steady state. This, we are sure of

because we find washout rates of Cl_ (based on prestin

activity) typical for whole-cell washout (~1–3 min; (Pusch

& Neher, 1988)); indeed, we have perfused for longer than

4 h and our results remain consistent. So, in the presence

of the lateral membrane conductance that we find, the

continuous perfusion of Cl_-free intracellular and extra-

cellular solutions will eventually deplete Cl_ in the LSpS.

Reversal potentials also indicate that we can effectively

change LSpS Cl_ concentrations.

Allosteric effects on motor state. Oliver et al. (2001)

suggested that extrinsic anions serve as the voltage sensor

for prestin. Our data lead us to a differing view. The major

effect of Cl_ is to shift the voltage operating range or state

probability function of prestin along the voltage axis. The

sensitivity of the operating range to Cl_ is remarkably

similar to that of the ClC-0 channel (Pusch et al. 1995; Chen

& Miller, 1996). State probability of that Cl_ channel is

highly Cl_ dependent, showing a 40–50 mV change in

the open probability function per 10-fold change in

Cl_ concentration. We find a similar sensitivity to Cl_

concentration for prestin. In the case of ClC-0, this Cl_

sensitivity and the Cl_ ion requirement for gating have led

to a consensus that the extrinsic ion serves as the voltage

sensor of the channel; the channel maintains only slight

residual voltage dependence under Cl_ -free conditions.

Our data do not support a similar conclusion for prestin,

since we find substantial voltage dependence under Cl_-

free conditions, with voltage sensitivity (z) and charge

movement (Qmax) only partially affected, and dependent

upon control anion species. Additionally, if prestin required

an external anionic voltage sensor, the charge movement

characteristics in the presence of SO4
2_ and absence of Cl_

should differ significantly, with z and Qmax doubling owing

to the change in sensor valence from _1 to _2. Thus, we

conclude that the effect of Cl_ is probably due to an

allosteric action on the motor protein, prestin. That is, as is

typical of indirect allosteric interactions (Monod et al.
1963; Changeux & Edelstein, 1998), a modulator, in this

case Cl_ , binds to a site (sites) that is distinct from the

active site (sites) responsible for the main function of the

protein, namely the intrinsically charged voltage-sensing

moiety. The binding produces a reversible conformational

change in prestin that changes the free energy minima of

the steady-state energy profile. This we measure as a shift

in the motor charge’s Boltzmann function along the

voltage axis. Allosteric modulation such as this is not

unusual. For example, allosteric modulation of the HERG

potassium channel by Ca2+ induces voltage shifts in the

activation curve of the channel (Johnson et al. 2001).

Effect of Cl_ on area state of prestin. We showed that

pentane sulfonate has direct effects on the OHC motor,

depressing the motor’s voltage sensitivity (z) much as

salicylate does (Kakehata & Santos-Sacchi, 1996), while

maintaining near normal Qmax. Indeed, as with salicylate,

we still observe reduced electromotility, in contrast to the

results of Oliver et al. (2001). Additionally, the shift of

Vpkcm with pentane sulfonate solutions is opposite to that

of our other control anions, sulfate or Hepes. We suspect

that the lipophilic pentane side chain allows this organic

V. Rybalchenko and J. Santos-Sacchi886 J Physiol 547.3
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anion to work on normally inaccessible sites within the

lipid environment of the motor, and its use does not allow

an adequate evaluation of the effect of chloride on the

charge or mechanical activity of prestin.

Oliver et al. (2001) concluded that removal of intracellular

Cl_ causes the lateral membrane motor to reside in the

contracted state, and consequently modelled prestin as

expanding following the binding and translocation of

intracellular Cl_ to the outer aspect of the membrane.

However, this is unlikely because the state probability of

the motor at a fixed holding voltage depends directly on

the relative position of Vpkcm. Since we clearly show that the

effects of pentane sulfate are unrelated to intracellular Cl_

concentration, their results probably reflect not the removal

of Cl_ , but the negative shift of Vpkcm produced by pentane

sulfonate, which they exclusively used in their motility

studies. We find that with sulfate- or Hepes-based solutions,

where the effects we observe actually correspond to the

removal of Cl_ , the motors tend to reside in the expanded

state with Cl_ removal, i.e. the OHC elongates at a fixed

holding potential, as Vpkcm shifts in the positive direction.

Thus, we conclude that the binding of Cl_ to prestin

actually increases the probability that the protein resides in

the contracted state and it is unlikely that binding and

movement of the negatively charged Cl_ ion towards the

outer membrane leaflet would increase prestin surface

area as Oliver et al. (2001) modelled. We suggest that upon

Cl_ binding, prestin activity is shifted into the physiological

range of voltages where intrinsic charge may sense voltage

perturbation. Contraction of prestin would be caused by a

moiety of net positive charge moving outward, or one of net

negative charge moving inward as the electrophysiological

data suggests (Ashmore, 1990; Santos-Sacchi, 1991b).

How many prestin binding sites are there for anions? We

find differential changes in Vpkcm, z and Qmax that depend

on the control anions (sulfate or Hepes) that we use to replace

Cl_. This observation indicates that multiple populations

of anion-bound prestin may exist simultaneously, and we

hypothesize that there are multiple binding sites that can

bind not only Cl_ but other anions with different affinities,

each having differential effects on the Boltzmann parameters.

For the whole cell, and large patches, we must also be

cognisant that still other restricted populations of motors

(with different Boltzmann characteristics) may also exist

as a result of local forces other than Cl_ , e.g. tension,

phosphorylation (Santos-Sacchi, 2002). Consequently, owing

to distributed populations, the resulting single Boltzmann

distributions that we observe do not demonstrate any

apparent discontinuities.

Flux of Cl– through the lateral membrane
Identity of the lateral membrane conductance. In this

report we directly measured voltage- and stretch-activated

anionic and cationic currents that arise from a lateral

membrane conductance, and confirmed Cl_ movements

by monitoring non-linear capacitance. Several lines of

evidence indicate that these non-selective currents, here-

after referred to as ImetL (mechano–electrical transducer,

lateral membrane), pass through the same conductance:

(1) the anionic and cationic currents co-vary in magnitude

among OHCs, and never exist separately; each of the

magnitudes proportionately fluctuates among and within

cells; (2) all modulating agents (drugs, turgor pressure)

affect each current in the same direction, and with

approximately equal effects; (3) each shows identical rapid

kinetics and sigmoidal voltage dependence; and (4) the

currents localize to the lateral plasma membrane, being

absent in plasma membrane lacking prestin, namely, at the

OHC base and in supporting cells.

The number of ionic conductances that are known to exist

in the OHC is growing. Some have been molecularly

identified and physiologically characterized, e.g. the

KCNQ channel subunits responsible for the Ik,n current

(Kubisch et al. 1999; Marcotti & Kros, 1999), or functionally

linked to a particularly well characterized channel type,

e.g. the L-type Ca2+ channel (Santos-Sacchi & Dilger, 1988;

Nakagawa et al. 1991). Others have been identified

through the detection of messenger RNA, e.g. ClC family

members (Kawasaki et al. 1999), but lack corresponding

physiological confirmation of expression. There are still

others that have been highly characterized but whose

molecular identity remains elusive after decades of study,

e.g. the stereocilia transduction channel (Russell et al.
1989; Kros et al. 1992). Although the molecular identity of

the conductance responsible for ImetL is unknown, its

unusual characteristics are not unprecedented. Indeed, a

poorly charge-selective, stretch-sensitive conductance that

passes Na+, K+ and Cl_ has been characterized at the single

channel level in opossum kidney cells (Ubl et al. 1988).

The major voltage-dependent ionic conductances of the

OHC, including outward K+ and inward Ca2+, are restricted

to the basal pole of the cell (Santos-Sacchi et al. 1997).

Though it is generally accepted that the predominant

constituent of the lateral membrane is the motor protein,

prestin, ionic conductances other than the one we have

characterized are localized to this region. Notably, stretch-

activated channels have been found in the lateral membrane

of OHCs, though they are selective for cations (Ding et al.
1991; Iwasa et al. 1991), and clearly could not account for

the anionic currents that we observed. Brownell and

colleagues have observed stretch-induced pore formation

up to 4 nm in size in the OHC membrane, which is

inhibited by chlorpromazine (Morimoto et al. 2002). They

found that the pores passed mono and disaccharides,

though the ionic permeability of these pores has not been

elucidated. Interestingly, there are some reports that may

have observed the effects of ImetL on OHC shape. Notably,

tamoxifen and quinine have been shown to block swelling

of OHCs in cochlear explants (Siegel et al. 2001), and Gd3+

Cl_ current affects the OHC motorJ Physiol 547.3 887
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was found to interfere with volume regulation in isolated

OHCs (Crist et al. 1993). It was suggested that tamoxifen

had its effect on ClC-3 channels in OHCs (Siegel et al.
2001). Our data do not support this.

Finally, we note that ImetL shares some properties of prestin,

namely, its location, tension dependence, and modulation

by Cl_ channel blockers. In this regard, it is well established

that some transporters underlie ionic conductances,

including CFTR (Hasegawa et al. 1992) and the sodium/

bicarbonate co-transporter, NBCn1 (Choi et al. 2000). In

fact, the Na+ current associated with NBCn1 expression

shows an increase in response to DIDS (Choi et al. 2000),

similar to the activity of this blocker on ImetL. It is

conceivable that ImetL could result from the expression of

prestin. Nevertheless, regardless of the conductance’s

molecular identity, it is clear that it has a major impact on

the activity of prestin and the OHC.

Sub-membranous Cl_. ImetL is localized to the lateral

plasma membrane of the OHC. The lateral membrane and

subsurface cisternae form membranous barriers of a

restricted compartment (LSpS) whose diffusional access to

and from the cytosol is limited owing to its ~30 nm width

(Pollice & Brownell, 1993). The LSpS may have distinctive

properties (Halter et al. 1997; Ratnanather et al. 2000). As

the cistern nearest the plasma membrane is continuous,

ion diffusion must predominantly occur at the apical and

basal extremes of the OHC, where the cisternae terminate.

For the isolated cells we used in the present study, with

lengths from 50 to 80 mm, the volume of the LSpS is about

47–66 fl. If washout from the bulk cytosol under whole-

cell voltage clamp were completely absent, the magnitude

of ImetL we observed, for example ~100 pA at _60 mV (see

Fig. 10A), would change LSpS Cl_ levels at a rate of

20 mM s_1. Actually, the concentration change just beneath

the plasma membrane and at high frequencies (owing to

diffusion-rate limitations), especially in the middle of the

cell, could be substantially larger. This may explain to

some extent our observation of non-uniform stretch-

activated gating currents along the length of the OHCs, as

non-linear capacitance magnitude will vary with Cl_

concentration (Takahashi & Santos-Sacchi, 2001). Since

we find that intracellular dialysis with Cl_-free solutions

affects prestin activity with a time course typical for whole-

cell washout (Pusch & Neher, 1988), it is clear that LSpS is

not absolutely isolated, and thus, Cl_ levels in that space are

under our experimental control, at least at steady state

(> 3 min). Nevertheless, reversal potential measures indicate

substantial gradients in concentration between core

cytosol and LSpS. Under whole-cell voltage clamp, the

concentration of Cl_ in the LSpS is a balance between

intracellular/LSpS diffusion and flux across the lateral

plasma membrane. Clearly, then, in the absence of Cl_-

containing solutions inside and outside the cell for more

than several minutes we are assured that Cl_ is depleted in

the LSpS, and the conclusions that we reached based on

this result, e.g. that Qmax is resistant to Cl_ depletion, are valid.

Under normal physiological conditions, other homeo-

static mechanisms to control Cl_ levels may come into

play, for example, pumps, transporters and sequestration

mechanisms (see Frings et al. 2000), just as they do in

calcium metabolism. Most cells maintain an intracellular

Cl_ concentration that is substantially below the typical

extracellular concentration of 140 mM, as in perilymph.

Nevertheless, in many cell types Cl_ is maintained at levels

higher than the predicted electrochemical equilibrium

levels. This is usually achieved by Na+–K+–2Cl_ cotransport

(Russell, 2000). However, there is an apparent absence of

NKCC1 transporter in OHCs (Crouch et al. 1997; Goto et
al. 1997); this may indicate that levels in the OHC are close

to equilibrium levels, namely, for a resting potential

< _70 mV (Dallos et al. 1982), Cl_ would be < 9 mM.

Furthermore, efficient mechanisms for the control of Cl_

must exist within the very localized region of the LSpS,

since an incessant flux of Cl_ across the lateral membrane is

predicted to accompany acoustically induced (or basilar

membrane vibration-induced) mechanical deformations

of the cell. As noted above, changes in Cl_ levels in the LSpS

will have a strong impact on OHC mechanical function.

We speculate that the subsurface cisternae and associated

mitochondria aid in controlling LSpS Cl_ levels. Indeed, it

may be that interference with Cl_ homeostatic mechanisms

underlies the susceptibility of the cochlear amplifier to

trauma, or that modulation of these mechanisms accounts

for normal phenomenon such as the shift in Vpkcm observed

during OHC development (Oliver & Fakler, 1999).

Physiological implications of a fast stretch-activated
lateral membrane Cl_ current – a hypothesis
The observation that OHC somatic motility is driven by

voltage quickly led to the suggestion that the low-pass filter

of the membrane would seriously limit high frequency

electromotility (Santos-Sacchi, 1989). This problem only

arises when one considers that owing to the non-linear nature

of the mechanical response function, the mechanical gain

of the OHC is about one tenth of its maximum (max:

~30 nm mV_1) at the normal resting potential of _70 mV

(Santos-Sacchi, 1989). Since that observation, a few

solutions for the apparent RC filter problem have been

suggested. Dallos & Evans (1995) suggested a mechanism

that may work in the intact cochlea; during stimulation

with high acoustic frequencies, extracellular voltages (which

have a wider bandwidth than intracellular potentials)

deriving from excited OHCs could induce a voltage drop

across unexcited OHCs at basilar membrane regions basal

to the excited cell region. Alternatively, we have suggested

two cellular-based mechanisms whereby the problem

could be alleviated. First, we found that the mechanical
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gain of the cell at its resting potential could be increased via

reductions in turgor pressure (Kakehata & Santos-Sacchi,

1995). Second, since we found that motor charge density is

greater in higher frequency OHCs, we reasoned that the

resultant electrical energy (Q w V ) delivered to the lateral

membrane of high frequency OHCs could render the

filter-induced drop in receptor potentials less detrimental

(Santos-Sacchi et al. 1998a). All these arguments presuppose

the existence of an RC filter problem due to voltage

dependence of prestin. Our new data identify a potential

mechanism for the operation of the cochlear amplifier

without RC filter problems.

The identification of a stretch-activated conductance

(GmetL) in the lateral membrane may indicate that the

OHC motor can react to currents evoked by mechanical

perturbations that accompany acoustic stimulation in
vivo. This scenario had been envisioned following the

discovery of stretch-activated cationic channels in the

lateral membrane (Ding et al. 1991; Iwasa et al. 1991).

Under that scheme, voltage perturbations accompanying

the flux of cations were suggested to drive the OHC motor.

However, in that case the RC filter problem remained. In

our hypothetical view, however, Cl_ oscillations near

prestin, driven by the stretch-activated AC and/or DC Cl_

current component of ImetL, would directly drive prestin

transitions. This mechanism naturally follows from the

substantial influence of Cl_ on the state probability of

prestin. As the current or its integral, not the resultant

voltage, would directly modulate prestin, the mechanism

would be unencumbered by the RC membrane filter.

Thus, we hypothesise that the OHC soma has adopted a

mechanism similar to that which stereocilia may use to

provide cochlear amplification in lower vertebrates (Choe

et al. 1998; Ricci et al. 2000). In that case, Ca2+ ion entry

through the mechanically gated transduction channels

modulates the channels themselves and thus stereocilia

bundle mechanics (Choe et al. 1998; Ricci et al. 2000). In

an analogous manner, we view the lateral membrane as a

forward and reverse transducer, where local changes in

intracellular Cl_ levels lead to a cyclical binding of Cl_ to

prestin, with resultant changes in OHC mechanical

properties. Obviously, to be functional, the lateral membrane

model must meet many of the requirements laid out for

models of stereocilia amplification (Choe et al. 1998),

including the need for rapid association and dissociation

rate constants and mechanisms for Cl_ removal.

If this hypothesis has merit, then extracellular peri-

lymphatic Cl_ levels should be important for normal

auditory function. Manipulations of perilymphatic Cl_

levels have been made, but the results are not clear cut

(Desmedt & Robertson, 1975). Regarding the interpretation

of perilymphatic perfusion of any type, we must remain

cognisant of the possibility that preparation for these kinds

of experiments can sometimes reduce response levels

significantly such that threshold (active) effects can be

missed. Indeed, Desmedt & Robertson (1975) described

their preparations as ‘fairly intact’, and found variations of

up to 20 % in cochlear microphonic (CM) and eighth nerve

compound action potential (N1) thresholds during control

perfusions. Nevertheless, when low Cl_ perilymphatic-

perfusion rates were increased so as to drop Cl_ levels down

to 5 mM, N1 threshold levels did deteriorate, as we would

predict.
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ABSTRACT The outer hair cell from Corti’s organ possesses voltage-dependent intramembranous molecular motors evolved
from the SLC26 anion transporter family. The motor, identified as prestin (SLC26a5), is responsible for electromotility of outer hair cells
and mammalian cochlear amplification, a process that heightens our auditory responsiveness. Here, we describe experiments
designed to evaluate the effects of anions on the motor’s voltage-sensor charge movement, focusing on prestin’s voltage-dependent
Boltzmann characteristics. We find that the nature of the anion, including species, valence, and structure, regulates characteristics of
the charge movement, signifying that anions play a more complicated role than simple voltage sensing in cochlear amplification.

INTRODUCTION

The mammalian cochlea possesses unique cellular structures

evolutionarily designed for active amplification, providing en-

hanced detection and discrimination of acoustic frequencies

beyond 70 kHz (1,2). Despite much progress, our under-

standing of the molecular mechanisms responsible for this

active amplification within the organ of Corti remains incom-

plete. Nevertheless, there is a growing consensus that it is the

electrically evoked mechanical activity of the outer hair cells

(OHCs) that boosts auditory performance (3–6). These OHCs

possess a fast electromotility arising from the recently cloned

voltage-sensitive protein prestin (SLC26a5) (7,8), which is

densely expressed in the OHC lateral membrane (9,10). The

electrical signature of conformational changes in prestin is a

displacement current or nonlinear capacitance (NLC) (11–13).

The estimated millions of motor molecules (14,15) that reside

within each OHC power plasma membrane surface area fluc-

tuations (16–18), thereby predominantly producing longitu-

dinal movements of the cylindrically shaped cells on a

submillisecond timescale.

The discovery of a fundamental role for intracellular anions

(Cl� in particular) in promoting prestin’s voltage sensitivity (19)

gave rise to a model in which anions serve as extrinsic voltage

sensors whose intramembrane movement directly alters the

conformational state of prestin. The model, which we refer to as

the partial anion transporter (PAT) model, is encapsulated by

an animated cartoon (www.sciencemag.org/content/vol 292/

issue5525/images/data/2340/DC1/Prestin_movie.mov). It

purports that the voltage-driven movement of a bound anion

from the intracellular aspect of prestin toward the extracellular

aspect (resulting from a truncated transport cycle) gates prestin

from the contracted to the expanded state. Thus, apparent gating

charge (z) would derive from the distance (d) that the anion/

sensor charge (q ¼ ion valence 3 e) moves perpendicular to

the membrane field; that is, two-state Boltzmann fits of gating

charge or NLC would provide an apparent gating charge of

z ¼ d 3 q. Thus, in this model, z is expected to scale with

either d or anion valence. However, the model (19) posits only

monovalent anion sensors.

This initial observation was complimented by our recent

observations that certain intracellular anions, which were

initially considered, according to the PAT model (19), to be

unable to serve as prestin’s voltage sensor (e.g., SO2�
4 ), can

support NLC and shift prestin’s voltage operational range

(Vop, defined in Methods) (20). These observations led to a

model for prestin voltage sensing in which anions allosteri-

cally modulate the voltage-sensing activity of intrinsic

charged residues. In this model, apparent z is still obtained

from fits to a two-state Boltzmann function, but it describes,

instead, an equivalent charge, q, the sum of an unknown

number of partial charges, through a trajectory perpendicular

to the membrane field. In this model, z does not necessarily

scale with anion valence. We also found that anions pass

through a lateral membrane conductance, under the control of

membrane stretch and voltage (20). These findings led to a

hypothesis that prestin state transitions can occur at constant

membrane potential (Vm), being driven by anion flux resulting

from acoustically evoked OHC lateral membrane deforma-

tions (3,4,20,21). These conformational transitions would

primarily result from binding and unbinding of anions, a

process that could be unencumbered by the OHC’s membrane

RC filter (22,23). Here, we expand on our initial observation

that intracellular anions significantly shift prestin’s Vop, and

we provide further data that the nature of the anion, including

species, valence, and structure, regulates Boltzmann charac-

teristics of the charge movement, indicating a more compli-
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cated picture of anion interactions with prestin than a simple

extrinsic voltage sensor model (19) can yield.

METHODS

Adult guinea pigs were euthanized with a halothane inhalation overdose

protocol approved by the Yale University animal use and care committee.

OHCs were freshly isolated from the organ of Corti after enzymatic (dispase

0.5 mg/ml) and mechanical treatment in Ca21-free medium. Cells of ap-

proximately the same size (50–70 mm) were used. Electrical recordings from

voltage-clamped OHCs were done at room temperature, as described in our

previous work (20). Combined leakage-free liquid bridges (Ag-ACl-TrisCl-

TrisMalate-agar) were used in grounding and patch pipette circuits to minimize

liquid junction potentials that were kept within 64 mV while Cl�-free and Cl�-

containing solutions were exchanged during the experiment. These values were

obtained in control test conditions with solution exchanges around an open

pipette. The solution buildup within the bridge was not observed during the

relatively short time of the exposure (;2–5 min) of one particular solution. The

solutions were either low-Ca21 or Ca21-free and K1-free (listed in Table 1) to

prevent OHC K1 and Ca21 currents. At the ion concentrations listed, the

osmolarity for extracellular solutions was ;325 mOsm, whereas solutions

5 mOsm lower were used intracellularly to prevent OHC swelling and effects

of altered membrane tension on prestin’s functional parameters (24–26). The

pH of solutions was adjusted to ;7.25–7.30 with TrisOH. No difference in

osmolarity for equimolar solutions of short- and long-tail sulfonic anions

was noticed, indicating that no micelles were formed by any of the alkyl-

sulfonates tested. All chemicals were from Sigma (St. Louis, MO) and Fluka

(Buchs, Switzerland).

Extracellular solutions were locally applied to the individual cells by Y tube

while a bath was continuously perfused with Tris-Hepes(o) solution. When

evaluating the effects of extracellularly applied anions on the intracellular

aspect of prestin (see Figs. 3 and 4), at least a 2-min interval was allowed from

the moment of extracellular solution application to the time the membrane

capacitance was recorded, to allow the extracellular anions to permeate the

membrane and equilibrate with the intracellular solution. Where appropriate,

as noted in the text, the patch pipette solutions were exchanged during con-

tinuous recording from the cell, using the intrapipette perfusion system 2PK1

(ALA Scientific Instruments, Westbury, NY). In most experiments, 200 mM

streptomycin 1 400 mM acetazolamide (OHC stereocilia channels and

hemichannel blockers) were added to all extracellular solutions to rule out

possible influence on the data from unaccounted currents.

OHC membrane capacitance measurements

The OHC voltage-dependent membrane capacitance (Cm), i.e., the capaci-

tance-voltage (C-V) plot, was measured by applying a command voltage

protocol (ramp 1 superimposed two-sine (10 mV peak at 390.6 and 781.2 Hz)

from holding potential Vhold ¼ 0 mV) that allowed us to sample at 2.56 ms

resolution. Subsequently, off-line extraction of C-V plots was performed

using a fast-Fourier-transform-based admittance analysis (27,28) incorpo-

rated into jClamp software (SciSoft, Branford, CT).

Prestin molecular parameters

Experimentally measured OHC C-V plots were fitted with the function Cm¼
Clin 1 Cv, where Clin is the voltage-independent (linear surface area com-

ponent) capacitance of the lipid bilayer, and Cv ¼ dQnonL/dV is the voltage-

dependent component of Cm originating from prestin’s intramembrane

voltage-sensor translocation evoked by external voltage, described with a

two-state Boltzmann function, Q ¼ Qmax/(1 1 exp(�ze(V � VpkCm)/kBT)).

The total nonlinear fitting function for Cm (13), Cm¼Cln 1 fQmaxze/kBTg3

exp(�ze(V � VpkCm)/kBT)/(1 1 exp(�ze(V � VpkCm)/kBT))2 represents a

bell-shaped C-V plot (Fig. 1, middle) from which the parameters of Qmax, z,

VpkCm, and Cln were obtained using a nonlinear curve-fitting procedure. Qmax

is the total charge translocated if all active prestin molecules underwent

conformational transition to the alternative state. Qmax ¼ q 3 N, where q is

TABLE 1 Composition of intracellular and extracellular solutions

Solution name Special notes MgSO4 Mg(OH)2 EGTA Malate TrisOH HCl

Tris-Mal(i) Malate2�, 115 — 2 2 — ;260 —

Tris-Cl(i) — 2 2 ;180 — 150

Tris�Mal10Cl
ðiÞ Malate2�, 107 — 2 2 — ;245 10

Tris-Hepes(i)* Hepes(�), 190 2 — 10 — ;120 —

Tris-SO4(i) SO2�
4 ; 110; Hepes(�), 10 2 — 10 — ;265 —

Na-SO4(i) Na2SO4, 110; Hepes(�), 30 2 — 10 — — —

Na-PnSO3(i)* NaPentSO3, 140; Hepes(�), 10 2 — 10 — ;30

Tris-PO4(i) PO3�
4 ; 120 — 2 10 — ;290 —

Tris-Hepes(o) Hepes(�), 210; CaSO4, 0.2 5 — — — ;110 —

Tris-Cl(o) Hepes(�), 10; CaSO4, 0.2 5 — — — ;155 140

Na-Cl(o) NaCl, 150 — 5 — 17 ;26 —

Na-SO4(o) Na2SO4, 125 — 5 — 15 ;21 —

Na-Mal(o) Na2Malate, 125 — 5 — 5 ;20 —

Na-MeSO3(o) NaMethaneSO3, 150 — 5 — 13 ;18 —

Na-EtSO3(o) NaEthaneSO3, 150 — 5 — 11 ;13 —

Na-PrSO3(o) NaPropaneSO3, 150 — 5 — 12 ;15 —

Na-PnSO3(o) Na-1-PentaneSO3, 150 — 5 — 12 ;15 —

Na� SO10Cl
4ðoÞ Na2SO4, 117; NaOH, 10 — 5 — 15 ;21 10

Na�Mal10Cl
ðoÞ Na2Malate, 117; NaOH, 10 — 5 — 5 ;20 10

Na�MeSO10Cl
3ðoÞ NaMethaneSO3, 140; NaOH, 10 — 5 — 13 ;18 10

Na� EtSO10Cl
3ðoÞ NaEthaneSO3, 140; NaOH, 10 — 5 — 11 ;13 10

Na� PrSO10Cl
3ðoÞ NaPropaneSO3, 140; NaOH, 10 — 5 — 12 ;15 10

Na� PnSO10Cl
3ðoÞ Na-1-PentSO3, 140; NaOH, 10 — 5 — 12 ;15 10

Subscripts (i) and (o) are used to denote intracellular and extracellular solutions, respectively. All values are given in mM.

*The presence of 2 mM of SO2�
4ðiÞ in this solution did not influence the effect of the major anion.
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prestin’s voltage-sensor elementary charge and N is a number of prestin

molecules. The measured ‘‘apparent valence’’ of prestin voltage sensor (z) is

defined as z ¼ q 3 d, where d (0 , d , 1) is a normalized perpendicular

projection of distance traveled by the voltage sensor within the plasma

membrane field (Fig. 1). VpkCm is the membrane potential (Vm) at which

prestin molecules are equally distributed between expanded and contracted

states. It corresponds to the peak of the Cv function. Another parameter,

prestin’s voltage operation range, was defined as Vop ¼ fV10, V90g, within

which the probability for prestin to switch from the expanded to the contracted

state varies between 10% and 90%. Within the Vop, prestin molecules are

sensitive to Vm variations, whereas at more negative potentials the prestin

population is virtually locked in the expanded state, and at more positive

potentials in the contracted state. As follows trivially from the above equation

for Q, the Vop ¼ VpkCm 6 2.2kBT/ze ¼ VpkCm 6 z�1 3 56.2 mV.

Experimental C-V curves were corrected off-line for the effects of series

resistance, Rs, using a jClamp built-in algorithm. The nonlinear fitting of C-V

curves was performed using the least-square algorithms incorporated in

jClamp and Origin (Microcal, Northampton, MA) software (Dx2 , 0.05).

Data are presented as mean 6 SD. The statistical significance of difference

obtained for the parameters Vpkcm, Qmax, and z was calculated using one-way

analysis of variance (op , 0.1, *p , 0.05, **p , 0.01, and ***p , 0.001). For

Figs. 3 and 5, statistics are relative to those characteristics for Cl�. For Fig. 4,

statistics are for the extracellular anions (2–6) relative to those characteristics

for control conditions with basal extracellular solution Na-Mal(o)10Cl (1).

The number of cells tested for each anion is presented in parentheses for

Vpkcm, and at the bottom of columns for Qmax and z.

RESULTS

Recently, we reported that substitution of sulfate ðSO2�
4ðiÞÞ for

intracellular chloride ðCl�ðiÞÞ in guinea pig OHC cells supports

NLC and shifts prestin’s Vop to very positive membrane

potentials without substantial change in electromechanical

activity (20,29). We posited an intrinsic voltage sensor (IVS)

model (20,29), wherein the existence of intracellular anion

binding sites on prestin (binding both Cl�ðiÞ and SO2�
4ðiÞ) influ-

ences the free energy profile for prestin’s voltage-dependent

transitions, thereby establishing Vop. According to the PAT

model, however, the divalent sulfate is ineffective in sup-

porting prestin charge movement, and the positive shift in Vop

results from decreasing chloride levels (30). Clearly, if Cl�ðiÞ
removal were the sole reason for the positive Vop shift during

the SO2�
4ðiÞ/Cl�ðiÞ substitution, the shift should be in the same

(positive) direction and of similar amplitude irrespective of

the nature of the anion that substitutes for Cl�ðiÞ: To address this

issue, we monitored the changes in C-V functions during patch

pipette solution washin using three different anion substitutes

(SO2�
4 ;Hepes(�), and 1-pentanesulfonate� (PnSO�3 ) (Fig. 2)).

With SO2�
4ðiÞ in the pipette, VpkCm progressively shifted to high

depolarizing potentials (;1140 mV) upon Cl�ðiÞ washout.

The nonlinear Cv component of C-V function remained ro-

bust, in accordance with our earlier reports (20,29), but con-

trary to observations made on excised patches (30). With

Hepes
ð�Þ
ðiÞ anions in lieu of Cl�ðiÞ; the rightward VpkCm shift was

less pronounced. Finally, with PnSO�3ðiÞ in the pipette, the C-V

curve shift was in the opposite (negative) direction, with VpkCm

stabilized at extremely hyperpolarized potentials (�150 to

�180 mV). The experiments depicted in Fig. 2 clearly indicate

that the direction and amplitude of the shift of prestin-gener-

ated C-V functions depend on the nature of the intracellular

anion and not solely on Cl�ðiÞ washout.

From our data above, it is clear that the structurally different

intracellular anions SO2�
4 ;Hepes(�), and PnSO�3 ;which can be

considered sulfonate (SO�3 )-containing anions, shift prestin’s

C-V function over a wide range of membrane potentials. To

better understand the structure-function aspects of prestin in-

teraction with (SO�3 )-containing anions, we examined C-V

functions of prestin in the presence of alkylsulfonic anions with

increasing hydrocarbon tail lengths. Because of technical dif-

ficulties with the intrapipette exchange of multiple solutions,

the four sulfonic anions: methaneSO�3 ðMeSO�3 Þ; ethaneSO�3
ðEtSO�3 Þ; propaneSO�3 ðPrSO�3 Þ; and PnSO�3 ; as well as SO2�

4

and Cl�, were consecutively applied extracellularly to the same

FIGURE 1 Schematic representation of the IVS and PAT models for

prestin, and definitions of prestin molecular parameters. (Upper) Conforma-

tional transitions between prestin expanded (solid lines) and contracted

(dashed lines) states after membrane hyper/depolarization cycles, result from

intramembrane translocation of either 1), prestin’s charged moiety q (IVS

model, left); or 2), Cl�/bicarbonate-binding moiety (PAT model, right).
(Middle) Experimentally measured (in OHCs) bell-shaped C-V curve (heavy

line) is composed of a passive capacitance of a membrane lipid bilayer (Clin)

and a bell-shaped voltage-dependent component of membrane capacitance

(Cv) originating from intramembrane translocation of prestin’s charged

voltage sensor at membrane voltages within the prestin operation range

(Vop, indicated in lower panel). The thin line is a two-state Boltzmann function

first-derivative fit (see Methods) to a C-V component, from which the

parameters characterizing prestin conformational transitions (Qmax, z, and

VpkCm (inset)) are obtained. Intracellular and extracellular solutions were Tris-

Cl(i) and Tris-Cl(o), respectively. (Lower) Integration of the Cv component

from the middle panel reproduces a Boltzmann function that characterizes

prestin voltage-dependent transitions between expanded (hyperpolarization)

and contracted (depolarization) states. The range of membrane potentials

between 10% and 90% of prestin molecules residing in the contracted state is

defined as prestin’s voltage operation range (Vop; see Methods).
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OHC during the experiment. In addition, we had to limit our

voltage excursions to 6100 mV to limit cell loss during the six

perfusions and data collections. We have recently shown that

extracellularly applied ions can pass through a nonselective

OHC lateral membrane conductance (GmetL) to interact with

prestin intracellularly (29). Intracellular malate2�was used as a

reference anion, since it supported the lowest Qmax in our

previous experiments, allowing us to monitor increases in NLC

due to supplemental anions. The C-V curves with fits from

representative OHCs and statistics on VpkCm values obtained

from 10 cells (n . 5 for each particular anion) are presented

in Fig. 3 A. In symmetric Mal(i)/Mal(o) conditions, the reference

values for VpkCm(Mal(i)/Mal(o)) ¼ 199 6 22 mV were at

very positive membrane potentials, similar to the earlier mea-

sured VpkCmðSO2�
4 Þ: With extracellular MeSO�3 and EtSO�3 ;

VpkCm was progressively shifted to more negative

potentials: VpkCmðMalðiÞ=MeSO�3 ðoÞÞ ¼ 179 6 28 mV and

VpkCmðMalðiÞ=EtSO�3 ðoÞÞ ¼ 159 6 27 mV: The appearance

of the third alkyl-carbonate in the anion PrSO�3 produced a

dramatic shift of VpkCm to negative membrane potentials:

VpkCmðMalðiÞ=PrSO�3 ðoÞÞ ¼ �68 6 54 mV: Further elongation

of the hydrocarbon chain for PnSO�3 showed only moderate

additional VpkCm shift to more negative potentials:

VpkCmðMalðiÞ=PnSO�3 ðoÞÞ ¼ �97 6 21 mV: The final control

applications of Na-SO4(o) and Na-Cl(o) solutions produced

VpkCmðMalðiÞ=SO2�
4 ðoÞÞ ¼ 196 6 23 mV and VpkCm(Mal(i)/

Cl�(o))¼136 6 13 mV, in agreement with expected values.

Statistics on Qmax and z values obtained in this series

of experiments are presented in Fig. 3, B and C. Qmax(Mal(i) /

Mal(o)) ¼ 0.63 6 0.15 pC, QmaxðMalðiÞ=MeSO�3 ðoÞÞ ¼
1:16 6 0:33 pC; QmaxðMalðiÞ=EtSO�3 ðoÞÞ ¼ 1:42 6 0:47 pC;

Qm a xðMalðiÞ=PrSO�3 ðoÞÞ ¼ 2:44 6 0:45 pC; Qm a xðMalðiÞ=

PnSO�3 ðoÞÞ ¼ 2:70 6 0:68 pC; Qm a xðMalðiÞ=SO2�
4 ðoÞÞ ¼

1:60 6 0:35 pC; andQmax(Mal(i)/Cl�(o))¼ 2.59 6 0.73pC;and

z(Mal(i)/Mal(o)) ¼ 0.71610, zðMalðiÞ=MeSO�3 ðoÞÞ ¼ 0:57 6

0:08; zðMalðiÞ=EtSO�3 ðoÞÞ¼ 0:51 6 0:08; zðMalðiÞ=PrSO�3ðoÞÞ¼
0:38 6 0:04; zðMalðiÞ=PnSO�3ðoÞÞ¼ 0:30 6 0:05; zðMalðiÞ=

SO2�
4 ðoÞÞ ¼ 0:58 6 0:07; and z(Mal(i)/Cl�(o)) ¼ 0.75 6 0.07.

It should be noted that VpkCm, Qmax, and z values obtained

in these experiments simply serve to illustrate the general

effects of these anions on NLC, since the accumulated intra-

cellular concentration of tested anions is not known. Never-

theless, the relatively high Qmax values obtained for all tested

anions, compared to the reference Qmax(Mal(i)/Mal(o)) value,

indicated that accumulated concentrations of test anions were

sufficient to substitute for malate2� on prestin’s intracellular

anion-binding site(s) that modulates prestin’s voltage sensor

function. This issue is revisited in the experiments described

in Fig. 4. It should also be noted that SO2�
4 and PnSO�3 anions

shift prestin C-V curves consistently in one direction (positive

and negative, respectively) regardless of their intra- or ex-

tracellular application. This observation rules out the origin of

Vop shifts from membrane charge screening effects and/or

from liquid junction potential artifacts. The same observation

ruled out electrogenic transport of those anions by prestin,

since VpkCm would be expected to shift in opposite directions

upon switching the side of the membrane where the trans-

ported anions are applied.

Since different anion species can bind to prestin regulatory

anion binding sites, it might be expected that various anions

would compete for binding to these sites under normal con-

ditions. At present, intracellular Cl�ðiÞ anions are strong can-

didates to be the major anions regulating prestin Qmax and Vop

in OHCs. To verify whether the sulfonic anions can compete

with Cl�ðiÞ for prestin regulatory binding sites, we repeated the

previous experiment represented in Fig. 3 in the presence of

10 mM Cl� in the intra- and extracellular solutions. The test

FIGURE 2 Removal of Cl�ðiÞ does not determine the

direction of the shift of prestin’s voltage operation range.

(A) Three different OHCs were equilibrated with Cl�ðiÞ in

Tris-Cl(o) extracellular solution and then were voltage-

clamped using patch pipettes containing intracellular Tris-

SO4(i) (upper), Tris-Hepes(i) (middle), and Na-PnSO3(i)

(lower) solutions. C-V curves were recorded at 20-s inter-

vals starting at the moment of patch rupture. Upon Cl�ðiÞ
substitution with intrapipette anions, the C-V characteristics

exhibit a voltage shift of different amplitude and direction

from VpkCmðCl�ðiÞ=Cl�o Þ ¼ �51611 mV (n¼ 9, dashed line)

recorded at the initial ‘‘all Cl� conditions’’ (Tris-Cl(i)/Tris-

Cl(o)). The shift depends on the nature of the substitute anion

and is not a result of a reduction in [Cl�](i). The 10 pF scale

is common for all panels. The horizontal axis is the scale for

Vm. (B) VpkCm values obtained from fits (not shown) to the

experimental curves for three cells from A were plotted

against time, starting from the moment of patch rupture. The

irregular time course of the VpkCmðPnSO�3ðiÞ=Cl�o Þ curve is due

to the difficulties in fitting C-V curves with VpkCm values close

to, or beyond, the limit of mechanical stability of the cell.
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sulfonic anions were again applied extracellularly in order of

their VpkCm positive shift demonstrated in the previous exper-

iment. The C-V curves and fits for representative OHCs and

statistics on VpkCm values obtained in five cells are presented in

Fig. 4 A. In the present condition, where 10 mM [Cl](i) is fixed,

the reference value of VpkCmðMal10Cl
ðiÞ =Mal10Cl

ðoÞ Þ ¼ 12 6 7 mV

(Fig. 4 A 1) was shifted to more negative potentials than the

value of VpkCm(Mal(i)/Cl�(o)) ¼ 136 mV obtained in the pre-

vious experiment for conditions with all Cl� extracellular

(Mal(i)/Cl�(o)) (Figs. 3 A 7 and 4 A 1 (vertical dashed line)). The

fact that the VpkCmðMalðiÞ= Cl�ðoÞÞ value is more positive than

the VpkCmðMal10Cl
ðiÞ =Mal10Cl

ðoÞ Þ value indicates that the averaged

accumulated [Cl�](i) in the previous experiment (Fig. 3) for

conditions of Mal(i)/Cl�(o) was ,10 mM, since lower [Cl�](i)

would shift the prestin VpkCm to more positive potentials.

Thus, we estimated that accumulated intracellular sub-

plasmalemmal concentrations of sulfonic anions applied

extracellularly in this and the previous experiment did

not reach (and were probably significantly lower than)

10 mM.

The following values of VpkCm were obtained for conditions

with fixed 10 mM [Cl]i and test anions applied extracellu-

larly (Fig. 4 A): VpkCmðMal10Cl
ðiÞ =SO2�

4
10Cl
ðoÞ Þ ¼ 116 6 6 mV;

VpkCmðMal10Cl
ðiÞ =MeSO�3

10Cl
ðoÞ Þ¼138 6 7 mV; VpkCmðMal10Cl

ðiÞ =

EtSO�3
10Cl
ðoÞ Þ ¼ 1 31 6 9 mV; VpkCmðMal10Cl

ðiÞ =PrSO�3
10Cl
ðoÞ Þ¼

1 8 6 37 mV; VpkCmðMal10Cl
ðiÞ =PnSO�3

10Cl
ðoÞ Þ ¼ �5 6 27 mV:

Using the relative shift of VpkCm by SO�3 -containing anions

from reference VpkCmðMal10Cl
ðiÞ =Mal10Cl

ðoÞ Þ ¼ 12 mV as a mea-

sure of their efficacy to alter Vop, the following rank was ob-

tained: MeSO�3 .EtSO�3 .SO2�
4 : The displacement ability by

PrSO�3 and PnSO�3 could not be ranked in these experiments

FIGURE 3 Alkylsulfonic anions shift prestin’s Vop over

a wide range (from depolarizing to hyperpolarizing) of

membrane potentials as a function of hydrocarbon chain

length. (A) Cv-V curves (thick line) and their fits (thin line)

obtained from the same OHC perfused with Na-Mal(i)
intracellular solution while control anions and sulfonic

anions with increasing hydrocarbon chain length were

applied extracellularly in the order (of solutions) (1) Na-

Mal(o), (2) Na-MeSO3(o), (3), Na-EtSO3(o), (4), Na-PrSO3(o),

(5), Na-PnSO3(o), (6), Na-SO4(o), and (7), Na-Cl(o). Circles

and horizontal error bars above traces represent mean 6 SD

for prestin VpkCm values obtained in 10 cells. (B and C)

Columns and vertical error bars represent statistics (mean 6

SD) for Qmax (B) and z (C) values obtained from the same

fits that were used to obtain VpkCm parameters in A.

Columns for the appropriate anions are placed in the order

and relative position of their VpkCm values on the scale of

membrane potentials.
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due to the high error margins. However, a visual inspection of

C-V curves by those anions in most of the experiments (e.g.,

Fig. 4 A, 5 and 6) indicated their ability to modify the VpkCm

and z of prestin, regardless of the presence of Cl�ðiÞ: This is

clear from the analysis of z values obtained through this

series of experiments (Fig. 4 C): zðMal10Cl
ðiÞ =Mal10Cl

ðoÞ Þ ¼ 0:72 6

0:08; zðMal10Cl
ðiÞ =SO2�

4
10Cl
ðoÞ Þ¼ 0:74 6 0:05; zðMal10Cl

ðiÞ =Me

SO�3
10Cl
ðoÞ Þ ¼ 0:64 6 0:07; zðMal10Cl

ðiÞ =EtSO�3
10Cl
ðoÞ Þ ¼ 0:68 6

0:04; zðMal10Cl
ðiÞ =PrSO�3

10Cl
ðoÞ Þ ¼ 0:58 6 0:14; and zðMal10Cl

ðiÞ =

PnSO �
3

10Cl
ðoÞ Þ ¼ 0:43 6 0:11: The ability of anions to decrease

the parameter z (in the presence of 10 mM [Cl�](i)) seemed

to be stronger for long-tail anions: PnSO�3 . PrSO�3 .

MeSO�3 � EtSO�3 .SO2�
4 : The Qmax values in these experi-

ments (shown in Fig. 4 B) did not vary significantly from ref-

erence conditions: QmaxðMal10Cl
ðiÞ =Mal10Cl

ðoÞ Þ ¼ 2:38 6 0:28 pC;

QmaxðMal10Cl
ðiÞ =SO2�

4
10Cl
ðoÞ Þ ¼ 2:06 6 0:24 pC; QmaxðMal10Cl

ðiÞ =

MeSO�3
10Cl
ðoÞ Þ ¼ 2:27 6 0:30 pC;QmaxðMal10Cl

ðiÞ =EtSO�3
10Cl
ðoÞ Þ¼

2:16 6 0:17 pC; QmaxðMal10Cl
ðiÞ =PrSO�3

10Cl
ðoÞ Þ¼1:96 6 0:34 pC;

Qmax ðMal10Cl
ðiÞ =PnSO�3

10Cl
ðoÞ Þ¼2:23 6 0:22 pC: For SO2�

4 ; Me

SO�3 ; and EtSO�3 anions with relatively low intrinsic Qmax

(Fig. 3 B), this result might indicate an overriding control

of motor function by chloride. PrSO�3 and PnSO�3 anions

appear to support high Qmax (comparable to that for Cl�) on

their own (Fig. 3).

The series of experiments in Figs. 3 and 4 demonstrates that

SO�3 -containing anions (including SO2�
4 ) control prestin’s

voltage sensitivity via shifts in VpkCm and alteration of the Vop

range, or, equivalently, z. Our data can be explained by rea-

soning that anions applied both intracellularly and extracellu-

larly bind to putative intracellular regulatory binding sites on

prestin, thereby producing an allosteric or electrostatic influence

on prestin’s intrinsic voltage sensor to alter its free energy

profile. There is a host of evidence that anions work on prestin

intracellularly (4,19,31,32). The possibility remains that some

of the alkyl anion effects on Vop result from the hydrophobic

nature of the anions, since we and others have found that

membrane lipid reactive agents can alter NLC (33–38). How-

ever, we note that in our previous experiments (32), ethanol had

minimal effects below concentrations of 1%, above which Vop

shifted to the right, in a direction opposite to the effects of ethane

sulfonate. Furthermore, the inability of these alkyl anions, in the

presence of 10 mM [Cl](i), to shift Vop to the extreme voltages

observed in the absence of chloride indicates that they are not

working via membrane perturbation alone, but somehow are

competing with chloride to establish Vop. Perhaps alkyl anion

lipid permeability enables access to anion interaction sites of

prestin not normally accessible to lipid-insoluble anions.

In its current state, the PAT model does not explain the shift

of prestin’s Vop in both negative and positive directions upon

intracellular Cl�ðiÞ substitution by the various nonhalide anions

(Figs. 2–4), even supposing that these anions are working as

voltage-sensor substitutes.

Thus far, we have shown that anions other than Cl� can

support NLC. The capability of an alternative anion to serve

as prestin’s voltage sensor, as envisioned in the PAT model,

can be tested knowing that the apparent valence, z, of the

voltage sensor can be obtained from two-state Boltzmann

function fits to C-V functions (see Methods). For di- and tri-

valent anions serving as voltage sensors, instead of Cl�ðiÞ; the

experimentally measured z parameter should double or triple

relative to the values obtained with monovalent Cl�ðiÞ; if the

distance traveled by the replacement voltage sensor within the

membrane (Fig. 1, d) remains approximately the same as for

Cl�ðiÞ: In Fig. 5, we present experimental C-V curves and ex-

tracted values of z and Qmax obtained with patch pipettes filled

FIGURE 4 Sulfonic anions compete with Cl� for prestin’s regulatory

anion-binding sites. (A) Select regions of Cv-V curves (thick lines) and their

fits (thin lines, indistinguishable due to the close match) obtained from the

same OHC examined at 10 mM intra- and extracellular [Cl�] ‘‘clamped’’

conditions with Na�Mal10Cl
ðiÞ intracellular and reference anion and SO�3 -

containing extracellular solutions applied in the order (1), Na�Mal10Cl
ðoÞ ; (2),

Na� SO10Cl
4ðoÞ ; (3), Na�MeSO10Cl

3ðoÞ ; (4), Na� EtSO10Cl
3ðoÞ ; (5), Na� PrSO10Cl

3ðoÞ ;
and (6), Na� PnSO10Cl

3ðoÞ : Circles and horizontal error bars above traces

represent mean 6 SD for prestin VpkCm values obtained in five cells. The

vertical dashed line is drawn in the position of the VpkCm(Mal(i)/Cl�(o)) value

from Fig. 3 A 7. (Note the different Vm scales in A of this figure and Fig. 3 A.)

(B and C) Columns and vertical error bars represent statistics (mean 6 SD)

on Qmax (B) and z (C) values obtained from the same fits that were used to

obtain VpkCm parameters in A. Columns for the appropriate anions are placed

in the order and relative position of their VpkCm values on the scale of

membrane potentials.
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with intracellular solutions based on monovalent Cl�, and

multivalent SO2�
4 and phosphate (HPO2�

4 =PO3�
4 ) anions,

whereas the extracellular solution contained Cl�-free

Hepes�-based solution. C-V curves were recorded 8–10 min

after the patch rupture and cell equilibration. With Tris-Cl(i),

the values of Qmax(Cl�) ¼ 2.75 6 0.24 pC and z(Cl�) ¼
0.84 6 0.07 were obtained at VpkCm(Cl�)¼�72 6 5 mV,

resulting in prestin Vop(Cl�)¼f�139,�5gmV (n¼ 6). With

Tris-SO4(i), the values of QmaxðSO2�
4 Þ ¼ 0:90 6 0:14 pC;

zðSO2�
4 Þ¼0:616 0:05; and VpkCmðSO2�

4 Þ¼1150 6 27 mV

resulted in VopðSO2�
4 Þ ¼ f158;1242gmV (n¼7). With Tris-

PO4(i), the values of QmaxðHPO2�
4 =PO3�

4 Þ ¼1:35 6 0:31 pC;

zðHPO2�
4 =PO3�

4 Þ ¼ 0:72 6 0:07; and VpkCmðHPO2�
4 =

PO3�
4 Þ ¼ 155 6 18 mV resulted in VopfHPO2�

4 = PO3�
4 g ¼

ð�23;1133Þ mV (n ¼ 5). Results obtained for z (Fig. 5 C)

revealed that the values of z for multivalent anions decreased,

showing no correlation between the measured apparent ele-

mentary charge of prestin’s voltage sensor and the ionic charge

of the tested intracellular anions (Fig. 5 C). The observed

motility of OHCs with SO2�
4ðiÞ and HPO2�

4 =PO3�
4ðiÞ intracellular

anions remained robust, confirming the proper function of

prestin’s voltage sensor/effector. Reduced Qmax values (Fig. 5

B) could indicate that either the number of active prestin mol-

ecules (N) or the elementary charge of prestin’s voltage sensor

(q) was reduced with SO2�
4ðiÞ and HPO2�

4 =PO3�
4ðiÞ relative to

conditions with Cl�ðiÞ:The latter suggestion is more likely, given

the decreased values of z. Thus, the data in Fig. 5 appear to be

incompatible with the PAT model.

DISCUSSION

The prevailing concept of OHC somatic electromotility is based

on voltage-dependent conformational transitions between ex-

panded and contracted states of millions of prestin molecules

residing within the lateral OHC plasma membrane. Though the

primary amino acid sequence of prestin was defined several

years ago (7), controversy reigns in defining prestin membrane

topology (5). To sustain significant size and shape rearrange-

ments at high frequencies (up to 70 kHz), unique thermody-

namic characteristics must have evolved to set prestin close to

mechanical instability, having very shallow energy minima.

Therefore, conventional protein structure analysis techniques

that rely on energy minima resolution could easily fail or pro-

duce ambiguous results.

An analogous controversy exists over defining the structural

part of the prestin molecule that grants it voltage sensitivity.

Based on an apparent disappearance of prestin voltage sensi-

tivity and OHC electromotility upon removal of halides and

other monovalent anions from the cytoplasmic side of the

membrane, the initial PAT model (19) postulated that intra-

cellular monovalent anions are prestin’s extrinsic voltage sen-

sors. The other cornerstone of the PAT model was the absence

in prestin’s primary sequence (relative to other SLC26 family

members that lack Cv) of a clearly identifiable cluster of charged

residues that might serve as prestin’s voltage sensor: selective

point mutations of certain scattered charged amino acids could

not alter prestin’s apparent unitary charge, z. An additional at-

traction of the PAT model was provided by an analogy with the

ClC-type chloride channel model, where mixed [Cl�]/voltage

dependence of ClC-0 channel gating led to the suggestion that

Cl� anions serve as extrinsic voltage sensors (39).

Despite a logical background, the PAT model generated

some immediate concerns (40): 1), single charged-residue

mutations in prestin/pendrin (SLC26a5/SLC26a6) noncon-

sensus regions might be an insufficient test, since voltage

sensitivity of prestin might be conferred by a number of small

movements of distributed partial charges rather than move-

ment of a single point charge; and 2), nonspecific anion

binding might distort the local electrostatic field influencing

prestin’s properties. Recent findings on ClC channel structure

also preclude a direct analogy between prestin PAT and ClC

FIGURE 5 Experimentally measured apparent prestin voltage sensor ele-

mentary charge (z) is not proportional to the ionic valence of tested intracellular

anions. (A) Voltage-dependent components (Cv) of C-V curves (thick line) and

their theoretical fits (thin line) obtained from typical cells patch-clamped with

pipettes filled with Tris-Cl(i), Tris-SO4(i), and Tris-PO4(i) solutions. The hori-

zontal axis is the scale of membrane potentials. The solution was Tris-Hepes(o).

Solid circles with horizontal error bars represent statistics (mean 6 SD) for

VpkCm values obtained from fits to the Cv-V curves (see Results). (B and C)

Columns and vertical error bars represent statistics (mean 6 SD) for Qmax (B)

and z (C) values obtained from the same fits that were used to obtain VpkCm

parameters in A. Columns for the appropriate anions are placed at the relative

position of their VpkCm values on the scale of membrane potentials.
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channel models by reducing the voltage-sensing role of Cl�

anions in ClC channels to a mere competition with a Glu

residue carboxyl group obstructing the ClC channel’s ion

pore. The conformational change associated with gating of the

ClC channel was limited to a small and local swing of a single

amino acid side chain (41,42). Quite a different role would

be expected from the Cl� anion in the prestin PAT model:

to serve as prestin’s voltage sensor, it must be trapped by a

cytoplasmic mobile domain to drive this domain at hyper-

polarizing potentials to the extracellular side of the mem-

brane. The mobile domain must be large enough to account

for significant changes in prestin’s molecular shape during

conformational transitions. Specifically, simple propulsion of

the Cl� anion inside prestin would not produce significant

prestin resizing due to the small atomic size of the anion itself,

;3 Å. Structural rearrangements ranging up to 8 nm2 are

estimated to occur in prestin (17,24,25,43,44).

Soon after the development of the PAT model, we provided

data that prompted rethinking of the PAT model, including

observations that anion substitutes cause shifts in Vpkcm, and

that the nonhalides SO2�
4 and PnSO3� are capable of sup-

porting prestin’s voltage sensitivity (20). In this work, we ad-

dress in depth further issues of the PAT model. First, we

emphasize that shifts of prestin’s Vop are not a function of [Cl�]

per se, but are determined by the nature of alternative intra-

cellular anions (Figs. 2–4). Indeed, the wide variation in di-

rection and amplitude of prestin’s Vop shift by mono- and

polyvalent organic and inorganic anions does not support the

idea that monovalent Cl� and HCO�3 are the only natural

chemical modulators of prestin’s voltage sensitivity. In fact, all

anions tested in our experiments are capable of interacting with

prestin to modify its electromotive properties. Second, we

obtained statistical data demonstrating that the experimentally

measured apparent valence, z, of prestin’s voltage sensor does

not correspond to the molecular valence of intracellular poly-

valent anions, as might be expected for the PAT model (Fig. 4).

Two mechanisms could serve to reconcile this latter obser-

vation with the PAT model: 1), protonation to achieve mono-

valency of polyvalent anions, and 2), an inversely proportional

adjustment of distance (d) traveled within the membrane field

based on the size of the anion or the magnitude of the anion

charge. We believe it unlikely that the relatively small differ-

ences in anion size hinder a putative hemicycle movement

within the prestin core, since the anions, according to the PAT

model, must drive estimated conformational changes (see

above) that are orders of magnitude larger. It is also difficult to

conceive how the charge magnitude (valence of the anion)

could be influential in reducing the ability of the anion to pass

through the membrane field. Indeed, the electrical energy to

work against the load on the OHC would be amplified by the

increase in valence (E¼Q 3 V), so that higher-valence anions

would likely move more efficiently through the membrane for a

given voltage change. Finally, although protonation during the

transport cycle is conceivable, the pH effects on the motor

that would be expected in such a scenario are not found (45).

The most economical explanation of our data is that although

polyvalent anions support charge movement by prestin, they

work not as voltage sensors but as allosteric modulators.

A conventional model would consider prestin to be a volt-

age-dependent protein that possesses mobile charged residues

forming an IVS. Due to prestin’s unique functional properties

(i.e., piezoelectric operability), its voltage-dependent transi-

tions should be accompanied by significant rearrangement of

the shape of the molecule, involving movements of multiple

charged amino acid residues back and forth within the mem-

brane. Indeed, as noted above, large surface area changes in the

motor have been predicted. As a result, we have considered that

even intracellular charged clusters at the C-terminus of prestin

might be temporarily immersed in the membrane, participating

in voltage-sensing events. However, our data do not support

such a role for the C-terminus charges (46). At this time, it is

difficult to predict which amino acids are more and which are

less important in forming the voltage sensor, because the entire

molecule might contain nonuniformly distributed elements of

the voltage sensor.

The discovery of prestin’s Cl� sensitivity (19) was of fun-

damental importance, regardless of the mechanism whereby

anions influence prestin’s voltage sensitivity. Indeed, we have

recently shown that manipulations of Cl� within the living

animal’s cochlea can drastically alter cochlear amplification in

a reversible manner (4). Nevertheless, we consider the mech-

anism of anionic control of prestin voltage sensitivity key to

understanding how the motor molecule drives cochlear am-

plification. In this report, we highlight two observations that are

not easily reconciled with the current embodiment of the PAT

model, and we reason that anions may additionally, or only

allosterically, modulate prestin by binding to intracellular tar-

get sites on the protein (5,20,29). Such allosteric effects of

anions have been reported before, for example, for the yeast

enzyme Fet3p (47). We expect that identification of anion

binding sites and of residues that contribute to prestin’s ap-

parent charge will lead to a better understanding of how this

remarkable protein boosts hearing.

This work was supported by National Institutes of Health grant NIH

NIDCD 000273 to J.S.S.
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Chapter 5
Prestin: Molecular Mechanisms
Underlying Outer Hair Cell
Electromotility

Joseph Santos-Sacchi, Dhasakumar Navaratnam, Rob Raphael,
and Dominik Oliver

Abstract Prestin is a member of the SLC26 family of anion transporters that has
evolved to serve as a molecular motor in outer hair cells (OHCs) of the mammalian
inner ear. The protein is piezoelectric-like, exhibiting voltage and tension sensi-
tivity, with significant modulation by anions, chiefly intracellular chloride. Receptor
potentials of OHCs drive molecular conformational changes in prestin, as evi-
denced by voltage sensor charge movements, that evoke robust length changes in
OHCs, thereby contributing to a mechanical feedback mechanism and, therefore, to
cochlear amplification, which enhances our auditory sensitivity. Current research
has been focused on tertiary structural determinations, prestin interactions with
other proteins and membrane lipids, trafficking, and the mechanism of anion effects.
One of the key remaining questions is the determination of structural changes
induced by membrane voltage perturbations and how those changes result in forces
exerted by the OHCs. Indeed, much remains to be understood about this extraor-
dinary molecule.
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5.1 Introduction

Prestin is a remarkable protein that underlies our keen sense of hearing. It is a
member of an anion transporter family (SLC26) that has role changed into a fast
molecular motor that drives outer hair cell (OHC) somatic electromechanical
activity, the transduction of the receptor potential of the cell (see Corey,
Ó Maoiléidigh, and Ashmore, Chap. 4) into pronounced cell length changes at
acoustic rates, thereby boosting perceptual thresholds by 40–60 dB. In this chapter,
three broad areas focus on how this protein works. They include an overview of the
protein’s biophysical traits, the structural features of the protein that will lead to
detailed structure-function relationships, and the role of accessory protein/lipid
partners in helping this protein to carry out its important work. Much is to be
learned. Pertinent reviews on the subjects of this chapter are available in the lit-
erature (He et al. 2006; Ashmore 2008; Ashmore et al. 2010).

5.2 Known Biophysical Properties of Prestin

5.2.1 The OHC Sensor/Motor: Preprestin

An intense investigation of this somatic motility began soon after its discovery by
Bill Brownell and colleagues (Brownell et al. 1985; Kachar et al. 1986).
Surprisingly, when OHCs are stimulated electrically by a current injection within or
across the cell, their length changes as a function of stimulus intensity and wave-
form. It soon became clear that OHC somatic motility [also known as electro-
motility (eM)] was driven by voltage and not any particular ionic current (Ashmore
1987; Santos-Sacchi and Dilger 1988), evidencing movements of 15 nm/mV on
average (Santos-Sacchi 1989). One of the most powerful pieces of evidence that eM
was driven by voltage was the observation of displacement currents, capacitive-like
currents, similar in some respects to the gating currents of ion channels (Bezanilla
2000), which are evoked by membrane voltage steps under whole cell voltage
clamp (Ashmore 1989; Santos-Sacchi 1990). These displacement currents, or,
equivalently, a voltage-dependent or nonlinear membrane capacitance (NLC), arise
from the movements of a voltage sensor charge across the electric field of the
membrane. The identification of such a charge movement immediately led to the
notion of a sensorimotor unit residing in the OHC plasma membrane that obeyed

114 J. Santos-Sacchi et al.

apopper@umd.edu



two-state Boltzmann statistics (Ashmore 1990; Santos-Sacchi 1991), where char-
acterization of the charge-voltage (Q-V) or, equivalently, the capacitance-voltage
(C-V) relationship provides estimates of the unitary sensor charge (z; assuming full
passage of the sensor charge through the field of the membrane), the maximum
charge transferred (Qmax), and, the voltage where charge is equally distributed
across the membrane (Vh; Fig. 5.1). The Boltzmann characterization of motor
charge movement also provided the impetus for the development of “molecular”
models of motor action that incorporated Boltzmann statistics, including area and
conformational state models (Kalinec et al. 1992; Dallos et al. 1993; Iwasa 1994).
Given the Qmax and an elementary sensor charge estimate, the number of motors
residing in the membrane can be estimated, giving a density in OHCs of about
10,000/lm2 (Huang and Santos-Sacchi 1993; Gale and Ashmore 1997a;
Mahendrasingam et al. 2010), although this number may need to be reevaluated
(Santos-Sacchi and Song 2016). Vh and z have been used to define the voltage
operating range of the motor, with Vh localizing the eM-V function relative to the
resting membrane potential of the cell and z defining the extent over which the
motor is voltage sensitive. With z being less than unity, the motor has a quite
shallow voltage dependence compared with ion channels. The two-state formalism
also imposes strict correspondence between charge movement and eM, where
according to a now widely accepted area-state model (Iwasa 1994; Santos-Sacchi
and Song 2014a), motors will fluctuate between a compact and expanded surface
area state, with unitary motor area change estimates varying between 0.37 and
8 nm2 (Iwasa 1993; Santos-Sacchi 1993; Gale and Ashmore 1994; Adachi and

Fig. 5.1 Outer hair cell (OHC) nonlinear membrane capacitance (NLC). OHC voltage-dependent
capacitance (circles) is composed of two components, both riding atop a linear capacitance
corresponding to the cell’s surface area. One is associated with the voltage sensor charge of prestin
(NLC; green), and the other is associated with motor state occupancy (blue). Cartoon depicts
prestin in either state, expanded or contracted. Vh, voltage where charge is equally distributed
across the membrane; Cm, membrane capacitance; DCsa, state-dependent capacitance; Vm,
membrane voltage. See text for further details. Modified from Santos-Sacchi and Navarrete (2002)
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Iwasa 1999). As indicated in Fig. 5.1, voltage-dependent Cm possesses an addi-
tional component, state-dependent capacitance (DCsa), that has been attributed to
area/membrane thickness changes associated with motor state occupancy, each
motor contributing an additional 17 aF when residing in the expanded state
(Santos-Sacchi and Navarrete 2002). The high variance of area estimates highlights
the need for structural observations at the molecular level.

During the ensuing years, a host of biophysical attributes of the OHC plasma
membrane motor were characterized, and these traits, together with its NLC, would
be crucial in identifying the molecular nature of the motor. One of the most
important discoveries was the piezoelectric nature of the motor (Iwasa 1993). On
introducing tension into the OHC membrane, NLC shifts along the voltage axis.
The shift in Vh effects the charge movement in the membrane, and this phenomenon
is intrinsic to the membrane (Gale and Ashmore 1994; Kakehata and Santos-Sacchi
1995). These data are fully consistent with a direct voltage-to-mechanical (and vice
versa) transduction process that does not directly require any intermediate steps
(e.g., second messengers) or biochemical energy sources (except, of course, those
sources required to maintain the membrane voltage). Other early observations that
defined the nature of the motor and set the stage for its molecular identification
included the simultaneous block of the NLC and motor activity by intracellularly
acting salicylate and extracellularly acting gadolinium (Santos-Sacchi 1991;
Tunstall et al. 1995; Kakehata and Santos-Sacchi 1996), the influence of altered
membrane potential (prepulse effect) on Vh (Santos-Sacchi et al. 1998), the tension
and turgor pressure effects (piezoelectric-like) on the NLC (Iwasa 1993; Gale and
Ashmore 1994; Kakehata and Santos-Sacchi 1995), and the temperature suscepti-
bility of the NLC (Santos-Sacchi and Huang 1998; Meltzer and Santos-Sacchi
2001).

5.2.2 Enter Prestin

Zheng et al. (2000) identified the OHC motor protein as prestin (SLC26A5), a
member of an anion transporter family. Key to this identification was the local-
ization of the protein to the OHC lateral membrane where electromechanical
activity is restricted (Dallos et al. 1991; Huang and Santos-Sacchi 1994) and bio-
physical demonstrations of OHC motor-like activity in heterologously transfected
cells, including the NLC, the voltage-driven membrane movement, and a block by
salicylate. Subsequently, prestin was shown to exhibit membrane tension (Ludwig
et al. 2001; Santos-Sacchi et al. 2001), prepulse (Santos-Sacchi et al. 2001), and
temperature sensitivities similar to those in the native OHCs (Meltzer and
Santos-Sacchi 2001). It was clear at that point that all known biophysical traits of
prestin matched those that had been identified before its discovery. Another fun-
damental observation that indisputably linked prestin to OHC eM was the absence
of eM in the prestin-knockout mouse (Liberman et al. 2002).
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5.2.3 Importance of Prestin for Cochlear Amplification

Interestingly, while the knockout implicated the importance of prestin in cochlear
amplification, issues were quickly identified that dampened such a conclusion,
including the obvious mechanical impedance changes in the OHCs (and conse-
quently the cochlear partition) that result from removal of the abundant protein
content within the OHC lateral membrane, which substantially shortened OHCs.
Subsequently, persuasive evidence that prestin predominantly underlies cochlear
amplification was obtained from a knockin of mutated prestin (499 mutant) that has
its voltage operating range (assessed by NLC Vh) shifted far out of the physio-
logical range while maintaining other features of normal OHC function, structure,
and mechanics (Dallos et al. 2008). That mutation also altered the kinetics of prestin
(Homma et al. 2013). Another important observation linking prestin to cochlear
amplification was that manipulations of chloride, previously shown to control the
electromechanical activity of prestin (Oliver et al. 2001), reversibly altered the
basilar membrane tuning in vivo (Santos-Sacchi et al. 2006). Salicylate, which
competes with chloride for the anion binding site of prestin and reduces the NLC
(Oliver et al. 2001), also adversely affects basilar membrane motion (Santos-Sacchi
et al. 2006; Fisher et al. 2012). Finally, there is evidence for prestin mutations
causing deafness (Mutai et al. 2013).

5.2.4 How Does Prestin Sense Voltage?

The voltage-dependent nature of eM naturally begs the question, What makes the
protein sensitive to voltage? It is clear that prestin must possess a charged voltage
sensor that is moved by voltage drops across the plasma membrane. In other
well-studied voltage-dependent membrane proteins, charged amino acid residues
serve this function. For example, the S4 segment in the voltage sensor domain of all
classical voltage-gated ion channels comprises the voltage sensor domain
(Bezanilla 2000). In a fundamental study investigating this issue, Oliver et al.
(2001) found that neutralization of candidate electrically charged amino acid resi-
dues had little effect on voltage sensitivity of prestin, whereas removal of mono-
valent intracellular anions, namely intracellular chloride or bicarbonate, abolished
charge movement and hence voltage sensitivity. Recently, careful examination of
this phenomenon indicated that the OHC eM magnitude (Song and Santos-Sacchi
2013) and the total Qmax (Santos-Sacchi and Song 2016) do not decrease with
intracellular chloride level, but rather chloride levels influence the rate of prestin
transitions (Santos-Sacchi and Song 2016), resulting in an apparent reduction of
NLC when the membrane potential is changed at rates exceeding the Cl−-dependent
kinetics of prestin. Based on the observation of anion sensitivity, Oliver et al (2001)
concluded that the voltage sensor of prestin is not made up from intrinsic residues in
prestin, but instead, monovalent anions serve as extrinsic voltage sensors, i.e., that
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charge movements (NLC) arise directly from the translocation of the anion across
the electrical field along some hypothetical access channel in the protein. This anion
translocation, in turn, would then drive simultaneous conformational changes
between the expanded and contracted states, thus producing eM. In fact, the voltage
dependence of prestin varied with the size of the monovalent anion present, as if
bulkier anions can travel a smaller fraction of the electrical field (Oliver et al. 2001).
However, other findings are difficult to reconcile with this simple external voltage
sensor model. First, a shift of the voltage dependence (Vh) toward depolarized
potentials observed when the anion concentration is lowered is contrary to the
prediction of the model (Rybalchenko and Santos-Sacchi 2003a). Interestingly, a
variety of anion substitutes can markedly shift Vh in either the depolarizing or
hyperpolarizing direction to varying degrees (Oliver et al. 2001; Rybalchenko and
Santos-Sacchi 2008). Second, if other than monovalent anions can maintain prestin
function, the charge number z moved per prestin molecule should correspond to the
valence of the anion serving as voltage sensor (assuming that the electrical distance
traveled remains the same). However, an increase in z has not been observed when
monovalent anions are substituted with di- or trivalent anions (Rybalchenko and
Santos-Sacchi 2008). Third, hyperpolarization, which drives prestin into the
expanded state, should move the anion toward a more extracellular position, but in
the expanded state, the apparent affinity for the anions is reduced, suggesting the
release toward the cytosol (Song and Santos-Sacchi 2010). Observations such as
these have led to a counter theory that anions serve as allosteric-like modulators of
prestin charge movement, anion binding conformationally transitioning the protein
into a voltage-enabled state, with sensor charge contributed by a wide-ranging
distribution of charged residues within the protein (Bai et al. 2009). A current
structural view of anion interaction with prestin is provided in Sects. 5.3.4 and
5.3.5.

5.2.5 How Many States/Transitions Does Prestin Have?

Simply based on standard fits of the NLC, it was not possible to differentiate
between two-state and multistate behavior in the motor protein prestin (Huang and
Santos-Sacchi 1993; Scherer and Gummer 2005). For example, fits with two-state
Boltzmann or infinite state Langevin equations each adequately fit the NLC because
of measurement uncertainty at the extreme voltages needed to interrogate the very
shallow voltage dependence of the protein. The NLC has been used routinely as a
surrogate for eM under the assumption that sensor charge movement exhibits fast
two-state behavior directly linked to eM. It was natural to assume such fast kinetics
because eM had been measured in the acoustic frequency range (Ashmore 1987;
Santos-Sacchi 1992; Dallos and Evans 1995), even out to about 80 kHz (Frank
et al. 1999) at room temperature. Interestingly, the NLC cutoff frequency was near
10 kHz at room temperature (Gale and Ashmore 1997b). The recent observation
that characteristics of the NLC and eM can diverge as a function of reduced anion
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concentration revealed that prestin activity is not governed by a simple two-state
process but is instead multistate (Song and Santos-Sacchi 2013). A basis for dis-
parity between the two measures may be related to slow, chloride-controlled
intermediate transitions between chloride-binding and voltage-enabled states (Song
and Santos-Sacchi 2013; Santos-Sacchi and Song 2014a). Essentially, steady-state
(or low-frequency) evaluations of eM do not correspond to sensor charge move-
ment that is measured at higher frequencies because each will only be equal when
measured at the same frequency. Although the simple model developed in that work
(meno presto model) can recapitulate features of the behavior of prestin, thus
revealing its multistate nature with attendant time/phase delays (Santos-Sacchi and
Song 2014b), it is likely that models incorporating transporter characteristics
expected from the SLC heritage of prestin will offer greater insight (Muallem and
Ashmore 2006; Schaechinger et al. 2011), provided they can account for all known
biophysical properties exhibited by prestin.

Clearly, a lack of consensus on the structure of prestin based on software pre-
diction algorithms, as indicated by the wide range of secondary topologies attrib-
uted to the membrane protein such as the 12 transmembrane domain (TMD) model
(Oliver et al. 2001; Deak et al. 2005; Rajagopalan et al. 2006), the 10 TMD model
(Navaratnam et al. 2005), and the 8 TMD model (Lovas et al. 2015), has led to
difficulties in understanding the biophysical basis of the NLC and eM. Additionally,
the limited information on the interacting partners of prestin and the influence of its
membrane environment has contributed to these difficulties. Fortunately, significant
progress is currently being made on these fronts.

5.3 Structure and Function of Prestin

5.3.1 Molecular and Functional Features of Prestin

Prestin is the fifth member of the SLC26 family of anion exchangers (hence
SLC26A5; Zheng et al. 2000), a group of 10 mammalian proteins (Mount and
Romero 2004; Alper and Sharma 2013). SLC26 proteins belong to a large, ubiq-
uitous, and evolutionarily ancient “sulfate permease” (SulP) family of anion
transporters present in animals, plants, fungi, and bacteria. Although the SLC26
nomenclature was originally used for the mammalian SulP proteins (Mount and
Romero 2004), the SulP and SLC26 nomenclature may be used interchangeably
(Dorwart et al. 2008; Geertsma et al. 2015). These evolutionary and molecular
relationships are of particular relevance because structural information on mam-
malian prestin has emerged only very recently and is entirely based on crystallo-
graphic data for close (i.e., within the SLC26/SulP family) or remotely homologous
relatives of mammalian SLC26 proteins.

The mammalian SLC26 proteins are diverse in terms of both their transport
substrates and the transport modes. Thus, SLC26 transport activities include
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electrogenic or electroneutral exchange of monovalent (e.g., chloride, iodide) and
divalent anions (e.g., sulfate, oxalate). Two members, SLC26A7 and SLC26A11,
mediate uncoupled flux of chloride at high rates, which may indicate that these
members function as anion channels. Detailed reviews on SLC26 transport function
and roles in physiology and pathophysiology are available (Mount and Romero
2004; Dorwart et al. 2008; Alper and Sharma 2013).

The closest prestin relatives of mammalian prestin, nonmammalian orthologs of
SLC26A5 (e.g., chicken and zebrafish prestin), are highly active anion transporters
that mediate the stoichiometric exchange of monovalent anions such as chloride
against divalent anions (either sulfate or oxalate; Schaechinger and Oliver 2007;
Schaechinger et al. 2011). Because this transport mode is electrogenic, i.e., one
electrical charge is transferred per transport cycle, nonmammalian prestins generate
robust transport currents in the presence of divalent transport substrates (Schaechinger
and Oliver 2007). In contrast, transport currents were not observed with mammalian
prestin in the presence of divalents (Schaechinger and Oliver 2007; Schaechinger et al.
2011), indicating that prestin has no transport activity, that it acts in an electroneutral
mode that does not generate electrical current, or that transport rates are much lower
than in its nonmammalian orthologs. In fact, by using fluorescent pH sensors and
electrophysiology, Mristik et al. (2012) showed that prestin may function as a Cl−/
2HCO3

− exchanger, however with a low transport rate. Recently, prestin has been
shown to allow ion currents through a pathway distinct from its transporter pathway
(Bai et al. 2017). Moreover, based on a tracer-flux assay, one study suggested
transport capability for formate and chloride (Bai et al. 2009), although another group
could not reproduce this finding while confirming transport in nonmammalian
orthologs (Tan et al. 2011). Interestingly, prestin, as well as other SLC26 proteins,
mediates uncoupled permeation of thiocyanate (SCN−) at appreciable rates (Schanzler
and Fahlke 2012). Although the permeation of this anion has no obvious physiological
relevance, this finding underscores the high degree of mechanistic and structural
similarity between prestin and other SLC26 transporters and may turn out as helpful in
deciphering potential common molecular mechanisms of transport and eM.

Mammalian prestin is a 744-amino acid protein with a high degree of sequence
conservation across mammalian species (Zheng et al. 2000). As with other SLC26
proteins, prestin consists of a large TMD containing numerous hydrophobic stretches
indicative of multiple transmembrane segments. This TMD is flanked by hydrophilic
intracellular N- and C-termini (Ludwig et al. 2001; Zheng et al. 2001). The detailed
topology of the TMD had long remained enigmatic, but it is now clear that it contains
14 membrane-spanning domains (Gorbunov et al. 2014; Geertsma et al. 2015). Within
this TMD, two regions have been recognized for their particularly high sequence
conservation across the SLC26/SulP family. One is located more N-terminally and is
designated as the “SulP consensus signature” (Prosite PS01130); the other one located
in the C-terminal half of the TMD is known as the Saier motif (Saier et al. 1999;
Mount and Romero 2004). The high degree of conservation suggested that these
protein regions are of particular importance for SLC26 function and may be critically
involved in anion transport and possibly in eM. This is supported by the finding that
transplantation of protein regions, including these motifs frommammalian prestin into
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the prestin ortholog from zebrafish, is sufficient to confer mammalian-like function
(i.e., fast charge transfer and eM) onto the nonmammalian prestin, which otherwise
functions as a transporter (Schaechinger et al. 2011).

Another well-conserved domain of all mammalian and most bacterial
SLC26/SulP proteins is the sulfate transporter and anti-sigma factor antagonist
(STAS) domain, which occupies most of the cytoplasmic C-terminus (Sharma et al.
2011). The name refers to sequence and structural similarity with bacterial
anti-sigma factor antagonist (ASA) proteins. In prestin from rats, the STAS domain
approximately comprises amino acids 505–714 (Pasqualetto et al. 2010). Although
the TMD mediates and determines the eM and transport function of SLC26
members as shown by transplantation of domains between mammalian and
transport-active nonmammalian prestin (Schaechinger et al. 2011), mutagenesis
studies indicated that the STAS domain is indispensable both for proper membrane
targeting (Navaratnam et al. 2005; Zheng et al. 2005) and for protein function (Bai
et al. 2006) in prestin and in other SLC26 transporters (Sharma et al. 2011). How
the cytosolic domain affects eM or transport function is yet unknown. Nevertheless,
as also found with other SLC26 transporters (Ko et al. 2004), the STAS domain is
implicated in the interaction of prestin with other proteins including MAP1S (Bai
et al. 2010) and calmodulin (Keller et al. 2014; see Sect. 5.4.2).

Although the prestin sequence is generally highly conserved across mammalian
species, parallel or convergent evolution of the prestin gene has been discovered in
echolocating bats and whales (Li et al. 2010; Liu et al. 2010). Thus, the same amino
acid substitutions are found specifically in these phylogenetically unrelated lineages
of echolocating mammals. Most of these sites cluster in the cytoplasmic C-terminus
including the STAS domain (Li et al. 2010; Liu et al. 2010). Some of these residue
replacements were found to modulate the voltage dependence of prestin (Liu et al.
2014), but the physiological consequences of these specific molecular traits are
unknown. Given the parallel occurrence in echolocating species that use particu-
larly high frequencies, it has been speculated that these amino acid changes may
support the function of prestin in ultrasonic hearing (Li et al. 2010; Liu et al. 2010).

5.3.2 Molecular Structure of Prestin

Two papers in 2014 and 2015 revealed the molecular structure of SLC26/SulP
transporters and of prestin in particular. Gorbunov et al. (2014) used a homology
modeling approach based on the X-ray crystal structure of the bacterial uracil
transporter UraA (Lu et al. 2011), which belongs to the NCS2 family of
nucleobase/cation symporters, as the template. Although direct sequence conser-
vation between UraA and prestin (or other mammalian SLC26 members) is low,
advanced remote homology detection methods indicate that SLC26/SulP and NCS
transporters are directly related, arguing that they share a common molecular
architecture (Hoglund et al. 2011; Wong et al. 2012; Vastermark and Saier 2014).
Homology models of mammalian and chicken prestin were scrutinized and refined
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by molecular dynamics (MD) simulations (Gorbunov et al. 2014), which supported
the validity of this conclusion. Soon afterward, this homology model was confirmed
by the first experimental atomic structure of a SLC26/SulP transporter, the bacterial
fumarate transporter SLC26Dg from Deinococcus geothermalis (Geertsma et al.
2015).

Modeling and X-ray crystallography consistently revealed a 7 + 7
inverted-repeat architecture for the TMD of SLC26 transporters and thus prestin
(Gorbunov et al. 2014; Geertsma et al. 2015). As illustrated in Fig. 5.2, the central
domain (TMD) of prestin is made up of 14 mostly helical transmembrane
(TM) segments of variable length. The two halves (or repeats) of the TMD, each
containing seven TM segments, are related to each other by a twofold pseu-
dosymmetry such that they are inversely oriented with respect to the intracellular
side. TMs from both repeats are interdigitated with their counterparts from the other
repeat (Fig. 5.3a), forming the inverted-repeat organization that is characteristic of
many different transporters (Forrest and Rudnick 2009). The topology of prestin
was further probed by examining the intra- and extracellular accessibility of

Fig. 5.2 Topology of prestin. The transmembrane domain (TMD) contains 14 largely helical
membrane-spanning domains, forming two inverted repeats (TMs 1–7 and TMs 8–14). Colors
indicate the three-dimensional structural organization into two main helix bundles, the “core”
domain (blue) and the “gate” domain (green). Two central, partially helical and antiparallel TMs
within the core domain are highlighted in brown (TM3) and yellow (TM10). Arrows: short
b-strand segments. The cytoplasmic C-terminus (red) is mostly folded into a sulfate transporter
and anti-sigma factor antagonist (STAS) domain consisting of several a-helical and b-strand
segments
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mutationally inserted cysteine residues to cysteine-reactive, membrane-impermeant
reagents (Gorbunov et al. 2014). These experiments unequivocally showed that the
topology of mammalian prestin is fully consistent with the architecture of the
bacterial homolog and the homology model based on UraA.

The TMD is organized into two structural units, each consisting of a bundle of
TM helices containing segments from both inverted repeats (Figs. 5.2, 5.3b, c).
TMs 1–4 and the pseudosymmetry-related counterpart TMs 8–11 form a compact
bundle that has been designated the core domain. TMs 5–7 and 12–14 fold into a
more planar (extended) bundle of helices termed the gate domain, which aligns with
one side of the core domain, forming an extensive interface between both domains
(Fig. 5.3b).

Attempts were also made to address the molecular structure of SLC26A6 and
prestin by homology modeling based on the crystal structures of a bacterial chloride
transporter, CLC-ec1 (Ohana et al. 2011), or the bacterial amino acid transporter
GltPH (Lovas et al. 2015) as the templates, respectively. However, these approaches
produced structures that can now be excluded given the lack of similarity with the

Fig. 5.3 Three-dimensional structure of prestin. a Extracellular surface view of overall TMD
structure of prestin as derived from homology modeling with the experimental structure of
SLC26Dg (Geertsma et al. 2015) as the template. Red: inverted repeat I; green: inverted repeat II.
Transmembrane segments are labeled as in Fig. 5.2; helical part of TM 10 is largely hidden by
TM1. b Same structure colored according to structural organization in core and gate domain. Color
code as in Fig. 5.2. c Side view
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SLC26 crystal structure (Geertsma et al. 2015), disagreement with the experi-
mentally determined topology (Gorbunov et al. 2014), and the lack of a sufficiently
close evolutionary relationship between the respective transporter families and the
SLC26/SulP family (Hoglund et al. 2011; Vastermark and Saier 2014).

The structure of the cytosolic STAS domain of prestin was solved at atomic
resolution both for mammalian prestin (from the rat; Pasqualetto et al. 2010) and
nonmammalian prestin (from the chicken; Lolli et al. 2015), revealing an ovoid
domain assembled from a central b-sheet surrounded by five a-helices (Fig. 5.2).
The core of the domain is structurally similar to STAS domains of bacterial
SulP/LC26 proteins and to bacterial ASA proteins, but there are significant dif-
ferences at the N- and C-termini, most notably an N-terminal extension including
some rigid turns and an extra b-strand. Interestingly, the mammalian, but not the
chicken, STAS domain harbors an anion binding site, the function of which is yet
unknown (Lolli et al. 2015). Given its impact on prestin function, a close structural
interaction with the TMD would seem likely. Although Pasqualetto et al. (2010)
identified a molecular surface that may interact with either the lipid bilayer or the
intracellular face of the TMD, the STAS orientation relative to the TMD remains
unknown in the vertebrate SLC26 proteins. In the bacterial SLC26Dg full-length
structure, the domain is facing away from the TMD and occupies a position cor-
responding to the inner lipid bilayer, which is apparently an artifact from cocrys-
tallization with a nanobody (Geertsma et al. 2015). Low-resolution structural data
from additional prokaryotic SLC26 homologs suggested that the STAS domain
may project away from the TMD (Compton et al. 2014).

5.3.3 Oligomerization

Biochemical and low-resolution structural findings indicated that eukaryotic and
bacterial SLC26 transporters share a conserved dimeric architecture (Detro-Dassen
et al. 2008; Compton et al. 2011, 2014). However, some studies suggest that prestin
forms tetramers (Zheng et al. 2006; Hallworth and Nichols 2012). Tetramers might
be expected because particles in the lateral membrane of OHCs that are observed by
freeze-fracture electron microscopy (EM) and believed to represent native prestin
molecules, showed estimated diameters somewhat above 10 nm (Forge 1991;
Kalinec et al. 1992). Given the dimensions of an SLC26 monomer of about
4.5 � 6 nm in the membrane plane (Gorbunov et al. 2014; Geertsma et al. 2015),
these EM-resolved particles may correspond to tetrameric prestin assemblies. Also,
a low-resolution structure of recombinant prestin, as obtained by a three-
dimensional reconstruction based on single-particle EM images, exhibited four-
fold symmetry consistent with tetrameric stoichiometry (Mio et al. 2008). It remains
to be shown if these observations are due to the formation of higher order oligomers
(i.e., dimers of dimers) and, if so, whether tetrameric assembly is important for
functional or cell biological behavior.
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The recent crystal structure of the bacterial SLC26Dg as well as the prestin
homology structure provided no direct clues to the structural nature of dimerization.
However, Geertsma et al. (2015) noted that the surface of the gate domain (opposite
to the interface with the core domain) stood out due to high sequence conservation,
which suggested that it may mediate dimerization. Interestingly, a recent crystal
structure of the human anion exchanger AE1 (SLC4A1; also known as erythrocyte
band 3 protein) showed that SLC4 transporters also share the 7 + 7 inverted-repeat
architecture with SLC26 transporters, including an essentially superimposable
arrangement of core and gate domains (Arakawa et al. 2015). This is consistent with
the fact that together with the NCS2 family, the SLC4 family of bicarbonate
transporters is one of the closest SulP/SLC26 relatives as indicated, e.g., by the
Pfam database of protein families (Finn et al. 2014). This AE1 structure revealed a
dimeric structure mediated by dimerization of the gate domains, lending support to
a similar dimeric assembly of SLC26 proteins through the gate domains as pro-
posed for SLC26 by Geertsma et al. (2015).

Although the mechanistic role of oligomerization in the transport or motor
function of SLC26 proteins is unknown, for prestin it has been shown that subunits
interact functionally, likely by an allosteric mechanism (Detro-Dassen et al. 2008).
However, the atomic structure revealed the complete anion binding site and putative
translocation pathway within the monomeric subunit (see Sect. 5.3.4), indicating
that each subunit is basically functioning as an independent unit rather than forming
an oligomeric common transport or motor domain with the other subunit.

5.3.4 Anion Binding Site

The SLC26/prestin structures provided a fresh mechanistic view into the anion
dependence of the electromotile activity of prestin and the relationship to the
transport function of related SLC26 proteins. Thus, the SLC26 structures feature a
central cavity in the TMD, located halfway through the membrane and close to the
interface between the core and gate domains. In both computational and X-ray
structures, this cavity is accessible to solutes from the cytoplasm but is occluded
from the extracellular space. Structural considerations and experimental evidence
indicate that this central cavity is the principal binding site for the transport sub-
strate in SLC26 transporters and specifically for the anion that enables eM in
mammalian prestin. The pocket is formed largely by the two complementary
pseudosymmetry-related, partially helical TMs 3 and 10 and by two complementary
TM helices 1 and 8 (Fig. 5.4). Notably, these regions overlap with the Saier motif
comprising TMs 9 and 10 (Saier et al. 1999; Mount and Romero 2004; Gorbunov
et al. 2014), consistent with the high functional importance of this protein region as
suggested by sequence conservation. Moreover, two protein regions previously
recognized as molecular determinants of electromotile capability in prestin
(Schaechinger et al. 2011) largely coincide with the domains forming the central
pocket, further emphasizing the functional importance of these domains.
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In the crystal structure of the (non-SLC26) transporter UraA, a substrate mole-
cule, uracil, occupies the structurally equivalent central site (Lu et al. 2011).
Although the SLC26Dg crystal structure lacked bound substrate, the high similarity
to UraA and structural details support the identity of the binding site. The dimen-
sions of the cavity in computational and experimental SLC26 structures are com-
patible with the range of the substrate anions accepted by SLC26Dg and prestin,
respectively (Gorbunov et al. 2014; Geertsma et al. 2015). Furthermore, the
N-terminal ends of the partial helices from TM segments 3 and 10 point toward the
binding site from opposite directions, providing likely hydrogen-bond partners for
the substrate (Geertsma et al. 2015; Fig. 5.4). In UraA, a similar arrangement has
been observed, with additional coordination of the substrate by side-chain interac-
tions (Lu et al. 2011). For prestin, Gorbunov et al. (2014) directly tested the role of
the structurally corresponding positions by introducing point mutations. Such
mutations either altered the anion selectivity of prestin, affected the efficacy of the
competitive inhibitory anion salicylate, or abolished function. Similarly, mutations
at the homologous positions in transport-competent prestin orthologs from non-
mammals (chicken; cPres) altered anion selectivity or abolished transport function
(Gorbunov et al. 2014). Altogether, as expected for a transporter, a substrate binding
site is located centrally in SLC26 proteins, including prestin. Importantly, the
mutational analysis suggested that this same binding site not only mediates transport
in SLC26 transporters (including nonmammalian prestin) but also is responsible for
the anion-dependence of eM and NLC mediated by mammalian prestin.

How can these structural findings be reconciled with the functional knowledge
on prestin? Kinetic analysis of the charge movement and motility of prestin indi-
cated that rapid initial binding of a monovalent anion (chloride) is followed by a

Fig. 5.4 Anion binding site.
Main structural elements that
contribute to the proposed
central anion binding site.
Anions are thought to bind at
a central binding site with
contributions from the
nonhelical segments and the
inward-pointing (N-terminal)
ends of the partial helices of
TMDs 3 and 10
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slower transition and, subsequently, by the fast voltage-dependent rearrangement
that generates both molecular motion and charge movement (Song and
Santos-Sacchi 2013). Given that mutating the binding site disrupts prestin function,
a plausible conclusion is that the first fast binding step corresponds to the binding of
chloride into the SLC26 substrate binding site.

5.3.5 Electromotile Molecular Transitions

Here we consider the prestin structure in the context of the prevailing area-motor
model that postulates (at least) two major states with different cross-sectional
dimensions. Although this issue awaits its elucidation, some considerations can be
made on the basis of the current knowledge.

Functionally, binding of an anion and a subsequent slower conformational
transition appear to precede the mechanically productive fast structural rearrange-
ment in mammalian prestin (Oliver et al. 2001; Song and Santos-Sacchi 2013). The
concept of molecular rearrangements following binding of an anion into the central
substrate binding site shared with other SLC26 homologs (Gorbunov et al. 2014)
has been taken to indicate that the mechanical activity of prestin is mechanistically
related to the anion transport cycle (Schaechinger et al. 2011; Gorbunov et al. 2014;
Geertsma et al. 2015).

In many secondary transporters, substrate translocation occurs via an alternate
access mechanism. Thus, a central binding site is alternately exposed to the extra-
and intracellular environment, thereby allowing binding of a substrate on one site
and dissociation/release at the opposite site of the membrane (Rudnick 2013). Such
a mechanism involves at least one major conformational rearrangement and may
additionally involve an intermediate occluded state (Fig. 5.5). For some

Fig. 5.5 Structural model for anion transport by SLC26. Alternating access of the central anion
binding site may result from rotational movement of the core domains against the dimerized gate
domains acting as a central scaffold. Experimental crystal structure of SLC26Dg and
computational structures of prestin have an inward-facing conformation, but the experimental
structure of the structurally homologous exchanger, AE1, revealed an outward-facing conforma-
tion (Arakawa et al. 2015). The conformational repertoire of mammalian prestin may be restricted
to inward-open and hypothetical occluded states. Modified from Geertsma et al. (2015)
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transporters, the conformational change mediating alternate access transport has
been structurally resolved. Notably, these transporters also conform to the principle
of inverted-repeat architecture, although they are not directly related to SLC26
transporters (Vastermark and Saier 2014). It was shown that there, the conforma-
tional switch between inward and outward orientation occurs by a tilting motion
between rigid TM bundles (Forrest and Rudnick 2009; Rudnick 2013). For SLC26
transporters, the available structure of SLC26Dg and the UraA-based homology
model (as well as the UraA structure itself) describe essentially the same
inward-open conformation; therefore, the nature of the molecular rearrangements
could not be inferred directly from the structural data (Lu et al. 2011; Gorbunov
et al. 2014; Geertsma et al. 2015). However, it has been suggested that a relative
motion between core and gate domains mediates transport in SLC26 transporters
and UraA (Lu et al. 2011; Gorbunov et al. 2014; Geertsma et al. 2015). Indeed, this
idea is strongly supported by the AE1 structure, which revealed an (inhibitor-
bound) outside-out state. This structure superposes closely with the UraA and
SLC26 structures, with the exception of altered relative positions of core and gate
domains (Arakawa et al. 2015). The AE1 structure thus supports the idea of rotation
between core and gate domain as the conformational mechanism mediating sub-
strate transport as previously suggested by Gorbunov et al. (2014) and Geertsma
et al. (2015; Fig. 5.5). Additional experimental support comes from the finding that
a cysteine residue introduced into the central binding site of the transport-active
prestin ortholog from chicken is accessible to nonpermeable cysteine-modifying
reagents both from the intra- and extracellular sites, consistent with the alternate
exposure of this site to both faces of the membrane (Gorbunov et al. 2014).

Given that anion binding into the central binding site in prestin enables eM, it is
tempting to speculate that (voltage-dependent) motor activity arises from subse-
quent conformational transitions equivalent to those mediating anion translocation
in other SLC26 transporters (Schaechinger et al. 2011; Gorbunov et al. 2014;
Geertsma et al. 2015). In fact, a chimeric SLC26A5 construct based on the zebrafish
prestin ortholog (“synthetic prestin”) has both electromechanical and transport
activity, consistent with the idea that the transport cycle may accommodate tran-
sitions that produce eM (Schaechinger et al. 2011). Also, observations on native
chicken hair cells suggested that even nonmammalian, i.e., transport-competent,
prestin orthologs may be able to generate forces sufficient for motions at the cellular
scale (Beurg et al. 2013). However, in contrast to the transport-active prestin
orthologs, the central binding of mammalian prestin is exclusively exposed to the
intracellular side (Gorbunov et al. 2014), which is consistent with its interaction
with anions selectively at the intracellular, cytoplasmic side (Oliver et al. 2001;
Rybalchenko and Santos-Sacchi 2003b, 2008). In structural terms, this indicated
that mammalian prestin is unable to reach a state where the binding site is fully
exposed to the extracellular medium (Schaechinger et al. 2011; Gorbunov et al.
2014). Therefore, if eM arises from structural rearrangements similar to those that
mediate anion transport, these states should be equivalent to a segment of the
transport cycle from the fully inward-open conformation to a state preceding full
exposure to the extracellular face (Schaechinger et al. 2011; Gorbunov et al. 2014).
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Another open issue is the molecular nature of the voltage sensitivity of prestin.
The steepness of the voltage-induced motility or charge movement suggests that
roughly one elementary electrical charge is moved across the electrical field of the
membrane to drive electromechanical activity (Santos-Sacchi 1991). Either
exchanging the prevalent intracellular monovalent anion (Oliver et al. 2001) or
neutralizing the charged amino acids by mutation (Bai et al. 2009) affects the
steepness of the voltage dependence of prestin. Accordingly, anions or polar protein
domains have been postulated as extrinsic or intrinsic voltage sensors, respectively.
Structural identification of the mechanically effective conformational rearrange-
ments should help to identify the molecular nature of the voltage sensor.
Understanding the dynamic electromechanical behavior on this structural level will
be one of the most fascinating challenges for future work on prestin.

5.4 Interaction of Prestin with Its Cellular Environment

5.4.1 Localization of Prestin Along the Basolateral Wall

After the identification of prestin (Zheng et al. 2000), immunolocalization studies
showed the protein along the basolateral surface of OHCs (Belyantseva et al. 2000;
Yu et al. 2006). These observations were presaged by electrophysiological local-
ization of motor activity along the lateral membrane (Kalinec et al. 1992; Dallos
et al. 1993; Huang and Santos-Sacchi 1993). This localization pattern has important
physiological significance because the electromotile force generated by prestin is
directed along the longitudinal axis of these elongated cells (Holley and Ashmore
1990; Holley et al. 1992; Matsumoto et al. 2010). It is believed that the unusual
structure of the lateral wall of the OHCs, encompassing a prestin-containing plasma
membrane, the underlying cortical cytoskeleton, and subsurface cisternae, plays a
critical role in eM. The plasma membrane is connected to the underlying
cytoskeleton by “pillars,” ultrastructurally identified electron-dense entities (Holley
and Ashmore 1990; Forge 1991). Nonetheless, the molecular links of prestin to the
underlying cytoskeleton are unknown.

The delivery of prestin to the basolateral wall of OHCs has several potential
confounding mechanisms. Protein sorting has been best studied in polarized
epithelial cells, where work has established a dichotomy of targeting to the apical or
basolateral surface. Although hair cells are polarized epithelial cells, they also show
properties of neurons, with an apical-receptive area housing the mechanosensitive
channels corresponding to a dendritic end and a basal pole housing the synaptic
machinery that corresponds to a neuronal axonal end. A long-standing hypothesis
first proposed by Dotti and Simons (1990) posited the dendritic end of a neuron to
be equivalent to the basolateral surface and the axonal end to correspond to the
apical end of polarized epithelial cells. Hair cells, however, confound this neat
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division. Thus, hair cells have to be categorized in terms of protein sorting as either
epithelial cell-like or neuronal-like.

It has long been established that classic basolateral markers such as b-catenin
and Na+/K+-ATPase are localized along the basolateral surface of hair cells
(Schneider et al. 1987; Leonova and Raphael 1997; Zhang et al. 2015). Zheng et al.
(2010) demonstrated that stereociliary proteins, including harmonin and cadherin
23, are targeted to the apical surface of the CL4 cell, a model polarized epithelial
cell. The authors also established that prestin was targeted to the basolateral surface
of CL4 cells. These data confirm that, at least for these proteins, hair cell
protein-sorting mechanisms are akin to those of polarized epithelial cells.
Interestingly, using the apically targeted pendrin as a vehicle, Zheng et al. (2010)
showed that basolateral targeting of prestin is determined by the C-terminus of
prestin. Using site-directed mutagenesis, Zhang et al. (2015) established that two
tyrosine residues, Y520 and Y667, are important for targeting prestin to the
basolateral surface of polarized MDCK cells. Moreover, these authors demonstrated
that this targeting is also dependent on APl1-B, which is present in hair cells (and
epithelial cells) but absent in neuronal cells (Zhang et al. 2015).

5.4.2 Prestin’s Interactome

As alluded to in Sect. 5.2, the identity of prestin as the protein responsible for OHC
eM has been well established. Recent efforts have also focused on identifying the
role of ancillary proteins in the function of prestin. Because prestin has all the
molecular features of the motor responsible for eM, this raises the question, Why
look for other associated proteins? The response to this lies in three parts. First, in
parallel with other systems, in particular ion channels, ancillary proteins modify the
biophysical properties of the protein while establishing its localization and transport
between different vesicular compartments as well as modifying its rates of turnover.
Thus, protein partners may play a similar role with prestin. Second, although many
of the biophysical attributes of prestin in OHCs are comparable to those of prestin
expressed in heterologous cells, important discrepancies exist (for instance, the Vh

of prestin in OHCs lies between −40 and −80 mV, whereas prestin in heterologous
cells consistently shows more negative Vh values). Third, although prestin is clearly
responsible for eM, there is evidence that links to the underlying cytoskeleton are
important for harnessing forces generated by prestin along the longitudinal axis of
the cell (Holley and Ashmore 1990; Holley et al. 1992; Matsumoto et al. 2010).
How this is brought about is still unknown.

5.4.2.1 Vesicle-Associated Membrane Protein

To date, many proteins that interact with prestin have been identified, although
definitive interactions and a clear physiological role have yet to be defined for the
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vast majority of these proteins. An initial membrane yeast two-hybrid screen
identified several proteins as potential prestin interactors (Zheng et al. 2009). Chief
among these interacting proteins were those known for transport between different
vesicular compartments. These include vesicle-associated membrane protein,
vesicle-associated protein A (VAPA), and Yip1 domain family member 6 (Yipf6;
Zheng et al. 2009). Association with VAPA, important for integrity of the endo-
plasmic reticulum (ER), was found to increase the surface expression of prestin.
Interestingly, the effect seemed reciprocal, with decreased amounts of VAPA in
prestin-knockout OHCs (Zheng et al. 2009). Although a role for Yipf6 in prestin
transport has not been demonstrated, its closest yeast homolog, Yip1p, has been
demonstrated to be important for Rab-mediated transport from the ER to the Golgi
apparatus (Matern et al. 2000; Barrowman et al. 2003; Spang 2004). Yipf6 mutants
have intestinal inflammatory disease, although a clear mechanism has yet to be
identified and a hearing phenotype has not yet been defined (Brandl et al. 2012).
A second group of proteins (38%) identified by the membrane yeast two-hybrid
screen included several mitochondrial membrane proteins (cytochrome b, subunits
of NADH-ubiquinone oxidoreductase, and ATP synthase 6; Zheng et al. 2009).
Mitochondrial proteins are known to be nonspecific interactors in yeast two-hybrid
screens. In their screens, mitochondrial proteins were a dominant fraction, and they
saw no interactions between mitochondrial proteins and the tip-link protein cad-
herin 23, arguing against a nonspecific interaction. OHCs from prestin knockouts
and knock-in mice with altered voltage sensitivity showed early cell death. Actual
measures of mitochondrial dysfunction in prestin knockouts have, however, yet to
be demonstrated.

5.4.2.2 Cystic Fibrosis Transmembrane Conductance Regulator

The cystic fibrosis transmembrane conductance regulator (CFTR) was identified by
Homma et al. (2010) as interacting with prestin. Interest in the CFTR was piqued
because a lateral wall conductance that carries Cl− has been identified in OHCs
(Rybalchenko and Santos-Sacchi 2003b) and because Cl− is a critical modulator of
prestin activity (see Sect. 5.2.5). Like the lateral wall Cl− conductance, the CFTR
also shows mechanosensitivity (Zhang et al. 2010). The CFTR has been shown to
interact with a number of other SLC26 family members through their STAS domain
(Ko et al. 2004). Although many of these interactions are dependent on PKA
phosphorylation of the CFTR R domain, the interactions also result in a mutual
activation of CFTR and SLC26 transporter activity (Ko et al. 2004). Homma et al.
(2010) convincingly showed interactions between prestin and the CFTR (although
the interaction is not dependent on PKA phosphorylation). They also showed that
the presence of prestin results in the localization of CFTR from its exclusively
apical location to a partial basolateral location in OHCs. Unexpectedly, however,
there was little reciprocal functional effect on prestin or the CFTR in OHCs; no
effects on NLC or CFTR conductance were observed. In contrast, the interaction in
heterologous cells results in enhanced prestin charge movement in response to PKA
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activation; a reciprocal enhanced effect on CFTR conductance was not demon-
strable in the presence of prestin. Although the findings of the CFTR in the lateral
membrane of OHCs in the presence of prestin is intriguing, a physiological role for
the CFTR in OHCs has yet to be established. Blockers of CFTR had no effect on
OHC lateral wall Cl− conductance (Rybalchenko and Santos-Sacchi 2003b).
Furthermore, mutations of CFTR that causes cystic fibrosis are not associated with
hearing defects. Hearing phenotypes in these patients have been well studied, and
sensorineural hearing loss was described only in the context of toxic levels of
gentamicin that is used for treating repeated pulmonary infections in these patients
(Homma et al. 2010).

5.4.2.3 Calmodulin

A recent paper by Keller et al. (2014) identified calmodulin as an interactor of
prestin. The identity of calmodulin as an interactor was determined after initial
assessments showed intrinsically disordered regions in the C-terminus of prestin in
proximity to its STAS domain (Keller et al. 2014). Intrinsically disordered regions
have been shown to interact with calmodulin, and Keller et al. (2014) go on to show
that prestin binds to calmodulin using these regions in a Ca2+-dependent manner.
Importantly, they show a 35-mV shift in Vh with increasing Ca2+, an effect that was
reversed by the calmodulin inhibitor trifluoperazine (Keller et al. 2014). The authors
then speculate that the Ca2+-induced changes in Vh could have physiological
importance, with efferent modulation from the olivocochlear bundle effecting
changes in OHC stiffness through increases in Ca2+. These interpretations may not
be complete, with changes in Vh induced by Ca2+ perfusion being secondary to the
effects on turgor pressure and not entirely due to the effects on Vh by a direct effect
from calmodulin binding to prestin. Thus, the changes in Vh were not evident when
the cells were collapsed before Ca2+ perfusion (Song and Santos-Sacchi 2015).

5.4.2.4 Microtubule-Associated Proteins

Microtubule-associated protein 1S (MAP1S) is a protein that was identified as
interacting with prestin using a conventional Gal4-based yeast two-hybrid assay
(Surguchev et al. 2012). In this assay, the C-terminus of prestin was used as bait.
MAP1S is a member of the microtubule-associated protein family. MAP1S coex-
pression enhanced the surface expression of prestin as established by both bio-
chemical and electrophysiological measures (Surguchev et al. 2012). These findings
are paralleled by a gradient of MAP1S mRNA expression along the tonotopic axis,
suggesting that MAP1S may bring about the higher amounts of prestin in the
plasma membrane of high-frequency hair cells. Interestingly, MAP1S has also been
shown to interact with actin, and its concentration in proximity to the lateral wall of
OHCs raises the possibility that it serves as the link between prestin and the
underlying cytoskeleton. As previously referred to, the lateral wall of OHCs
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includes a cortical cytoskeleton sandwiched between subsurface cisternae and the
lateral plasma membrane. The cortical cytoskeleton consists of circumferentially
arranged actin filaments linked to longitudinally arranged spectrin (a2, b5) fila-
ments (Forge 1991; Kalinec et al. 1992; Legendre et al. 2008). Previous work
identified pillars that are electron-dense entities linking OHC lateral membranes to
circumferentially arranged actin filaments (Holley and Ashmore 1990; Forge 1991;
Kalinec et al. 1992). The molecular composition of pillars is unknown. Because
MAP1S also forms a complex with a host of other actin-binding proteins (Liu et al.
2002; Liu and McKeehan 2002), these data raise the possibility that MAP1S is one
component of a complex of proteins that form pillar structures.

5.4.2.5 Spectrin and Spectrin-Interacting Proteins

Although prior reports have shown a concentration of two spectrin-interacting
proteins (ankyrin or protein 4.1) along the periphery of OHCs (Knipper et al. 1995;
Zine and Schweitzer 1997), the wide gap (50 nm) between the cytoskeleton and the
lateral membrane makes it unclear whether these proteins have a physiological role
or not (Legendre et al. 2008). Moreover, there are no data showing a direct inter-
action between prestin and ankyrin or protein 4.1. Interestingly, a paper identifying
b5 spectrin as a component of the OHC cytoskeleton showed no interaction
between prestin and this spectrin isoform (Legendre et al. 2008). However, these
authors found an unknown component in OHC lysates that enabled such an
interaction. A key area of research in the future will be exploring the interactions
between prestin and other components of the lateral wall.

5.4.2.6 Calcium/Calmodulin-Dependent Serine Protein Kinase

A subsequent study using yeast two-hybrid screens identified calcium/calmodulin-
dependent serine protein kinase (CASK) as an interacting partner of prestin
(Cimerman et al. 2013). CASK is a membrane-associated guanylate kinase
(MAGUK). Members of this family have been shown in other systems to bind
membrane proteins linking them to actin through protein 4.1 (Zhu et al. 2016). The
subcellular distribution of CASK showed a developmental change that correlated
with prestin and was affected by thyroid hormone levels. Normally, by postnatal
day (P) 18, both NLC and eM reach mature levels. In hypothyroid animals, there is
a delay in the expression of prestin, with NLC levels taking until P28 to reach
normal levels. Prestin is normally expressed along the entire basolateral surface
early in development and is then localized predominantly along the lateral wall
while being largely excluded from the basal pole. In contrast, CASK is found
predominantly at the basal pole where OHCs contact Deiters cells. In hypothyroid
animals, CASK is expressed at low levels, with prestin expressed over the entire
basolateral surface at P28. Coincidentally, although NLC levels were normal, eM
responses were markedly reduced. Zhu et al. (2016) reasoned that the interactions
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with CASK may be involved in the redistribution of prestin to the lateral wall and in
generating force, possibly through the cytoskeleton or OHC interactions with
Deiter’s cells.

5.4.3 Prestin in the Membrane Environment

It is becoming increasingly appreciated that an interplay of membrane structure,
organization, and mechanics regulates the function of membrane proteins. It is thus
important to understand how the membrane environment affects the function of
prestin. From a thermodynamic point of view, the lipid environment is the “solvent”
in which prestin operates, just as water is the solvent for biochemical reactions.
Thus, changes in the composition, fluidity, and mechanical properties of the
membrane can all affect the molecular function of prestin. At the same time, prestin
has a large C-terminus that contains a STAS domain possessing a number of
potential protein-protein interaction motifs. It is reasonable to postulate that the
STAS domain connects prestin to the cytoskeleton of the cell and places constraints
on its mobility. Understanding these supramolecular interactions of prestin is
necessary to ultimately understand how the molecular nanoscale events that occur
in the prestin protein proper result in the mesoscale rearrangements that must
ultimately be responsible for OHC eM.

5.4.3.1 Prestin as a Mechanosensitive Protein

After the original discovery that the membrane capacitance of the OHC was sen-
sitive to membrane stress (Iwasa 1993), the tension sensitivity of prestin was further
characterized in both OHCs and HEK cells expressing prestin (Kakehata and
Santos-Sacchi 1995; Ludwig et al. 2001; Santos-Sacchi et al. 2001). These studies
implied that the application of mechanical force results in a geometric rearrange-
ment in prestin that, in turn, affects its ability to move charge in response to voltage
changes, establishing prestin as similar to mechanosensitive channels such as
MscL, Piezo1, and TREK1 (Sukharev et al. 1996; Coste et al. 2010; Brohawn et al.
2014). Given that the OHC is under turgor pressure, this mechanical sensitivity is
likely to be physiologically important.

The question may be raised as to how prestin senses membrane mechanical
forces. Membranes are thin structures that have a large resistance to changes in
surface area but a very small resistance to changes in curvature. Curvature stress
can be induced by differential partitioning of molecules into the two leaflets of the
membrane, corresponding to the classic “bilayer couple” explanation of red blood
cell shape changes (Singer and Oster 1992). It has become increasingly appreciated
that many mechanosensitive membrane proteins sense mechanical force through the
lipid bilayer in accordance with the “force from lipid” principle (Anishkin et al.
2014). Forces may be applied to the lipid bilayer by stretching the area or through
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the direct or indirect application of membrane curvature stress. Indeed, many
reagents that affect prestin function are also known to change membrane curvature
(Oghalai et al. 2000; Brownell et al. 2001). It has been postulated that in the intact
OHC, turgor pressure would supply a force leading to nanoscale bending of the
membrane between the pillar proteins (Raphael et al. 2000; Spector et al. 2006).
Although this is difficult to directly measure in living cells with current technology,
measurements using fluorescence polarization microscopy (Greeson and Raphael
2009) are consistent with both the existence of nanoscale curvature and
pharmacological-induced changes in this curvature. Specifically, reagents that
changed the curvature in opposite directions were found to be consistent with the
corresponding changes in the function of prestin as measured by the Boltzmann
parameter (Vh) of the NLC (Fang et al. 2007; Greeson and Raphael 2009). Other
studies have obtained evidence that prestin is also sensitive to the thickness of the
membrane (Fang et al. 2010).

One of the challenges in prestin research has been the lack of pharmacological
compounds that inhibit its function. This is an also issue for other mechanosensitive
proteins such as MscL (Hamill 2006). The most utilized inhibitor of prestin function
is salicylate, an active metabolite of aspirin related to nonsteroidal anti-inflammatory
drugs (NSAIDs). NSAIDs and analgesics are associated with ototoxicity, hearing
loss, and tinnitus (ringing in the ears). In other membrane proteins, NSAID effects
have been attributed to both indirect effects on membrane properties and direct
binding to functional regions of proteins (Lichtenberger et al. 2006;
Manrique-Moreno et al. 2009). Additional research is needed to identify specific
inhibitors of prestin function.

5.4.3.2 Prestin as a Confined Protein

The original fluid-mosaic membrane model proposed that proteins diffuse freely in
a sea of lipids (Singer and Nicolson 1972). This picture has been refined by the
discovery that different proteins have varying degrees of confinement in the
membrane. In the membrane biophysics community, many concepts such as
“membrane microdomains” and “lipid rafts” have been espoused to characterize the
restricted mobility of membrane proteins. Here, the important questions are, Can
prestin diffuse freely or is it constrained? If it is constrained, does this occur through
interactions with the cytoskeleton?

The lateral diffusion of prestin was first directly measured using fluorescence
recovery after photobleaching (FRAP) in HEK cells expressing prestin (Organ and
Raphael 2007). These studies revealed that the diffusion of prestin is relatively slow
when compared with proteins of similar molecular weight. In addition, using a
dual-bleach protocol, these studies suggested that prestin was transiently confined.
To confirm transient confinement and better understand the membrane dynamics of
prestin, single-molecule imaging studies were performed (Kamar et al. 2012).
Individual molecules of prestin labeled with a highly stable fluorophore were
expressed in HEK cells and tracked using total internal fluorescence microscopy.
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These studies confirmed that prestin is indeed confined in the membrane and
undergoes anomalous diffusion (Kamar et al. 2012). The results could be fit to a
“hop-diffusion” model in which prestin molecules diffuse within a limited area, then
“hop” to a different area of the membrane. In this model, there is a timescale
associated with confinement that corresponds to the strength of the intermolecular
interactions restricting free diffusion of the protein. These studies raised the ques-
tion of how prestin diffuses in the native OHCs. Later studies in knock-in mice
expressing prestin fused to yellow fluorescent protein (YFP) obtained results
consistent with the minimal diffusion of prestin in OHCs as measured with tradi-
tional FRAP (Yamashita et al. 2015). When compared with the HEK cell
single-molecule results, it appears that OHCs contain additional mechanisms that
further confine prestin (Yamashita et al. 2015). This raises the question whether
robust electromechanical activity seen in OHCs as opposed to HEK cells could be
related to the presence of additional interactions that limit the membrane lateral
mobility of prestin, i.e., whether membrane confinement has implications for prestin
function. One of the key ways to alter the confinement of membrane proteins is to
manipulate membrane cholesterol, which changes the structure of membrane
microdomains. Depletion of membrane cholesterol with MBCD was shown to have
a dramatic impact on prestin confinement (Kamar et al. 2012). Taking into account
an earlier study that indicated that cholesterol affects the Boltzmann parameter (Vh)
of the NLC in OHCs (Rajagopalan et al. 2007), it suggests that alterations in prestin
confinement affect at least the operating voltage range of prestin. Similar cholesterol
depletion experiments were also carried out in the knock-in mouse model
(Yamashita et al. 2015), but here the addition of salicylate was also required to
enable prestin to undergo free membrane diffusion. Identifying the molecular
mechanisms responsible for prestin confinement and understanding whether they
affect prestin function is an important priority for future research.

5.5 Conclusions and Open Questions

Gaining a molecular and cellular understanding of eM function has been the major
driving force for the research summarized above. Considering the major advances
achieved over the last decade, a mechanistic framework for prestin function is
finally emerging.

Only recently have experimental and computational data on the structure of
prestin and its relatives been obtained. Yet, these findings already provide
unprecedented insights and show remarkable agreement between structure and the
wealth of biophysical data assembled since the discovery of eM. This initial struc-
tural picture of prestin should now provide a productive ground for well-directed
structural and functional approaches toward understanding how molecular confor-
mational dynamics generate eM. Given this goal, it should be kept in mind that the
present structural data provide only a snapshot of one particular state, that many
structural details are still missing, and, importantly, that the structure of prestin itself
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has not been determined experimentally. Thus, much remains to be explored.
Additionally, such work may also provide important insights into the inner workings
of other SLC26 transporters, including pendrin, another SLC26 member with high
relevance for cochlear homeostasis and pathophysiology.

Structure-function results are consistent with the idea that prestin works as a
conformationally constrained alternate access transporter (see Fig. 5.5). In such a
model, eM would arise from the transition between distinct states within an anion
transport cycle that differ mechanically and electrostatically, in turn rendering
prestin mechanosensitive. The conformational transition may result in a change of
cross-sectional area as proposed by the prevailing area motor model (Iwasa 1994);
alternatively, the tilting motion between helical bundles suggested by the available
structural data may also indicate the generation of differential stresses between the
two leaflets of the membrane bilayer, consistent with a previously proposed
membrane bending model of eM based on flexoelectricity (Raphael et al. 2000).

Beyond these molecular mechanisms, many observations suggest that integra-
tion of prestin into a complex cellular structure, i.e., the highly specialized tril-
aminate lateral wall of OHCs, is important for effectively channeling the molecular
movements into the generation of macroscopic cellular eM. Yet, components of this
cortical structure as well as how it is assembled and whether prestin is part of it
remain unknown. Despite identification of various potential interaction partners of
prestin described in this chapter, their involvement in the OHC lateral wall and thus
their relevance for eM remain unknown. Other important interaction partners likely
await identification. Future work on the function of prestin-associated proteins will
not only require elucidation of their ultrastructural localization and molecular
interactions within the supramolecular OHC cortex but should also include selective
manipulation of these proteins and disruption of their interactions in living OHCs.

It can be anticipated that the molecular and supramolecular characterization of
prestin will lead to new approaches for selective alteration of eM that can, in turn,
increase our overall understanding of the role of eM in cochlear mechanics (i.e.,
amplification). Ultimately, research along these avenues will increase our under-
standing of this unique protein that is so important for our sense of hearing.
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in the development of marginal cells of the 

mouse stria vascularis * 

J. Santos-Sacchi 

(Received 22 January 1981: accepted 26 June 1981) 

This study provides an ultrastructural evaluation of cytoplasmic microtubules during the maturation 

of marginal cells of the mouSe stria vascularis. Postnatal marginal cells are cuboidal in structure and over 

a period of days develop the numerous cellular processes typical of transporting epithelia. Immediately 

after birth, marginal cells contain numerous microtubules randomly oriented throughout the cytoplasm. 

Golgi bodies and vesicles are also abundant. The initiation of cellular extension is characterized by the 

presence of sheet-like extensions of plasma membrane about areas of the cell periphery. Subsequently. 

large organelle-containing processes form, whose plasmalemma appear pleated due to the presence of the 

above mentioned sheet-like extensions. Typically, these processes contain microtubules oriented parallel 

to the direction of their extension. Within these processes, microtubules are closely associated with 

organelles. such as mitochondria, and may function to displace and stratify these organelles within the 

processes. The number and length of microtubules increase as the processes grow larger. In the adult 

mouse, the strial marginal cell processes are attenuated and contain almost exclusively microtubules and 

mitochondria. The membrane pleats unfold. apparently to provide plasma membrane for cellular 

extension. The data strongly implicate microtubules in strial development. Furthermore. it is suggested 

that the depolymerization of microtubules in the adult may underlie strial atrophy. 

Key words: strial marginal cells: microtubules: development. 

introduction 

Cell surface folding is the single common anatomic feature of transporting 
epithelia [ 11. Such folding greatly expands the cell membrane surface area, thereby 
providing an enhanced ability for membrane transport. The stria vascular-is displays 
numerous interdigitations among its cell components [7,15]. The establishment of 
this adult strial architecture is prerequisite for the development of the endolymph’s 
ionic composition and electrical potential and, in turn, for normal cochlear function 
[2,5,8]. Kikuchi and Hilding [9] have shown that the adult stria evolves from a single 

* Portions of this work were completed at Mt. Sinai School of Medicine, Department of Anatomy and 
Otolatyngology. and School for Biomedical Education. City College, City University of New York. 
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layer of cuboidal marginal cells separated from underlying fibrob1asts by a basement 
membrane. After varying periods of time, depending upon the position along the 
length of the cochlear duct, the numerous interdigitations characteristic of the adult 
stria are formed. However, the basement membrane is absent from beneath the 
marginal cells. The fully differentiated form of the stria vascularis is dependent upon 
a process of cellular extension. 

Recently, Santos-Sacchi [13] noted the abundance of microtubules within the 
cytoplasm of adult mouse marginal cells and suggested a possible role for microtub- 
ules in strial maturation. Microtubules have been shown to be involved in cell shape 
development. For example, Heywood et al. [6] provided morphologic evidence that 
microtubules influence cell shape during in vitro development of vestibular hair cehs. 
The present study offers a rno~ho~o~c evaluation of marginaf cell cytoplasmic 
microtubules during the development of strial architecture. 

Methods 

The preservation of microtubules necessitates the use of aldehyde fixatives; 
unfortunately, glutaraldehyde fixation of strial tissue induces artifacts such as 
mitochondrial vacuolation [IO, 141. 

Mice (Balb/cJ) at varying stages from newborn (0,2,4,6, 8, 10 days postnatal) to 
adult were decapitated, the cochleae dissected out, fractured open and immersed in 
either 2% or 6% glutaraldehyde buffered with cacodytate (0.1 M), pH 7.4, at room 
temperature. After 2 h primary fixation, strial tissue from various cochlear turns was 
microdissected free and post-fixed in cacodylate-buffered 1% osmium tetroxide, pH 
7.4, at 0-4OC for 2 h. Samples were rinsed with buffer, rapidly dehydrated in a 
graded series of acetone, and embedded in Epon at 60°C overnight. Thick sections 
were cut and stained with toluidine blue for orientation purposes. Gray-silver 
sections (SO-80 nm) were cut with a diamond knife on an LKB Ultratome, stained 
with lead citrate, and examined with a Zeiss 9%2 or Philips 300 electron microscope. 

Results 

Although the onset of marginal cell development proceeds from base to apex over 
an extended period of time [9], the cellular mechanisms invofved are the same 
regardless of location along the cochlear duct. Areas of transition between develop- 
ing and immature marginal cells along the duct were chosen for study. As such, 
marginal cells are characterized by the degree of maturation and not by their 
location along the duct or by the age of the particular animal. 

Prior to the evolution of adult strial structure, marginal cells can be distinguished 
within the cochlear duct by virtue of their dark cytoplasm. Whereas future inter- 
mediate and basal cells generally contain few organelles at this time, marginal cells 
possess numerous structural elements. Particularly prominent are the Golgi bodies 
(Fig 1). Microtubules are present in immature cuboidal marginal cells at birth. They 
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are randomly distributed within the cytoplasm (Fig. 1). This random orientation is 
preserved in the apical cytoplasm through adulthood, although occasionally micro- 
tubules are found perpendicular to the apical plasma membrane in the adult [ 131. 

The initiation of marginal cell development is characterized by the production of 
small cellular extensions, about 60 nm in width, within which microfilaments may 
sometimes be distinguished. These extensions occur laterally as well as basally (Figs. 
2, 3). Serial sectioning demonstrates that they are sheet-like. Subsequently, large 
organelle-containing cell processes extend basally (Figs. 2, 3). The plasmalemma of 
these large processes often appears pleated due to the presence of the smaller 
sheet-like extensions which decorate the perimeter of the large processes (Fig. 3). 
Within the processes microtubules are invariably found, frequently oriented parallel 
to the longitudinal axes of the processes. As the processes increase in size, the 
number and length of microtubules increase. In fact, microtubules can often be 
observed coursing for several micrometers within developing cell elongations. 

The basement membrane which is present between the cuboidal marginal cells 

Fig. I. Cytoplasm of immature marginal cells displaying numerous Golgi bodies (g). vesicles and 

endoplasmic reticulum. Arrows indicate randomly oriented microtubules. E. endolymphatic space. 

x 2oooo. 



Fig. 2. Early developing cell process of marginal cell. Large arrows indicate n~i~r~tubul~s, Small zwo\~ 

indicates lateral sheet-like extension. hm. basement membrane. X 32000. Inacrr: Low-powrr clcctron- 

micrograph of same marginal cell. X 4 200. 



Fig. 3. Cell process (M) of maturing marginat cell abutting strial capilfap. Small arrows indicate pleating 
of plasmalemma of large prwcss by small sheet-like extensions. Insert at Icft: cnlargcmcnt of boxed-in 

arca. Note longitudinally oriented microtubules (arrws) and double basement membrane (bm) adjacent 

IO capillary. Insert at lower right shows tip of a different maturing marginal cell process engulfing 

basement membrane. Note microtubuks and Iysos~me (L). X 17000.. Left insert: X34000. Right insert: 

x 40000. 
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and deeper cell layers of the immature stria disappears during maturation. Initially, 
the basement membrane extends with the developing marginal cell processes (Figs. 
2, 3). and occasionally it can be observed within marginal cell invaginations, as if 

being phagocytized (Fig. 3, insert lower right). Despite this, the absence of a 
basement membrane in the adult is probably largely due to dispersion and thinning 

of this structure as a result of the expansive increase of plasma membrane surface 

area. 

Discussion 

Numerous researchers have presented evidence that microtubules are important 

for cellular elongation [3.12]. In addition, microtubules have been implicated in the 
process of organelle displacement. For example, Raine et al. [ 1 I] reported close 
lateral associations between mitochondria and microtubules within mammalian 

axons and suggested that microtubules may provide a mechanism for mitochondrial 

displacement. The close proximity of microtubules to organelles, especially 
mitochondria, in marginal cell processes may be indicative of such a function. 

Indeed, such associations apparently promote the stratification of mitochondria 
within the cell processes, thereby providing the spatial arrangement of energy 
production sites requisite for fluid transport. 

The dramatic increase in cell surface area which accompanies cellular extension 
necessitates the manufacture and incorporation of new plasma membrane. Accord- 

ingly, immature cuboidal marginal cells often contain large amounts of smooth 
endoplasmic reticulum, Golgi bodies, and vesicles. It is interesting to note that in the 
adult mouse the typical marginal cell process is extremely attenuated, contains 
almost exclusively mitochondria and microtubules, and the membrane pleats char- 
acteristic of immature cell processes are largely absent [ 131. Apparently, as processes 
extend, membrane pleats unfold. In addition, the number of apical microvilli is 

drastically reduced in the adult marginal cell, and this process may provide another 
source of plasma membrane for the rapidly expanding cell surface. 

The data presented here indicate an important role for microtubules in strial 

development. Microtubular integrity may also be required for the morphologic 

stability of the adult stria. It is known that disruption of microtubules by anti-tubulins 
can induce the retraction of cell processes [16]. The strial atrophy induced by a 
number of experimental manipulations, including intermixing of endolymph and 

perilymph [4] may be related to microtubule effects. Although microtubules have not 
been studied under such circumstances, electron micrographs of atrophied striae 
show extensive loss of cellular processes. The study of microtubular integrity under 
conditions of advancing strial atrophy is certainly warranted. 
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A re-evaluation of cell coupling in the organ of Corti 
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Intercellular electrical coupling was assessed in an in vitro organ of Corti preparation using separate electrodes to inject current 

and record voltage drops in Henscn’s cells. The results demonstrate much better coupling among these supporting cells than 

previously thought. Coupling ratios between adjacent Hensen’s cells are greater than 0.6. 

electrical coupling, organ of Corti, gap junction 

All the supporting cells of the organ of Corti 
are structurally joined to each other by communi- 
cating or gap junctions [2,3,4]. Recently, Santos- 
Sacchi and Dallos [S], demonstrated that these 
junctions permit the passage of electrical currents 
between Hensen’s cells. In that study, the degree 
of electrical coupling between cells was difficult to 
assess accurately since a single electrode-bridge 
balance system was used to inject current and 
record voltage simultaneously. The coupling ratio 
is defined as the voltage drop in one cell (V,) 
divided by the voltage drop due to current injec- 
tions in a neighboring cell (I’,). Thus, if an inaccu- 
rate measure of the voltage drop, vt, is obtained 
due to bridge unbalancing as a result of electrode 
resistance change, the degree of coupling between 
cells is misjudged. A decrease of the electrode 
resistance occurring upon entry into a cell will 
produce overestimates of coupling ratios; an in- 
crease in resistance will produce underestimates. 
There is evidence that electrode resistance in- 
creases intracellularly [6]. This possibility led us to 
speculate from indirect measures (spatial spread of 
current studies) that the coupling between support- 
ing cells was greater than that suggested by the 

* Present address: Dept. of Surgery, Section of Otolaryngol- 

ogy, New Jersey Medical School, Medical Sciences Building 

H586, 100 Bergen St., Newark, NJ 07103, U.S.A. 

0378-5955/84/$03.~ Q 1984 Elsevier Science Publishers B.V. 

data (see footnote in [5]). This report corroborates 
that initial speculation. 

Cochleas were removed after decapitation of 
anesthetized guinea pigs. The apical and third 
turns of the cochlea, lateral wall removed, were 
placed in one piece into a microscope perfusion 
chamber. The organ was perfused at a rate of 0.8 
ml/min with artificial perilymph, bubbled with 0, 
(tissue culture medium Ml99 with Hank’s salts 
(1.26 mM CaCl,, 1.7 FM Fe(NO,),, 5.36 mM 
KCl, 0.44 mM KH,PO,, 0.81 mM MgSO,, 137 
mM NaCl, 4.16 mM NaHCO,, 0.33 mM 
Na,HPO,), pH 7.2, Gibco, Grand Island, N.Y.) 
and the temperature was rn~nt~n~ near 37°C. 
Membrane potentials and coupling responses were 
measured with high-input impedance devices using 
KC1 (3 M) electrodes. Coupling measures were 
performed by injecting current pulses into one cell 
through one barrel of a double-barreled electrode, 
while measuring voltage drops in that same cell 
with the other barrel and in a neighboring cell 
with a single electrode. 

Immediately after dissection, membrane poten- 
tials of the Hensen’s cells are low (ca. - 20 mV); 
however, over the next 2-3 h the potentials gradu- 
ally recover and reach levels which are recorded in 
vivo (- 60 to - 80 mV [l,S]). Cell-to-cell coupling 
occurs throughout this recovery period. Fig. 1 
demonstrates electrical coupling between two ad- 
jacent Hensen’s cells, both with good membrane 
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Fig. 1. Under visual control, adjacent Hensen’s cells were 

impaled with 3 M KC1 glass microelectrodes. Constant current 

pulses ( - 11 nA, 0.5 s) were delivered every 5 s through one 

barrel of the double-barreled microelectrode. Voltage drops in 

that same cell and the adjacent cell were measured with voltage 

recording electrodes. The coupling ratio (l’,/V,) for this pre- 

paration was 0.77. The organ had been in culture for 2 h when 

the measure was taken. 

potentials. The coupling ratio in this case is 0.77. 
Although coupling can be variable, it is usually 
greater than 0.6 for adjacent cells (5 animals) and 
is much greater than the estimates previously ob- 
tained with the single electrode technique IS]. In- 
put resistance of Hensen’s cells in this in vitro 
preparation is l-3 MO, one order of magnitude 
less than previous measures using the single elec- 
trode technique. 

These results clearly show that electrical cou- 
pling among the supporting cells of the organ of 
Corti is much better than previously thought. It is 
not clear, however, whether these results are indi- 
cative of the in vivo situation. Considering the 
harsh treatment to the organ necessitated by the in 
vitro setup, if a difference in coupling did exist, 
one might expect coupling to be poorer in vitro 
than in vivo (M.V.L. Bennett, pers. commun.). The 
fact that membrane potentials are similar in both 
preparations lends credence to the notion that 
coupling is also similar. Nevertheless, other factors 
(e.g. EP, endolymph-pe~lymph compartmentali- 
zation) may be influential in affecting in vivo 
coupling. In vivo re-evaluations are planned. 

The fact that coupling (and space constant) is 
now known to be substantial provides impetus to 

re-evaluate the absence of dye coupling previously 
reported [5]. It had been suggested then that dye 
coupling might exist, but that because of slow 
transfer between cells and dilution within the cyto- 
plasm the dye was impossible to visualize with the 
experimental setup available. Image enhancement 
techniques may be necessary to fully evaluate this 
issue. 

The role that such electrical communication 
may play in an organ whose electrical activity is of 
paramount functional importance remains unclear. 
There can be no doubt, however, that supporting 
cells play a crucial role in inner ear function - 
perhaps even in sensory transduction. That is, it is 
inconceivable that the supporting cells do not in- 
fluence cochlear micromechanics. Supporting cells, 
as do hair cells, contain contractile and structural 
proteins [7], which may be modified by ionic con- 
ditions. Substantial electrical/ionic communica- 
tion might provide a means to effectively influence 
organ of Corti structure and function. 
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The effects of cytoplasmic acidification upon electrical coupling in the organ 
of Corti 

J. Santos-Sacchi 

The supporting cells of the organ of Corti are joined to one another by gapJunctions. and electrical coupltng among them is known 

to he good. It is demonstrated here, using an in vitro preparation, that electrical communication hetueen Hensen’s cells can hc 

modified by treatments which are known to cause cytoplasmic acidification. Treatment of the preparation with 1007 <‘(I,-\aturated 

medium causes a drop in membrane potential, increase in input resistance. and decrease in steady-state coupling ratio. These measures 

return to pretreatment levels upon washout of the CO! medium. Also, direct inJection of Hi tnto a Hensen’\ cell uncouples that cell 

from the supporting cell network. An increase in couplmg ratio is somettmes observed immediately before and after uncoupling due to 

CO, treatment. In fact, in some cases it is possible to solely increase coupling ratios utth limited CO, treatments. although prolonged 

treatment with CQ invariably produces uncoupling. This phenomenon may be due to an increase in ccl! resistance without a change 

tn Junctional conductance. A few possible roles for gap junctions in the inner ear are suggested, and the significance of the present 

results dtacussed 

carbon dioxide. organ of Corti. cell coupling, gap Junction. pH 

Introduction 

In the latter part of the last decade various 
groups demonstrated by electronmicroscopy the 
presence of gap junctions between all the support- 
ing cells of the mammalian organ of Corti 

[13.17,1X]. These results suggested that the sup- 
porting cells form a functional syncytium intercon- 
nected via low-resistance pathways. This concept 

was recently confirmed by studies which demon- 
strated electrical coupling in the supporting cells 
both in vivo and in vitro [24,25.26]. The support- 
ing cells of the organ of Corti supply physical 
support for the receptor cells (inner and outer hair 
cells): and although current concepts of cochlear 

function rest heavily upon micromechanical inter- 
actions between receptor cells [20,35], it is difficult 
to ignore a possible influence of supporting cells 
on cochlear micromechanics. In addition, because 
of the avascular nature of the organ proper, 
metabolic cooperation between supporting cells 
may be important in meeting the metabolic de- 

mands of the organ of Corti. 

Cell-to-cell communication can be modulated 

experimentally by treatments (e.g. CO, treatment) 
which alter intracellular hydrogen ion activity 
[31.33]. For example, Turin and Warner [37,38] 

have shown that cytoplasmic acidification of cou- 
pled Xenopus blastomeres produces a reversible 
electrical uncoupling. Subsequently, uncoupling 

(electrical or dye) due to cytoplasmic acidification 
has been demonstrated in many cell types 
[6.7.12,19,22,27]. 

The pH of the cochlear fluids is near 7.2-7.4 
[34], and may be influenced by the very high 
carbonic anhydrase activity of the inner ear [lo]. 
The pH of the endolymph can be markedly re- 
duced within minutes after the onset of anoxia [4]. 
Because of the possible importance of hydrogen 
ion control in the normal and pathologic function- 
ing of the inner ear, the present studies were 
designed to evaluate the effects of cytoplasmic 
acidification upon electrical coupling in an in vitro 
preparation of the organ of Corti. 
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Methods 

Guinea pigs were anesthetized with pentobar- 

bital and killed by decapitation. The cochleas were 
quickly removed, and the apical and third turn in 

one piece was microdissected free after removing 

the spiral ligament and stria vascularis. The pre- 
paration was transferred to a perfusion chamber 
on a Nikon Diaphot inverted microscope. Alter- 

nately, the whole temporal bone was placed in a 
perfusion chamber on a Zeiss ACM microscope. 
and the bony capsule around the two most apical 
turns chipped away. The stria vascularis and spiral 

ligament were removed. In some instances mem- 
brane potentials of the Hensen’s cells were mea- 

sured before and after the removal of the stria 
vascularis and spiral ligament. Both chambers were 

maintained near 37°C with Peltier devices (Bailey 
Instruments, NJ). Medium 199 (with Hanks’ salts 

(1.26 mM CaCl,, 1.7 PM Fe(NO,),, 5.36 mM 

KCl, 0.44 mM KH,PO,, 0.81 mM MgSO,, 137 
mM NaCl, 4.16 mM NaHCO,, 0.33 mM 
Na,HPO,; for HEPES-buffered media (25 mM) 
and high K+ media, NaCl was adjusted to main- 
tain tonicity), pH 7.2-7.4, Gibco, NY; in some 

experiments gassed with 100% oxygen) was per- 
fused at a rate of 0.8-1.5 ml/mm. Electrodes were 
pulled on a Narishige puller. 

Coupling measurements were made with high 
input impedance devices (WPI KS-700, Dagan 
8100-l) capable of constant current injection. Cou- 
pling was assessed by injecting negative current 
pulses of varying magnitudes into one cell and 
noting the voltage drop in the same and an adjac- 
ent cell. Under visual control, Hensen’s cells were 
impaled with electrodes; four electrode techniques 
were used to record from Hensen’s cells. (1) 
Single-barreled electrodes were inserted into adjac- 
ent or neighboring cells. Using bridge balance 
techniques, the voltage drops in the two cells (V,. 
V,) were measured in response to current injection 
in one (1,). Alternately, a sampling technique using 
the switched current clamp mode of the Dagan 
8100-l was used to obtain the voltage drop in the 
current injected cell (V,). Using this sampling 
technique, measurement of V, was obtained 
without contamination from electrode voltage 
drop. (2) Double-barreled electrodes or theta glass 
electrodes were used to separately inject current 

(I,) and record voltage drops (V,) in one cell. 
while a neighboring cell was impaled with a 

single-barreled voltage recording electrode ( V2 ). 
(3) Patch-type electrodes (140 mM KCl, 2 mM 
MgCl,, 5 mM EGTA. 10 mM HEPES, pH 7.2) 

were used to suck into adjacent Hensen’s cells. 
These electrodes permit the rapid exchange 01 

electrode fluids within the cell interior. The 
switched current clamp was used in these cases. (4) 

Three separate electrodes were used: one for cur- 
rent injection (I) in one cell, one for voltage 
recording (V,) in a cell nearby, and another for 
voltage recording in a cell more distal ( V?). 

Coupling responses, membrane potentials, and 

current magnitude were recorded on a Gould four 
channel recorder. In some experiments cxtracellu- 
lar pH was measured and recorded as well. Cur- 

rent pulses were generated by an A/D converter 
controlled by an IBM PC/XT. Coupling ratios 
were either determined offline, by visual inspec- 
tion of the records, or online using a Data 6000 
waveform analyzer (Data Precision, MA) in con- 

junction with the IBM. Individual coupling re- 
sponses were digitally stored within the Data 6000 
and saved to disk. 

Coupling ratio is defined as the voltage drop in 

cell 2 divided by the voltage drop in cell 1 in 
response to current injection in cell 1 (VJV,) 
[2] *. CO, effects were evaluated by measuring the 
changes in steady state coupling after introducing 
various amounts of 100% CO,-saturated medium 

into the perfusion system, followed by a return to 
normal medium. Control perfusions of media 
buffered to low pH levels were performed to 
evaluate the effects of extracellular acidification. 
HCl- (O.lM) filled electrodes were used to evaluate 
the effects of intracellular ionophoretic injection of 
hydrogen ions. High K+ solutions (70 mM) were 

perfused through the cell chamber in order to 
evaluate the effects of depolarization on coupling. 

* In a two cell system, coupling ratio is determined by 

R,,/(R, + R,,), where R,, is the membrane resistance of 
cell 2 and R, is the junctional resistance between cells 1 and 

2. Thus, changes in coupling ratio may occur due to changes 
in membrane and/or junctional resistance. Whereas it is 

possible to calculate membrane resistance and junctional 

conductance in a two cell system, from experimentally de- 
termined input and transfer resistances, it is not possible to 

do the same for a cellular syncytium (see [2]). 
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Results 

Electrical coupling in the supporting cells of the 
organ of Corti, utilizing Hensen’s cells as a model, 
is very good. Frequently, coupling ratios greater 
than 0.8 are found between adjacent Hensen’s cells 
(Fig. I). It was previously reported that the mem- 

brane potentials of Hensen’s cells in vitro ( - 63 f 
10 mV; n = 111; [26]) are very close to those 

obtained in vivo when in vitro recordings are made 
by passing electrodes through Reissner’s mem- 
brane in the intact cochlear duct. After removal of 
the stria vascularis and spiral ligament, however, 

membrane potentials are dramatically reduced, but 
subsequently recover during the next few hours of 

incubation. For example, in a series of 9 prepara- 
tions the membrane potential was - 32 + 10.9 mV 
(n = 27) at the beginning of the experiment, and 
within a few hours the membrane potential re- 

covered to - 58.96 + 8.99 mV. Despite low mem- 
brane potentials at the outset, coupling is present. 

Treatment with CO,-saturated medium disrupts 
electrical communication between Hensen’s cells. 
Fig. 2a demonstrates the effects of a 45 s bolus of 

31 

m” I-- 
0.15 

Fig. 1. Neighboring Hensen’s cells, separated by one inter- 

vening cell, were impaled with electrodes. The traces were 

digitally stored and plotted. The top trace is of a cell with a 

membrane potential of -62 mV into which a 0.8 s current 

pulse of -10 nA was injected through one barrel of a theta 

glass electrode. The resulting voltage drop measured through 

the other barrel indicates an input resistance of 0.7 MD. The 

membrane potential of the neighboring cell depicted in the 

bottom trace is -60 mV and the coupling response measured 

indicates a coupling ratio of about 0.8. 

CO,-saturated medium injected into the perfusion 

system. Coupling ratio in this example is initially 
greater than 0.6. When the CO, medium enters the 
cell chamber, indicated by the drop in extracellu- 
lar pH, several changes in steady-state conditions 
are noted. Initially, cell membrane potentials de- 

polarize, in this case 25-30 mV, relative to resting 

potentials. The voltage drop due to - 5 nA current 

pulses in cell 1 indicates that cell input resistance 
increases, and concurrently, electrical communica- 
tion between the two cells decreases, as indicated 
by the coupling ratio. As the extracellular COz is 
washed away, and presumably intracellular pH 
returns to normal, membrane potentials. input re- 

sistance and coupling ratio return to pretreatment 
levels. This uncoupling procedure is repeatable 
upon further exposures to CO,-saturated medium. 
Fig. 2b presents individual coupling responses dur- 

ing a similar uncoupling event. The top two traces 
show the voltage drops in cell 1 and 2 in response 

to a - 10 nA pulse in cell 1. The coupling ratio is 
0.66. The bottom measures were taken at the maxi- 
mum point of uncoupling after a 40 s bolus of CO1 
medium. The coupling ratio at this point is 0.22. 

Equivalent perfusions of the organ with low pH- 
buffered media produced neither depolarizations 

nor uncoupling, although in one case of prolonged 
exposure a slight increase in coupling ratio oc- 
curred. 

Direct acidification of Hensen’s cell cytoplasm 
can be accomplished by intracellular ionophoretic 

injection of H+ ions. Injection into one cell of a 
neighboring pair uncouples only the injected cell; 
other neighboring cells in the tissue network re- 
main coupled. Fig. 3 demonstrates the uncoupling 

effect of H+ injection. It can be seen that in 
response to injection of H+ the coupling response 
in the adjacent cell decreases, followed by re- 
covery. Associated with the increase in intracellu- 
lar hydrogen ion activity is a drop in membrane 
potential. On many occasions injection of H+ 
caused complete irreversible uncoupling, associ- 
ated with lasting depolarization of the injected 

cell. Suction into Hensen’s cells with patch pipets 
containing acidic solutions also demonstrated a 
drop in coupling associated with depolarization. 

Fig. 4 again shows uncoupling, accompanied by 
membrane depolarization and increased input re- 
sistance following treatment with CO,-saturated 
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Fig. 2. (a) Impaled Hensen’s cells are separated by two intervening cells in this case. A double-barreled electrode was used in cell 1. 

Steady-state coupling ratio is about 0.64. The arrow indicates the end of a 45 s injection of CO,-saturated medium into the perfusion 

system, whereupon perfusion of normal medium is reinstated. The CO, medium reaches the chamber at the time indicated by the 

drop in extracellular pH (bottom trace). Associated with the CO, treatment is a drop in the membrane potentials, an increase in input 

resistance, and a decrease in coupling ratio. Upon washout of the CO, medium, these measures return to pretreatment levels. (b) 

Conditions were the same in (a); however, individual coupling responses were digitally stored during steady-state coupling (top two 

traces, cell 1 and cell 2; coupling ratio 0.66) and during maximum uncoupling (bottom two traces; coupling ratio 0.22) in response to a 

40 s treatment with CO, medium. Capacitive coupling of the double-barreled glass is apparent. 

-55 

mV 

-6 5 1 

Fig. 3. Neighboring Hensen’s cells were impaled with single- 

barreled electrodes, one containing 0.1 M HCl and the other 3 

M KCl. Constant current pulses of - 10 nA were injected into 

one cell through the HCl electrode (bottom trace) and the 

coupling response in the other cell was recorded (top trace). It 

was impossible to balance out the voltage drop in the high 

resistance HCl electrode. At the first bar indicator, a positive 

steady current of 3.1 nA was superimposed on the pulsed 

negative current in order to eject H+ from the electrode into 
-20 the cell. Consequently, the coupling response decreased (top 

mV trace) along with the membrane potential of the injected cell 

-60 
(bottom trace). Both measures recovered, whereupon another 

positive current injection produced irreversible uncoupling and 

. depolarization in the injected cell. 
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Fig. 4. Adjacent Hensen’s cells were impaled with single-bar- 

reled electrodes. Current was injected into the cell depicted in 

the top trace by means of the switched current clamp mode of 

the Dagan 8100-l. The first arrow indicates the end of a 30 s 

injection of CO,-saturated medium into the perfusion system. 

An increase in coupling ratio can be observed prior to the 

uncoupling effects of intracellular acidification. After washout 

of the CO2 medium. measures return to steady state. 

medium. In this instance, however, there is a tran- 
sient increase in coupling ratio preceding the drop 
in coupling ratio. After return to normal medium 

there is recovery of the cells. Preliminary experi- 
ments indicate that high potassium medium causes 
the membrane potentials to depolarize, and the 

input resistance to decrease slightly. There is no 
dramatic uncoupling as occurs with CO, treat- 
ment. 

The increase in coupling ratio noted in Fig. 4 is 
often seen prior to and sometimes following un- 
coupling due to CO2 treatment. It is possible, 
however, to observe instances where only an in- 

crease in coupling ratio occurs in response to CO, 
treatments. Fig. 5 demonstrates this phenomenon. 

In response to CO, treatment. the membrane 
potentials depolarize, and input resistance in- 
creases; however, there is a dramatic increase in 

coupling ratio from a steady state level of just over 
0.6 to nearly 1. The electrical measures return to 

pretreatment levels following washout of the CO, 

medium. This phenomenon is further dem- 
onstrated in Fig. 6 where three separate electrodes 

are used to gauge current spread through the 
organ’s supporting cells. The ratio of voltage drops 
between these two Hensen’s cells. one more distal 
than the other to the current injected cell. in- 

creases in response to CO, treatment. However, it 

is always possible to inevitably produce un- 
coupling with prolonged CO, treatments. 

Discussion 

The drop in membrane potentials of the Hen- 
sen’s cells in response to removal of the lateral 

wall of the cochlear duct may be accounted for by 
the presence of gap junctions between the Claudius’ 
cells and the Hensen’s cells. The removal of the 
lateral wall is accomplished by tearing at the inter- 
face of these two cell types and consequently the 

intracellular space of the torn cells is exposed to 
the extracellular medium. Damage to coupled 
cardiac muscle fibers also results in a drop in 

membrane potential of coupled cells [g], and in 
damaged lens fibers there is a leakage of K+ ions 

into the extracellular medium [3]. Over time, as the 
cytoplasmic faces of the gap junctions in the in- 
jured cells close off, the membrane potentials of 
the undamaged cells recover, and the K + leakage 
subsides. This process is known as healing over. 

The supporting cells of the organ of Corti can 
be reversibly uncoupled by treatments which 

acidify their cell cytoplasm. Hf injection directly 
acidifies the cell interior. CO? treatment is known 
to acidify cytoplasm by crossing the cell mem- 
brane and becoming hydrated by the action of 
carbonic anhydrase. It then dissociates to H+ and 
HCO, intracellularly. The process is reversible 
upon washout of extracellular CO,. The extent of 
cytoplasmic acidification is determined by the 
amount of H+ released or injected intracellularly 
and the cell’s buffering capacity. In the present 



Fig. 5. Adjacent Hensen’s cells were impaled, the one depicted in the top trace with a theta glass electrode and the other with a 

single-barreled electrode. In this case the organ was perfused with HEPES-buffered medium. The arrow indicates the end of a 3 mm 

injection of CO,-saturated medium into the perfusion system. Membrane potentials drop but there is a dramatic increase in coupling 

ratio from about 0.62 to about 0.96. Measures return to pretreatment levels after washout of CO, medium. 

01 

-LJ ,,,,,1,,lllllllll1l1lllll1llllll~lllllllllllllllllllllllll~lllllllllllllllllllln~lllllllll t 

Fig. 6. Three separate Hensen’s cells were impaled, one with a 

current injecting electrode, another with a voltage recording 

electrode and a more distal one with another voltage recording 

electrode. The beginning of the traces marks the end of a 25 s 

injection of CO, medium into the perfusion system. Current 

pulses of - 40 nA were delivered about every 2.5 s. The ratio of 
voltage drops between the two distal cells increases concur- 

rently with membrane depolarization, indicating an increase in 

the space constant. Measures return to pretreatment levels as 

the CO, medium is washed out. 

experiments it is not known to what extent the 
intracellular pH declined. It is known that the 
slope of junctional conductance vs. intracellular 
pH varies among cell types [22,29]. The suscepta- 
bility to uncoupling depends upon the steepness of 
this slope, and the position of the normal resting 
intracellular pH relative to the pK,; thus a similar 
acidification in two different cell types may have 
different effects. Intracellular pH measurements 
are required to determine the precise relationship 
between coupling and pH in the supporting cells. 

Uncoupling of the supporting cells can also be 
accomplished by intracellular Ca*’ injection [23]. 
There are known to be intracellular interactions 
between H+ and Ca2+, such that increases in one 
ion’s activity can increase the activity of the other. 
However, Spray et al. [33,30], at least in their 
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model system, have demonstrated a far greater 

effect of H+ than Ca2+ upon junctional communi- 
cation. This is still a controversial issue and indeed 
membrane potential (inside-outside and trans- 

junctional) may play an important role in the 
control of junctional conductance [21,32]. Al- 

though preliminary studies indicate that mem- 

brane potential appears not to play a critical role 
in cell coupling in the supporting cells in vitro, 

further studies, perhaps using isolated supporting 
cells and voltage clamp techniques, may be re- 
quired to fully evaluate the issue. Such studies 
performed in other cell systems have demonstrated 
uncoupling due to cytoplasmic acidification under 

voltage clamp conditions; still there appears to be 
interactions between membrane potential, H+, and 

Ca2+ in the control of junctional conductance 
[21,32]. 

The increase in coupling ratio that is occasion- 
ally observed upon treatment with CO, medium 

was an unexpected result. It is, however, important 
because it demonstrates that the intracellular 
spread of current between supporting cells can be 
increased under certain conditions. This may have 

important consequences as discussed below. Three 
explanations of this phenomenon can be pre- 
sented. First, it may be possible that the effect is 

actually due to an increase in junctional conduc- 
tance caused by an increase in intracellular pH. 
Reber and Weingart [22] have found a decrease in 
the longitudinal resistance of Purkinje fibers in 

response to an increase in intracellular pH above 
resting levels. Perhaps the effect of sub-uncoupling 
levels of CO, primes the supporting cells to en- 
hance their H+ pumping and buffering capabil- 
ities, thus raising intracellular pH. It should be 
stated. however, that in one preliminary attempt to 
raise Hensen’s cell pH by NH,Cl treatment, no 
effects were noted upon supporting cell coupling. 
This must be investigated further, however. Sec- 
ond, there may be a decrease in the intracellular 

Cal+ activity due to cell acidification. This has 
been shown to occur in sheep cardiac Purkinje 
fibers [15]. A decrease in Ca2+ activity might in- 
crease junctional conductance. Third, and prob- 
ably the simplest explanation may be that the 
membrane resistance of the supporting cells in- 
creases without a concomitant decrease in junc- 
tional conductance. Such an effect would produce 

a greater flow of ions through gap junctions rela- 

tive to the flow to ground (extracellular medium). 
Thus the space constant would increase. These 

possibilities are being evaluated. 
Previous studies have suggested that all the 

supporting cells of the organ of Corti are coupled 

via gap junctions [13,17,18]. However, it is difficult 

to quantify the exact distribution of gap junctions 
by electron microscopy. Light microscopic visuali- 

zation by the fluorescent antibody (against gap 
junction protein [14]) technique may provide a 
more comprehensive demonstration of gap junc- 

tion distribution in the organ of Corti. Still, the 
demonstration of gap junctions cannot provide 
information as to the extent of electrical coupling; 
nor can the demonstration of electrical communi- 

cation necessarily indicate that larger molecules 

(dyes, metabolites) are able to pass through gap 
junctions. The previously reported lack of dye 
spread between Hensen’s cells illustrates this prob- 

lem [26]. Others have found this to be the case in 
other electrically coupled cells [1.36]. Recent ef- 

forts to reinvestigate this issue, have revealed that 
injection of Lucifer Yellow into Hensen’s cells 

causes depolarization, which raises the possibility 
that the dye is toxic to these cells and may uncou- 

ple them. In any case, the existence of electrical 
communication and the possibility of metabolic 
communication in the supporting cells may indi- 
cate roles in the inner ear similar to those pro- 

posed in other tissues. They are discussed below. 
(1) The supporting cells may provide a K’ 

buffering system whereby increases in local ex- 
tracellular K+ in response to hair cell and neuro- 
nal activity are reduced by active uptake of KC by 

supporting cells, as is thought to occur in the CNS 
by astrocytes [28,11]. The syncytial nature of the 
supporting cells might then allow shunting of K’ 
from the tunnel and spaces of Nuel through the 
supporting cells to areas of lower K+ concentra- 

tion (nonactive regions of the duct) or perhaps 
through metabolic means into the Scala media. 
Supporting cells are known to have microvilli on 
the endolymphatic surface which are ATPase posi- 
tive [16]. Thus high K+ concentrations would be 
reduced in regions where the ion might interfere 
with hair cell and neural activity. 

(2) Metabolically, the supporting cells may pro- 
vide for the rapid dissemination of energy sub- 
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strates in areas of the cochlea duct requiring these 
molecules. Perhaps the external sulcus cells whose 
projections are intertwined with spiral ligament 

capillaries [9] initiate a transfer of metabolites 

through the Claudius cells to the Hensen’s cells 
and then on to the other supporting cells. The fact 
that there is a drop in supporting cell membrane 
potentials, with a subsequent healing over, when 

the spiral ligament and stria vascularis are re- 
moved by means of a tear in the Claudius 
cell-Hensen’s cell interface. indicates that electri- 

cal communication occurs between this interface. 
Thus the possibility of a metabolic route also 

exists. 
(3) Finally, the syncytial nature of the support- 

ing cells may permit pervasive modifications of 

supporting cell tonus which could affect organ of 
Corti micromechanics. If ionic conditions arose in 
a localized area due to local receptor-neuronal 
activity, and these in some manner effected alter- 
ations in local supporting cell structural--contrac- 

tile proteins, gap junctional communication might 
permit the spread of these ionically mediated alter- 

ations to areas beyond the area of local activity. It 
is interesting to note that Brownell et al. [5] de- 

tected structural changes in response to current 
only in outer hair cells and not in inner hair cells 
or supporting cells. However, they noted that 

changes in supporting cell shape may have been 
below their limit of resolution. It is difficult to 
imagine that even slight changes in supporting cell 
tonus would not affect organ of Corti function, 
based on numbers of supporting cells and their 
structural role. 

If indeed any of these above mentioned roles 
exist, the results presented here demonstrate that 
they could be modified by certain changes in the 
organ of Corti’s microenvironment. Thus in cases 
where the supporting cell length constant may 
increase, a possible increase in Kt buffering and 
shunting capacity may occur. On the other hand, 
uncoupling of supporting cell gap junctions might 
compromise K+ shunting and metabolic coop- 
eration which could detrimentally affect the organ. 
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The temperature dependence of electrical coupling in the organ of Corti 
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Electrical coupling in an in vitro preparation of the organ of Corti was evaluated during changes in temperature of the bathing 
media. The effect of cooling the organ from 35 + 2°C to 17 + 3°C is to reduce membrane potentials, increase input resistance and 
decrease coupling ratios. Decreases in coupling ratios ranging from 15 to 75% have been observed. The effects are reversible upon 
warming. Membrane potentials are very susceptible to depolarization caused by cooling. The reduction in coupling is not due to 
depolarization nor is it dependent upon extracellular Ca 2+. It is conceivable, however, that intracellular stores of Ca 2+ are released or 
that intracellular pH is altered. 

electrical coupling, gap junctions, organ of Corti, temperature effects, DNP, membrane potentials 

Introduction 

Gap  junctions are thought to mediate intercel- 
lular communication between a variety of cell 
types (Bennett and Goodenough, 1978). These 
channels permit the direct cellular exchange of 
materials (ions, dyes and metabolites) up to 
molecular masses of approximately 1 000 daltons 
in mammalian cell types (Flagg-Newton et al., 
1979). Over the past 20 years a variety of treat- 
ments has been shown to influence the conduc- 
tance of these junctions (Spray and Bennett, 1985). 
In the supporting cells of the organ of Corti, 
electrical coupling via gap junctions is present 
(Santos-Sacchi and Dallos, 1982, 1983; Santos- 
Sacchi, 1984a) and can be modified by treatments 
which alter the intracellular activities of Ca 2 + and 
H ÷ (Santos-Sacchi, 1984b, 1985). Gap  junctional 
communication in the organ of Corti may be 
important for normal cochlear function (Santos- 
Sacchi, 1985), and may (1) underlie metabolic 
cooperation among the supporting cells, (2) pro- 
vide a means to buffer K + in the extracellular 
spaces of the organ of Corti, as occurs in the CNS 
by ionically coupled astrocytes, and (3) influence 
cochlear micromechanics by permitting the spread 
of ionically mediated tonus alterations throughout 
the supporting cells. 

Many studies have shown that cochlear electro- 
physiology is quite sensitive to cochlear tempera- 
ture (Butler et al., 1960; Coats, 1965; Manley and 
Johnstone, 1974; Brown et al., 1983). Temperature 
is also known to influence gap junctional com- 
munication (Politoff et al., 1967; Payton et al., 
1969). The present study evaluates the effects of 
cooling upon electrical coupling between support- 
ing cells in vitro. 

Methods 

Guinea pigs were anesthetized with pento- 
barbitol and killed by decapitation. The whole 
temporal bone was placed in a perfusion chamber 
on a Zeiss ACM microscope, and the bony caps- 
ule around the two most apical turns was chipped 
away. The stria vascularis and spiral ligament 
were removed. Medium 199 (with Hanks salts 
[1.26 mM CaCl2, 1.7 /~M Fe(NO3)5, 5.36 mM 
KC1, 0.44 mM KH2PO4, 0.81 mM MgSO4, 137 
m M  NaCl,  4.16 m M  NaHCO3,  0.33 mM 
Na2HPO4; for high K + media, NaC1 was adjusted 
to maintain tonicityl, pH 7.2-7.4, Gibco, NY) was 
perfused at a rate of 0.8-1.5 m l / m i n  under an air 
atmosphere. High K + solutions (140 mM) were 
perfused through the cell chamber in order to 
evaluate the effects of depolarization on coupling. 

0378-5955/86/$03.50 © 1986 Elsevier Science Publishers B.V. (Biomedical Division) 
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2,4-Dinitrophenol (2,4-DNP) (1 mM) was used to 
evaluate the effect of this metabolic inhibitor on 
membrane potential. Ca2+-free medium was used 
to evaluate the effects of extracellular Ca 2+ upon 
changes which occur with temperature manipula- 
tions. The temperature of the preparation was 
controlled by Peltier devices utilizing a Bailey 
Instruments (N J) controller unit. Electrodes were 
pulled on a Narishige puller. 

Coupling measurements were made with high 
input impedance devices (WPI KS-700, Dagan 
8100-1) capable of constant current injection. 
Coupling was assessed by injecting negative cur- 
rent pulses of varying magnitudes into one cell 
and noting the voltage drop in the same and an 
adjacent cell. Under visual control, Hensen's cells 
were impaled with electrodes; double-barreled 
theta glass electrodes were used to inject sep- 
arately current ( I  t) and record voltage drops (V t) 
in one cell, while a neighboring cell was impaled 
with a single-barreled voltage recording electrode 
(V2). 

Coupling ratio is defined as the voltage drop in 
cell 2 divided by the voltage drop in cell 1 in 
response to current injection in cell 1 (II2/1,I1) 
(Bennett, 1966). Current pulses were generated by 
a D / A  converter controlled by an IBM PC/XT. 

Coupling ratios were determined online using a 
Data 6000 waveform analyzer (Data Precision, 
MA) in conjunction with the IBM. Coupling re- 
sponses, membrane potentials, coupling ratios and 
temperature were recorded on a Gould four-chan- 
nel recorder. Individual coupling responses were 
digitally stored within the Data 6 000 and saved to 
disk. 

Results 

The supporting cells of the organ of Corti are 
very susceptible to cold-induced depolarization. 
Fig. 1 illustrates the effects of a reduction in 
temperature from 35 to 15°C upon membrane 
potential. The Hensen's cell depolarizes coincident 
with the temperature drop, and repolarizes as the 
temperature rises. A lack of precise temporal cor- 
respondence between the measured temperature 
change and membrane potential change is possi- 
bly due to the inability to place the temperature 
probe directly on the specimen. In 7 preparations 
(35 cells), a 10°C drop in temperature caused an 
average drop in membrane potential of 13.98 + 
4.44 mV, with the original membrane potentials 
being 40 + 10 mV. The magnitude of the depolari- 
zation associated with the temperature decrease 
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Fig. 1. The effect of cooling upon supporting cell membrane potential. The top trace is a strip chart recording of the membrane 
potential of a Hensen 's  cell. The bot tom trace indicates the temperature of the perfused media which bathes the cell. As the 
temperature is reduced from about 36 to 15°C there is a corresponding drop in the membrane potential of the Hensen's  cells. Return 
of the temperature to pretreatment levels causes a repolarization of the membrane potential. Note that the temperature overshoots the 
initial level during rewarming, and the membrane potential follows this overshoot. 



207 

Fig. 2. The effect of 2,4-DNP on membrane potential. A Hensen's cell was recorded from during perfusion of the bath with 1 mM 
DNP. The first arrow indicates the start of the DNP perfusion and the second arrow indicates the return to normal medium. 
Membrane potential undergoes a gradual depolarization which is reversible upon washout of the poison. Portions of the trace were 
removed and accounted for 150 and 340 s, respectively. 

was positively correlated with the initial mem- 
brane potential of cell ( r =  +0.573, p<0 .01 ,  
two-tailed). Since a reduction in temperature is 
known to affect metabolic rate, it was of interest 
to determine if a metabolic poison would also 
produce depolarization of Hensen's cells. This 
might help differentiate between a direct effect 
upon the cell membrane and an intermediate el- 

fect upon metabolism. As is demonstrated in Fig. 
2, the metabolic inhibitor 2,4-DNP also de- 
polarizes cells in a reversible manner although the 
time course is longer because of the time required 
to wash out the poison. 

Electrical coupling between Hensen's cells is 
dependent upon temperature as well. However, 
the uncoupling due to cold is variable in extent 
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Fig. 3. The effect of cooling upon electrical coupling between supporting cells. Two neighboring Hensen's cells were penetrated with 3 
M KCI electrodes. Cell 1 received current pulses of -15  nA through one barrel of a theta glass electrode and the resulting voltage 
drop was recorded with the other barrel. The coupling response in the other cell was measured with a single barreled electrode. 
Coupling ratio (bottom trace) was computed on-line and plotted out simultaneously. Temperature of the bath was 37°C initially, and 
cooling began at the first arrow. A temperature of 15°C was reached at the second arrow, whereupon rewarming began. 37°C was 
reached at the third arrow. The result of cooling is to reduce membrane potentials, increase input resistance, and decrease coupling 
ratio. These measures return to pretreatment levels upon rewarming. 



208 

despite the fact that depolarization is always sub- 
stantial. Fig. 3 depicts the effects of lowering the 
temperature from 37 to 15°C upon electrically 
coupled supporting cells. In response to cooling, 
membrane potentials drop, input resistance in- 
creases and coupling ratios decrease; upon warm- 
ing, the measures recover. Reductions in initial 
coupling ratios ranged from 15 to 75% for temper- 
ature changes from 37 + 2 to 17 + 3°C. Mean 
coupling ratios for these temperature extremes are 
0.58 + 0.17 and 0.34 + 0.11, respectively (n = 17, 
9 preparations). 

Note in Fig. 3 that near the end of the trace 
there is a sudden drop in the membrane potentials 
of the cells. This apparently indicates some sort of 
injury to cell 1, since its membrane potential con- 
tinues to decline while cell 2's membrane potential 
recovers. That is, because the cells are electrically 
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Fig. 4. Good coupling is demonstrable despite low membrane 
potentials of Hensen's cells. Immediately after removal of the 
lateral wall of the cochlear duct, membrane potentials drop, but 
recover over time. This example illustrates that coupling be- 
tween supporting cells is substantial during periods of reduced 
membrane potential. Current pulses of - 1 0  nA into cell 1 
produces voltage drops in both cells which calculate to a 
coupling ratio of about 0.7. Inserts are plots of the digitally 
saved voltage drops in each cell. 

coupled, the membrane potential of cell 2 initially 
follows that of cell 1. The subsequent recovery of 
cell 2 indicates that uncoupling of the cells is 
occurring. It is interesting to note that the ratio of 
initial membrane potential drop in cells 1 and 2 in 
response to cell 1 injury is, in fact, equivalent to 
the coupling ratio. 

Since uncoupling due to reduced temperature 
and other treatments (e.g., lowered pH (Santos- 
Sacchi, 1985)) is accompanied by depolarization, 
it is of interest to determine if depolarization, per 
se, is causal. It is known that supporting cells 
initially have low membrane potentials following 
removal of the stria vascularis and spiral ligament 
which recover over time (Santos-Sacchi, 1984a, 
1985). Yet, even prior to the recovery of the 
supporting cell membrane potentials, good cou- 
pling is demonstrable (Fig. 4). Furthermore, treat- 
ment of Hensen's cells with high potassium solu- 
tions, while causing depolarization, neither results 
in an increase in input resistance nor a concom- 
itant reduction of coupling ratio (Fig. 5). Fig 6 
presents a scatter plot of the magnitude of de- 
crease in coupling ratio versus the magnitude (cell 
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Fig. 5. Effect of depolarization upon coupling in supporting 
cells. High K ÷ media (140 mM) was perfused into the organ 
chamber for 130 s, and normal medium perfusion was rein- 
stated at the arrow. In response to the high extracellular K +, a 
rapid fall in membrane potential is seen. Input resistance 
decreases slightly, and no uncoupling trend is correlated with 
the pronounced depolarization. Upon washout of the K +, 
membrane potentials repolarize. 
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Fig. 6. Scatter plot of the magnitude of depolarization (A mV) 
vs. magnitude of coupling ratio change (A CR) in response to 
cooling the preparation from 37 + 2°C to 17 + 3°C. Correlation 
coefficient is -0.29, but is not significant at the 0.1 level. 
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pair average) of concomitant membrane depolari- 
zation in response to cooling. Correlation between 
the two is not significant ( r = - 0 . 2 9 ,  p >0.1,  
two-tailed). Thus, depolarization of the cell mem- 
brane is probably not related to the uncoupling 
action of reduced temperature. 

The recovery of supporting cell membrane 
potentials following removal of the lateral well is 
probably similar to the 'healing over' process ob- 
served following injury to cardiac purkinje fibers 
(DeMello, 1983). Extracellular Ca 2+ is known to 
be required for this 'healing over'. This is also the 
case for the supporting cells, since incubation of 
the organ of COrti in calcium-free media prevents 
the recovery of membrane potentials. Fig. 7 dem- 
onstrates that coupling during this type of incuba- 
tion is good, and that reduced temperature still 
promotes uncoupling. Influx of extracellular 
calcium is therefore not required for the uncou- 
pling effect. 

Discussion 

The present results indicate that temperature is 
an important factor which influences both mem- 
brane potentials and coupling ratios of supporting 
cells of the organ of Corti. 

Temperature and metabolic inhibitors have 
been shown to influence membrane potentials of 
some cells in other systems, but not of others. For 
example, Creed and McDonald (1975) found no 
temperature effect (20-40°C) upon resting poten- 
tials of submandibular acinar cells but did find a 
50% drop in membrane potentials with prolonged 
exposure to DNP, in vivo. Similarly, Payton et al. 
(1969) found only small depolarizations in cray- 
fish giant axons upon cooling to 5°C, which they 
attributed to alteration of the electrode tip poten- 
tial. In the present study, only very small ( <  5 
mV) changes in electrode tip potential were asso- 
ciated with temperature reductions capable of near 
total depolarization of the supporting cells. A1- 

Fig. 7. Effect of cooling on coupling in Ca2+-fre¢ media. In 
this example, it is demonstrated that coupling ratios are de- 
creased upon cooling despite the absence of Ca 2+ in the 
external medium, thus indicating that Ca 2+ influx is not 
required for uncoupling. Current pulses into cell 1 are -20 
nA. Note the close correspondence between coupling ratio and 
temperature. 
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though no alterations in membrane potential were 
noted by Payton et al. (1969), cooling had a 
profound effect upon junctional communication 
between crayfish axons. Junctional conductance 
was found to follow rapidly alterations in temper- 
ature, similar to the effects reported here on sup- 
porting cell coupling ratios. It is interesting that 
slow cooling of the crayfish axon apparently does 
not alter junctional conductance (Ramon and 
Zampighi, 1980). 

Politoff et al. (1967) did find a reduction of 
membrane potential associated with cooling of 
salivary glands of Chironomus thummi larvae from 
20 to 5°C. However, uncoupling of cells from this 
tissue, which was observed, initially required pro- 
longed cooling. These authors speculated that some 
change in a metabolically dependent concentra- 
tion of a cellular constituent (e.g., Ca 2+) occurs 
which is responsible for the uncoupling. Subse- 
quently, they showed that depolarization of these 
cells by outward currents caused uncoupling, and 
again they speculated that it was possibly due to 
an increase in intracellular Ca 2+. It is currently 
known that Ca 2+ can uncouple cells although H + 
is apparently a more potent uncoupler (Spray et 
al., 1982). Supporting cells of the organ of Corti 
can be uncoupled by treatments which increase 
the intracellular concentrations of either ion 
(Santos-Sacchi, 1984b, 1985). Whereas membrane 
potential (both inside-out and transjunctional) may 
be important factors in junctional conductance of 
non-mammalian cells, it appears not to be for 
mammalian cells (Spray and Bennett, 1985). It is 
demonstrated here that depolarization, per se, of 
Hensen's cells does not interfere with cellular 
communication. In addition, an influx of ex- 
tracellular Ca 2+ is not responsible for the uncou- 
pling observed; however, the release of an in- 
tracellular store of Ca 2 ÷ or a decrease in intracell- 
ular pH is a possibility. Intracellular pH and Ca 2÷ 
measurements are required to evaluate this issue. 
Finally, a direct effect of cooling upon membrane 
structure cannot be ruled out (Payton et al., 1969). 

The fact that 2,4-DNP produces a drop in 
membrane potential may indicate that tempera- 
ture reductions produce depolarizations via 
metabolic interference. Nuttall and Lawrence 
(1978) found minimal changes in the in vivo re- 
corded membrane potentials of supporting cells 

during anoxia. In fact, membrane potentials re- 
main stable for some time after death of the 
animal (J.S.S., unpublished observations). These 
apparent differences between in vivo and in vitro 
susceptibility to metabolic insult warrants inves- 
tigation, especially since there is currently 
widespread use of in vitro preparations to study 
organ of Corti function. 

As indicated in the introduction, cell coupling 
in the organ of Corti may be very important for 
the normal functioning of the inner ear. Inter- 
ference with cell coupling by temperature reduc- 
tions or metabolic insults may possibly contribute 
to the altered functioning of the ear which occurs 
during such manipulations. For example, if the 
supporting cells act as a buffer to maintain low 
potassium levels in the spaces of Nuel, uncoupling 
these cells might compromise this function and 
ultimately interfere with hair cell and neuronal 
electrical activity. Experiments which measure ex- 
tracellular potassium in the organ of Corti during 
temperature manipulations may shed light on this 
issue. 
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Electrical coupling differs in the in vitro and in vivo organ of Corti 

Electrical communication between the supporting cells of the guinea pig organ of Corti was studied. For in vitro experiments. the 

inner ear was rapidly removed and placed in a heated perfusion chamber. Medium 199 was used. The bony cochlea and the lateral 

wall (spiral ligament and stria vascularis) were removed to expose the top two coils of the organ of Corn. In viva experiments were 

performed upon anesthetized animals whose cochleas were exposed surgically. A tiny fenestra was made m the bony cochlea which 

permitted the passage of electrodes through the lateral wall and into the organ of Corti of the third turn. Coupling was asheased by 

impaling neighboring cells with 3 M KC1 electrodes, and noting the spread of intracellularly injected current. Coupling ratios in the 

in vitro preparation were consistently greater than those obtained in viva (0.58 +0.17 vs. 0.104~0.064). Differences exist between the 

in vitro and in viva preparations which might account for these results. In viva the supporting cells are bathed in two different media. 

endolymph apically, and perilymph basally. Consequently, on their apical aide the supporting cells are exposed to fluid high in K + . 

low in CaLi and at a potential of 80 mV. the endolymphatic potential. In vitro the cells are bathed on all sides in fluid aimilar to 

perilymph. Intermixing the fluids in an in viva preparation, by tearing away the stria vascularis and Reissner’s membrane, increases 

the magnitude of the coupling ratio (0.455&0.209). Thus the unique microenvironment of the inner ear maintain5 lower coupling 

ratios, and smaller space constants for the supporting cells. 

organ of corti, supporting cell, electrical coupling, in viva. in vitro, gap Junction 

Introduction 

The organ of Corti, the sensory epithelium of 
the mammalian inner ear, is composed of hair 

cells and supporting cells. The extracellular fluid 
environments facing the epithelium’s apical and 

basal surfaces are markedly different in composi- 
tion. For example, the apical environment, the 

endolymphatic space, has concentrations of K+, 
NaC, and Ca2+ of about 140 mM, 1 mM and 25 
PM, respectively (Bosher and Warren, 1968, 1978); 
all are maintained by metabolic processes. In ad- 
dition, the electrical potential of this apical com- 
partment is about 80 mV relative to the basal 
compartment, a perilymphatic space, whose ionic 

composition is more typical of extracellular fluid. 
This unique compartmentalization is required for 
normal auditory function. 

Adjacent supporting cells in vitro (wholly in- 
cubated in perilymph-like culture media) can have 
coupling ratios greater than 0.8 (Santos-Sacchi, 

1984, 1985). This implies that supporting cells 

directly interact over a wide area of the organ, 

potentially permitting ionically mediated changes 
in supporting cell tonus to spread along the organ. 
If coupling in vivo is comparable, then such inter- 
actions may influence cochlear micromechanics. It 
is important, therefore, to determine if electrical 

coupling among supporting cells is as good under 
in vivo conditions as is indicated by the in vitro 
studies. 

Methods 

In vitro 

Guinea pigs were anesthetized with pentobar- 
bital and killed by decapitation. The whole tem- 
poral bone was placed in a perfusion chamber on 
a Zeiss ACM microscope, and the bony capsule 
around the two most apical turns was chipped 
away. The stria vascularis and spiral ligament 
were removed. Medium 199 (with Hanks salts 

037%5955/87/$03.50 i; 1987 Elsevier Science Publishers B.V. (Biomedical Division) 
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[1.26 mM CaCl,, 1.7 PM Fe(NO,),, 5.36 mM 

KCl, 0.44 mM KH,PO,, 0.81 mM MgSO,, 137 
mM NaCl, 4.16 mM NaHCO,, 0.33 mM Na, 
HPO,], pH 7.2-7.4, Gibco, NY) was perfused at a 

rate of 0.8 to 1.5 ml/min under an air atmosphere. 
The temperature of the preparation was controlled 

by Peltier devices utilizing a Bailey Instruments 
(NJ) controller unit. 

In vi00 

A ventrolateral approach was used to expose 
the right cochlea of anesthetized guinea pigs. The 

animals were artificially respirated during surgery 

and experimentation. A small fenestra (0.3 x 0.5 

mm) was made in the bony cochlea overlying the 
lateral wall (stria vascularis and spiral ligament) of 

the third turn. Through this fenestra electrode 

penetrations were made into the organ of Corti 
with the aid of fiber optic backlight transillumina- 
tion. In order to intermix cochlear fluids the lateral 
wall was torn away. 

Coupling measurements were made with high 
input impedance devices (WPI KS-700, Dagan 
8100-l) capable of constant current injection. 
Coupling was assessed by injecting negative cur- 

rent pulses of varying magnitudes into one cell 
and noting the voltage drop in the same and an 

adjacent cell. Electrodes (lo-15 ML?) were pulled 

on a Narashige puller; double-barreled theta glass 
electrodes were used to separately inject current 

(Ii) and record voltage drops (Vi) in one cell, 
while a neighboring cell was impaled with a 

single-barreled voltage recording electrode ( V2). 
For in vitro experiments, electrodes were sep- 
arately impaled into neighboring cells under visual 
observation. For in vivo experiments, a single 
barreled electrode was bent according to the 
method of Hudspeth and Corey (1979) so that it 
and a theta electrode could be epoxied together 
with the shanks parallel and tips separated by 
25-40 pm. Because the Hensen’s cells are 15-25 
pm in diameter, this design permits the penetra- 
tion of adjacent Hensen’s cells despite the inabil- 
ity to view the organ of Corti beyond the lateral 
wall. 

Coupling ratio is defined as the voltage drop in 
cell 2 divided by the voltage drop in cell 1 in 
response to current injection in cell 1 (V,/V,) 
(Bennett, 1966). Current pulses were generated by 

a D/A convertor controlled by an IBM PC/XT. 
Coupling ratios were determined online using a 

Data 6000 waveform analyzer (Data Precision, 
MA) in conjunction with the IBM. Membrane 
potentials, coupling responses, and coupling ratios 

were recorded on a Gould four channel recorder. 
Individual coupling responses were digitally stored 
within the Data 6000 and saved to disk. 

Results 

Adjacent Hensen’s cells in vitro are very well 
coupled electrically. Fig. lc illustrates electrical 

coupling in a pair of cells. Current injection of a 

- 5 nA 0.8 s pulse into one cell produces a voltage 
drop in that same cell and in an adjacent one. The 

coupling ratio in this case is 0.6. Coupling ratios 
averaged 0.58 f 0.17 (n = 17 cell pairs, 9 prepara- 
tions). The input resistance of these cells in vitro is 

0.47 &- 0.15 MO (n = 47, 5 preparations). 
Unlike the in vitro preparation, the in vivo 

preparation consistently demonstrates poor cou- 
pling. Fig. 2c illustrates this point. Current pulses 
of -25 nA were injected into one Hensen’s cell 
and the voltage drops in that cell and an adjacent 
cell indicate a coupling ratio of 0.12. After pulling 

out of the cells the endolymphatic potential is 
encountered; a potential of zero is obtained upon 

further withdrawal of the electrodes outside the 
Scala media. Coupling ratios obtained in vivo 

averaged 0.104 It 0.064 (n = 40 cell pairs, 9 pre- 
parations). The input resistance under these cir- 

cumstances is 0.43 + 0.23 MS2 (n = 47, 7 prepara- 
tions). 

One obvious difference between these two ex- 
perimental conditions is the lack of physiologic 
compartmentalization in vitro. That is, the cells of 
the organ of Corti are bathed on both sides by 
perilymph-like media, unlike in vivo where the 

fluids bathing the apical and basal compartments 
differ drastically in ionic composition and electri- 
cal potential. In order to evaluate whether this 
may be the cause for the difference in coupling 
ratios, the normal compartmentalization of the in 
vivo preparation was disrupted by tearing away 
the lateral wall of the cochlear duct as illustrated 
in Fig. 3. By doing so the fluids of the three scalae 
are intermixed and the endolymphatic potential is 
abolished. Since there is a greater volume of per- 
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Fig. I. (a) A schematic drawing showing the in vitro experimental setup. (b) A photomicrograph of the Hensen’a cells within the 

perfusion chamber. (c) A trace of the voltage drop in cell 1 and the coupling response in cell 2. in response to a current pulse (0.8 s) 

of 5 nA in cell 1. The coupling ratio in this example is 0.6. Horizontal scale. 0.1 s: vertical sale, 6 mV. 

ilymph, this fluid, albeit diluted somewhat with 
endolymph, will surround the organ of Corti. Un- 
der such conditions it is demonstrated that cou- 
pling ratios between Hensen’s cell are increased in 
magnitude. Fig. 3 illustrates a case where - 20 nA 
current pulses were delivered intracellularly into 
one Hensen’s cell. The voltage drops in that cell 
and an adjacent one indicate a coupling ratio of 
0.69. Upon pulling out of the cells, the potential 
drops to zero because the stria had been torn 
away. Coupling ratios under these conditions 
averaged 0.455 + 0.209 (n = 42 cell pairs, 7 pre- 

parations). The input resistance was 0.50 + 0.21 
MD (n = 29, 5 preparations). 

It is interesting to note that the membrane 
potentials of the Hensen’s cells in vitro are re- 
duced initially after stripping away the lateral 

wall, but that these potentials recover over time 
close to those recorded under normal in vivo 
conditions (Santos-Sacchi, 1985). This is also the 
case for the membrane potentials recorded in the 
in vivo condition after removal of the lateral wall. 

For example, the membrane potentials of the pre- 
paration illustrated in Fig. 3 initially measured 
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around - 20 mV following removal of the lateral 
wall; after a few hours they had returned to nor- 
mal levels. This possibly signifies a process similar 
to the “healing over” which occurs in cardiac 
muscle and lens following injury to these tissues 
(De Mello, 1983; Bernardini et al., 19SI). As with 
the in vitro inner ear preparation, coupling ratios 
in vivo are good throughout the recovery of mem- 
brane potentials. 

Discussion 

The results demonstrate that coupling ratios in 
the in vitro and in vivo preparation of the organ 
of Corti differ in magnitude. In vivo electrical 
coupling is s~bst~ti~ly poorer than in vitro. Fur- 

Fig. 2. (a) A schematic drawing showing the in vivo experimen- 

tal setup. (b) A photo through the operating microscope show- 

ing the cochlea backlit with a fiber optic light source. The 

electrodes can be seen penetrating through a fencstra made in 

the bone overlying the third turn of the cochlear duct. (c) 

Traces depicting electrical coupling in vivo. CeU 1 received 

current pulses of - 25 nA. After recording coupling ratios, the 

electrodes were withdrawn into the scala media where the 

resting potential is positive. Upon withdrawal from the cochlea 

the potential drops to zero. The arrows indicate that region of 

the traces from which the expanded insets are taken. The 

coupling ratio in this case is 0.12. Inset horizontal scale. 0.2 s; 

vertical scale. 6 mV. 

thermore, this poor coupling appears to be due to 
the physiologic compartmentalization which char- 
acterizes the intact cochlea, since disruption of the 
organ’s normal architecture (with concomitant in- 
termixing of co&ear fluids) increases electrical 
coupling in vivo. 

Recently, it has beeome clear that micromecha- 
nical interactions between outer and inner hair 
cells may underlie the inner ear’s exquisite 
frequency resolving power (see Dallos, 1985). 
These interactions are thought to be mediated by 
hair cell cytoskeletal characteristics. It is also 
known, however, that supporting cells possess cy- 
toskeletal elements (Slepecky and Chamberlain, 
1983), which conceivably could influence organ of 
Corti ~~orn~ha~~. Since the frequency resolv- 
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Fig. 3. After recording from the intact cochlea, the lateral wall 

of the cochlear duct was tom away. In the upper left portion of 

the figure is a schematic drawing showing the experimental 

setup. The traces depict electrical coupling in viva after inter- 

mixing the cochlear fluids. Cell 1 received - 20 nA current 

pulsea. After recording coupling ratios, the electrodes were 

withdrawn into the Scala media. The positive resting potential 

of the Scala media is abolished by the experimental treatment. 

The arrows indicate that region of the traces from which the 

expanded insets are taken. The coupling ratio in this case is 

0.6’). Inset horizontal scale, 0.2 s; vertical scale, 6 mV. 

ing power of the inner ear is dependent upon the 
ability to physically perturb small, discrete por- 
tions of the basilar membrane, upon which the 

organ of Corti lies, it would appear non-advanta- 
geous that supporting cells ionically and electri- 
cally communicate over long distances. Thus it 

may be requisite for normal function that the 
inner ear’s unique compartmentalization main- 

tains low coupling ratios and space constants for 
the supporting cells. 

Electrical coupling can be modified by alter- 
ations of cellular ionic environment. For example, 
acidification of cell cytoplasm can decrease cou- 
pling (Spray et al., 1981). This is also true for in 

vitro preparations of the organ of Corti (Santos- 
Sacchi. 1985). Although it is demonstrated here 
that the unique compartmentalization of the inner 
ear maintains low coupling ratios and space con- 
stants in vivo. it is not known what particular 
aspect of the physiological compartmentalization 
is responsible for this observation. We have pre- 
liminary evidence (Santos-Sacchi and Marbey, un- 

publ.), however, that the endolymphatic potential 
is not a contributing factor. In addition. it is 

known that high K+ solutions do not decrease the 
coupling ratio in vitro (Santos-Sacchi, 1986b). Ex- 

perimental modifications of the endolymph com- 
position in vivo may provide a means to de- 

termine possible contributions. 

Interestingly, Chuang et al. (1985) have found 
differences between electrical coupling in ex- 

planted vs. intact newt embryo epithelium. They 
suggested that the extraepithelial environment in 
the intact system promoted coupling as compared 
to the explant system. It is known that hormones 

and second messengers can influence the produc- 
tion and the conduction of gap junctions in sensi- 

tive tissues, such as the myometrium and sym- 

pathetic neurons (MacKenzie and Garfield, 1985; 

Wolinsky et al.. 1985). It is conceivable that in the 
present experiments something similar is occur- 

ring. That is, perhaps the lateral wall produces 
some factor which acts via the endolymph to 

inhibit coupling, or the in vitro and in vivo stria 

removed condition provides some factor to en- 

hance coupling. In the myometrium (MacKenzie 
and Garfield, 1985) estradiol treatment can actu- 
ally increase the frequency of gap junctions be- 
tween smooth muscle cells. It would be worthwhile 
evaluating, ultrastructurally, the frequency of oc- 
currence and structure of gap junctions in the 
inner ear under high and low coupling conditions. 

In contrast to our initial concepts (Santos-Sac- 
chi and Dallos, 1983) it is now established that 
dye coupling is present in the in vitro preparation 
of the organ of Corti (Santos-Sacchi. 1986a). This 

suggests that metabolic cooperation may occur 
between the supporting cells of the organ. How- 
ever, the present finding that electrical coupling in 

the normal in vivo preparation is poor could indi- 
cate that dye coupling in vivo is likewise poor. 
This may not be the case, however, depending on 
the reason for the poor electrical coupling in vivo. 

Coupling ratios are dependent not only upon the 
junctional resistance between cells but also upon 
the non-junctional membrane resistance. Thus 
coupling ratios may increase or decrease due to an 
increase or decrease in the non-junctional mem- 
brane resistance, without a concomitant alteration 
of junctional conductance. If the poor coupling in 
vivo is simply due to a lower membrane resistance 



than is present in vitro, dye coupling may not be 

compromised. Yet, if the difference in coupling 
ratios is due to junctional conductance dif- 

ferences, then the degree of dye coupling may 

correspond with the degree of electrical coupling. 

Since the organ is an electrical syncytium, only 

input resistance can be measured directly and this 

measure is a function of both membrane and 
junctional resistances. Dye coupling studies per- 

formed in vivo will help determine whether junc- 
tional conductance is similar to that measured in 
vitro. 
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Asymmetry in Voltage-Dependent Movements of Isolated Outer Hair 
Cells from the Organ of Corti 

J. Santos-Sacchi 

Laboratory of Otolaryngology, UMDNJ-New Jersey Medical School, Newark, New Jersey 07103 

The electrically induced movements of outer hair cells (OHC) 
were studied using the whole-cell voltage-clamp technique 
and video analysis. Cell shortening occurs during depolar- 
ization and elongation occurs during hyperpolarization from 
holding potentials near -70 mV. However, a marked asym- 
metry in response magnitude exists such that depolarization 
produces larger cell length changes than do comparable 
levels of hyperpolarization. The response is such that at 
normal resting potentials in viva, displacements are about 
2 nm/mV, but increase to about 15 nm/mV as the cell is 
depolarized. This mechanical rectification in the depolarir- 
ing direction manifests itself during symmetrical sinusoidal 
voltage stimulation as a “DC” reduction in cell length su- 
perimposed upon “AC” length changes. The observed OHC 
mechanical rectification may be involved in the reported pro- 
duction of “DC” basilar membrane displacements during 
suprathreshold acoustic stimulation (LePage, 1987). Esti- 
mates of the magnitude of OHC movements at acoustic 
threshold levels induced by receptor potentials in the high- 
frequency region of the cochlea indicate a disparity between 
basilar membrane and OHC movements on the order of 21 
dB. Thus, it appears questionable whether OHC mechanical 
movements solely underlie the “active process” thought to 
be responsible for the high degree of neural tuning at sound 
pressures near 0 dB. 

The organ of Corti is composed of a variety of cell types, in- 
cluding supporting and receptor cells. Two populations of re- 
ceptor cells exist in the organ, inner (IHC) and outer hair cells 
(OHC). Each type of hair cell produces receptor potentials in 
response to acoustic stimulation (Dallos et al., 1982; Russell 
and Sellick, 1983). However, IHCs receive the majority of af- 
ferent innervation from the eighth nerve (Spoendlin, 1969) in- 
dicating the IHC’s predominant role in information transfer to 
the CNS. It is becoming increasingly clear that OHCs influence, 
possibly through mechanical means, the electrical activity of 
IHCs (Mountain, 1980; Siegal and Kim, 1982; Brown et al., 
1983; Nuttall, 1985). The net result of this interaction is the 
exquisite tuning characteristics and sensitivity of eighth nerve 
fibers. 

Direct electrical stimulation of isolated OHCs induces re- 
versible cell length changes on the order of micrometers which 
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are not based upon an actin-myosin system (Brownell et al., 
1985; Ashmore, 1986; Brownell, 1986; Kachar et al., 1986). 
These fast mechanical responses, measured up to 8 kHz (Ash- 
more and Brownell, 1986; Ashmore, 1987) conceivably un- 
derlie the mechanical interactions alluded to above and appear 
to depend upon transmembrane potential since blocking the 
known ionic conductances of these cells during voltage clamp 
does not interfere with the mechanical response due to depo- 
larization (Santos-Sacchi and Dilger, 1988a, b). Thus, the OHC 
may function as both receptor and effector, generating receptor 
potentials that modify cell length and, in turn, influence organ 
of Corti micromechanics. 

Brownell (1983, 1984) first demonstrated the polarity depen- 
dence of electrically induced OHC movements- hyperpolariz- 
ing currents elongate and depolarizing currents shorten the OHC. 
Studies on the displacement magnitude due to electrical stim- 
ulation in the hyperpolarizing and depolarizing directions have 
provided conflicting results. Ashmore (1987) determined that 
the responses are largely symmetrical, whereas Evans (1988) 
found them to be asymmetrical. The asymmetry noted by Evans 
indicates that for a given stimulus magnitude, elongation of the 
OHC is as much as 50% greater than shortening. Considering 
the recent finding of LePage (1987) that basilar membrane “DC” 
displacements occur in response to tone bursts and that OHC 
movements may be implicated, it is important to determine the 
existence and extent of mechanical rectification in the OHC. 

Preliminary reports of some of the results have been presented 
(Santos-Sacchi, 1988a, b). 

Materials and Methods 

Sensory and supporting cells were isolated from guinea pig cochleas by 
gentle pipetting of the isolated top 2 turns of the organ of Corti. No 
enzymatic digestion was employed for hair cell isolation. The cell-en- 
riched supematant was then transferred to a 700 ~1 perfusion chamber, 
and cells were permitted to settle onto the coverglass bottom. A Nikon 
Diaphot inverted microscope with Hoffmann optics was used to observe 
the cells during electrical recording. A modified Gibovitz medium (NaCl, 
142.2 mM: KCl. 5.37 mM: CaCl,. 1.25 mM: M&l,. 1.48 mM: HEPES. 
5.0 mM; dextrose, 5.0 rn& pH 7.0-7.2) was used asthe perfusate. Patch 
electrodes (flint glass) had initial resistances of 3-5 MQ. The series 
resistance, i.e., the actual electrode resistance obtained upon establish- 
ment of whole-cell configuration, typically ranged from 8 to 15 MO. 
These values were estimated from current transients initiated at the 
onset of voltage pulses and were corrected during analysis (Marty and 
Neher, 1983). Pipette solutions were composed of 140 mM KCl, 1, 5, 
or 10 mM EGTA, 2 mM MgCl,, and 5 mM HEPES buffered to pH 7.0- 
7.2. Giga-ohm seals were obtained at the nuclear level of the OHC 
membrane prior to whole-cell recording. 

Single cells were clamped to holding potentials near -70 mV using 
a Dagan patch-clamp amplifier. Under computer control, hyperpolar- 
izing and depolarizing voltage steps, 200 msec long, nominally ranging 
from - 170 to +30 or +50 mV, in 10 or 20 mV steps, were used to 
elicit membrane currents and mechanical movements. Current records, 
filtered at 2 kHz with an g-pole Bessel filter, were digitized and stored 
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on a Data 6000 waveform analyzer and saved to disk for off-line analysis. 
All OHC movements were taped with a Panasonic AG6300 video re- 
corder. Movements of the cuticular plate region were analyzed off the 
video monitor during playback using differential optoresistors (output 
filtered at 30 Hz) placed across the image of the cuticular plate at a 
monitor magnification of 2800 x . The linearity of the optoresistor meth- 
od was confirmed by measuring the video taped movement of the tip 
ofa microelectrode driven by a piezoelectric bimorph element (Fig. 20. 
Absolute values were determined by measuring off the video monitor 
the cell movement in response to the largest depolarizing voltage step. 
The error in absolute measures was estimated to be less than 20%. Apical 
and basal ends of the OHC move towards and away from the electrode 
insertion point during depolarization and hyperpolarization, respec- 
tively (Santos-Sacchi and Dilger, 1988a, b). Because the movement of 
the cuticular plate is relative to the stationary insertion point of the 
electrode, which was typically near the nuclear region, total cell length 
change was determined by multiplying the measured movements of the 
cuticular region by the ratio of total cell length to electrode-cuticular 
plate distance. 

OHC capacitance measures were determined by 2 methods. Electrode 
shanks were coated with M-coat D (M-Line Accessories, Raleigh, NC) 
in order to reduce electrode capacitance, and during gigaseal establish- 
ment and prior to cell entry, electrode capacitance was compensated 
fully. For these procedures the current records were filtered at 7 or 10 
kHz. The first method involved a determination of the time constant 
of the initial current transient of the whole-cell voltage-clamp circuit in 
response to a voltage step of 10 mV from the holding potential. The 
time constant was estimated by a computerized exponential fitting pro- 
cedure. The electrode series resistance was estimated from the fitted 
onset current, and the cell resistance, corrected for the series resistance, 
was measured from the steady-state current. The capacitance and time 
constant of the cell were determined as follows (Lecar and Smith, 1985; 
Ogden and Stanfield, 1987): 

Gl 

Clamp - cell model 

~clamll = C,,R,,, where R,, = fi [ 1 m s (1) 

(2) 

(3) 

where 7clamp is the voltage-clamp time constant, C,, is the capacitance 
of the cell, R,, is the resistance of the cell, R, is the series resistance of 
the electrode, R,, is the parallel resistance of R,, and R,, and r,,,, is the 
time constant of the cell. 

The other method involved an AC analysis of the whole-cell voltage- 
clamp circuit, using a DSP- 16 digital signal-processing unit with asso- 
ciated software (SYSID; Arlel Corp., NY). After establishing whole-cell 
configuration, periodic swept frequency bursts (0.005-S kHz) of a con- 
stant voltage (5-20 mV peak) were delivered through the electrode at 
a holding potential near -70 mV. The frequency response of the clamp 
amplifier was 10 kHz. Current responses were time-averaged a mini- 
mum of 20 times. The resultant average was fast-Fourier-transformed 
and stored for subsequent analysis. An analysis of the current magnitude 
responses provides the necessary information for cell-capacitance de- 
termination. 

The input impedance of the whole-cell voltage-clamp model is given 
as follows (Lakshminarayanaiah, 1984), where s = jw, w = 2nf, and j = 
d=i: 

Substituting the time constant terms rll for R,,C,,,, and r, for R,C,,,, 

Z,, = (R, + R,,) s . [ 1 ,n (5) 

The resulting magnitude function for Z = V/Z,, is a high-pass response 
(see Fig. 6B) with a high-frequency asymptote whose magnitude is de- 
pendent upon R, and whose 3 dB break frequency cf,,,,) is related to ‘T,,. 
The low-frequency asymptote is dependent upon R, + R,,, and its break 
frequency is related to r,,. Thus, the capacitance can be calculated by 

1 
cm = 27rR,, j&, . (6) 

Results 
A variety of cell types can be viably isolated from the mam- 
malian organ of Corti. These include outer and inner hair cells, 
Deiter cells, and Hensen cells. Although OHCs and Deiter cells 
are easily isolated mechanically without the use of enzymatic 
treatment, Hensen cells require additional trypsinization to ob- 
tain single cells. IHCs are seen in short rows of cells. 

Figure 1 illustrates Z-I’ plots of these cell types with their 
associated current traces. All cells demonstrate an outward rec- 
tification upon depolarization from a holding potential near - 70 
mV. In Hensen cells and OHCs these outward currents have 
been shown to be IS+ currents (Santos-Sacchi and Dilger, 1986, 
1988a, b; Santos-Sacchi, 1988a, b). The magnitude and voltage 
dependence of outward rectification varies among cell type, with 
the IHC demonstrating the largest currents. The time depen- 
dence of outward currents also differs, although OHCs and Dei- 
ter cells are similar. Despite some electrical similarities among 
these cells, only OHCs respond to voltage steps from the holding 
potential by altering their cell length (Fig. 2). The length changes 
are not dependent upon specific or total transmembrane current 
but appear to be voltage dependent (Santos-Sacchi and Dilger, 
1988a, b). 

The direction of the OHC length changes depends upon the 
polarity of the step; however, the magnitude of length change 
is not equal for symmetrical voltage displacements of opposite 
polarity. Depolarizations elicit larger mechanical responses than 
do hyperpolarizations. Figure 2, A, B illustrates whole-cell cur- 
rents and mechanical responses for an isolated OHC in response 
to voltage steps above and below the holding potential of -67 
mV. Time- and voltage-dependent outward currents are gen- 
erated in response to depolarization; inward currents generated 
upon hyperpolarization probably represent currents of the 
anomalous inward rectifier, as described by Ohmori (1984) in 
vestibular hair cells. The voltage-dependent displacements of 
the OHC are linear with voltage steps in the depolarizing di- 
rection (up to +20 mV, above which the response begins to 
saturate; Santos-Sacchi and Dilger, 1988a, b). However, me- 
chanical responses saturate rapidly at step levels more negative 
than the holding potential. This phenomenon is demonstrated 
for 9 cells in Figure 3. In each case, the mechanical response is 
rectified in the depolarizing direction. The average response in 
the depolarizing direction is about 15 nm/mV, in the hyper- 
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MEMBRANE POTENTIAL (mv) 
Figure 1. Examples of current recordings from isolated cells from the organ of Corti under whole-cell voltage clamp. Electrode solution contained 
140 mM K+, 2 mM MgCl,, 1 mM EGTA, 5 mM HEPES, pH 7.0. Traces and plots are not leakage-subtracted. Note differences in current-magnitude 
scales beside each trace. Holding potentials and input resistances corrected for series resistance: Hensen cell, -69.6 mV, 687 MQ; Deiter cell, -68.3 
mV, 127 MQ; OHC, -59.7 mV, 69 MQ; IHC, -67.4 mV, 92 MQ. 

polarizing direction, it is about 2 nm/mV. It was of interest to 
determine whether the rectified mechanical response is depen- 
dent upon rectified currents generated during voltage steps (San- 
tos-Sacchi and Dilger, 1988a, b). Treatments that block the 
various ionic conductances of OHCs (e.g., intracellular Cs+, ex- 
tracellular Cd2+, Baz+, TEA) also do not affect the mechanical 
rectification. Figure 4 demonstrates the CaZ+ independence of 
the mechanical rectification. In this case, the electrode solution 
contained 5 mM EGTA and no added calcium, and the extra- 
cellular medium contained 1 mM EGTA with no added calcium. 

This mechanical rectification indicates that sinusoidal voltage 
stimulation should produce a sustained shortening of the OHC 
during an AC voltage stimulus. This, in fact, occurs. Figure 5A 

demonstrates the mechanical rectification of an OHC in re- 
sponse to 400 msec bursts of a 10 Hz command voltage of about 
90 mV peak to peak, at a holding potential near -70 mV. The 
“AC” mechanical response is superimposed upon a “DC” shift 
(reduction) in the length of the cell. The trace in Figure 5B is 
the response of a glass probe driven at 10 Hz by a piezoelectric 
bimorph, which displays symmetrical movements, indicating 
that rectification under these conditions is not due to the mea- 
suring technique. Higher frequency stimulation of OHCs also 
produced a “DC” shift, but the “AC” response appeared as a 
blurring of the image on the video monitor. Because the linear 
portion of the OHC mechanical response function lies roughly 
between -60 and +20 mV, the value of the holding potential 
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Figure 2. A, An isolated OHC was 
whole-cell voltage-clamped at a hold- 
ing potential of -67 mV and stepped 
to various membrane potentials for pe- 
riods of 200 msec. The traces depict 
currents generated during depolariza- 
tions (upward) and during hyperpolar- 
izations (downward). The membrane 
potentials during each step are illus- 
trated in B. B, Record of the output 
from the differential optoresistor indi- 
cating the magnitude of the cell’s dis- 
placement (downward deflections rep- 
resent cell shortening). The lines point 
to the membrane potential of the cell, 
corrected for series resistance, during 
each displacement. Note that cell elon- 
gations associated with hyperpolarizing 
voltage steps saturate rapidly above the 
holding potential, whereas cell contrac- 

1 2 Pm tions associated with depolarizations do 
not saturate in the range of voltages 
studied here. C, A glass probe driven 
by a piezoelectric bimorph was dis- 
placed for 200 msec and then returned 
to baseline. Twenty displacements, in 
linearly graded steps, were produced 
such that an absolute maximum dis- 
placement of about ?2 Frn about the 
resting baseline was video recorded. The 
displacements were measured during 
playback with differential optoresistors 
placed on the video screen over the im- 

1 
age of probe, perpendicular to the dis- 

21*.m 
placement axis. The linearity of the 
measuring device is evident in the re- 

Opto-resistor Calibration 

should influence the direction of mechanical rectification due 
to sinusoidal stimulation. Figure 5C illustrates this effect. When 
the holding potential is changed from - 70 to 0 mV, the direction 
of the “DC” length shift appears to reverse. This occurs because 
the hyperpolarizing phase of the stimulus now resides in the 
linear portion of the mechanical response function, whereas at 
a holding potential of -70 mV the depolarizing phase of the 
stimulus resided in the linear portion of the function. 

Capacitance of the OHC was estimated for a total of 15 cells 
using 2 methods described in Materials and Methods. Figure 6 
illustrates examples for each method. The current transient 
method (n = 8) yielded an average (*SD) capacitance of 38.6 
f 4.7 pF, with an average clamp time constant (T~,~,,,J equal to 
0.34 k 0.072 msec and an average cell resistance equal to 96 
k 9 1 MQ. The AC analysis method (n = 7) yielded a capacitance 
of 39.5 -t 5.7 pF, with an average ~~~~~~ equal to 0.38 -t 0.15 
msec and an average cell resistance equal to 80 f 34 MO. These 
measurements indicate an average OHC membrane time con- 
stant of about 3.5 msec. 

I! J corded output. 

The average cell surface area of these cells, using a cylindrical 
cell body model and not including stereocilia, was 2.32 f 0.45 
x 1O-5 cm* for the transient analysis group and 2.50 f 0.38 x 
1O-5 cm* for the AC analysis group. Stereocilia measures were 
not included because most cells lose their stereocilia during the 
isolation procedure. If actual basolateral surface area is 133% 
of that estimated from light microscopy (due to lateral mem- 
brane ruffling; Dallos, 1983), then the specific capacitance of the 
OHC membrane is roughly 1.2 pF/cm2. 

Discussion 
Of all the cells studied that rest upon the basilar membrane, 
only the OHCs appear to respond to voltage alterations by mod- 
ifying their cell length. These cells are truly unique in that they 
may function as both receptor and effector. The mechanical 
responses of OHCs are large in the depolarizing direction, at- 
taining length reductions up to a few micrometers; however, the 
responses are rectified such that at typical in vivo resting poten- 
tials of -70 to -90 mV, responses are much smaller. Thus, at 
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Figure 3. Voltage-displacement functions for 9 OHCs. Open boxes on the abscissa indicate the holding potential. Each function was measured as 
in Figure 2. In each case, mechanical responses to depolarizations are larger than equivalent amplitude hyperpolarizations. Pooled data in the 
bottom plot clearly indicate the mechanical rectification in the depolarizing direction. The average slope in the depolarizing direction is about 15 
nm/mV, and in the hyperpolarizing direction ~2 nm/mV. 



The Journal of Neuroscience. August 1989, 9(8) 2959 

A 

B MEMBRANE POTENTIAL (mV) 
CA7A. 

-190 -130 -70 -10 +50 

\ 
i 

the cell’s normal resting potential it is capable of shortening to 
a greater extent than lengthening. Evans (1988) reported that 
mechanical responses are asymmetrical but that elongation is 
greater than shortening for a given stimulus strength. In that 
study, cells were stimulated with transmembrane current via an 
extracellular electrode, and membrane potential was not mea- 
sured. Because isolated OHCs can have depolarized membrane 
potentials, and cell movement is not dependent upon absolute 
transmembrane current (Santos-Sacchi and Dilger, 1988a, b), it 
is difficult to interpret these data. It is possible, however, that 
the results represent responses under depolarized conditions, 
where hyperpolarization would be a more effective stimulus 
because of the mechanical response saturation in the depolar- 
izing direction.’ 

Ashmore (1987) reported on mechanical responses of OHCs 
under whole-cell voltage clamp. Near the holding potentials 

’ Recently, Evans et al. (1989) have demonstrated that asymmetry in the OHC 
mechanical response due to extracellular AC current stimulation is biphasic. At 
low current magnitudes. the “DC” component of the response is toward contrac- 
tion. However. as the current magnitude is increased, the “IX? component even- 
tually changes towards elongation. 

Figure 4. Rectification of OHC me- 
chanical response in Ca’*-free. 1 mt.i 
EGTA extracellular media. Electrode 
solution contained 140 mM KCl, 2mM 
MgCI,, 5 mM EGTA, 5 mM HEPES, pH 
7.0 A: 1, Video print of digitally cap- 
tured image of the OHC induced to 
elongate by stepping cell membrane po- 
tential from -69 to - 165 mV. 2, After 
return lo holding potential of --‘69 mV. 
3, During voltage step to +43 mV. 4, 
After return to holding potential of -69 
mV. 5, Digital subtraction of 3 and 4 
indicating distance moved of cuticular 
plate. Note the obvious shortening of 
cell during depolarization but the dif- 
ficulty in observing elongation due to 

2 Pm 
hyperpolariyation. Height of black mark 
in upper-right corner is 6 pm. /I, Mc- 
chanical response measured with op- 
toresistors indicating mechanical rcc- 
tification as cell is stepped for 200 msec 
to various potentials from the holding 
potential of -69 mV. 

used in that study, the mechanical responses were fairly sym- 
metrical but saturated at reported voltage levels far removed 
from the holding potential (SW figure 7. Ashmore, 1987). The 
rate of saturation in the hyperpolarizing direction was much 
less than reported here. However, in his study, the estimation 
ofabsolute voltage levels was confounded by the very high series 
resistance ofthe patch electrodes. The average value ofthe series 
resistance can be determined from the data presented in that 
report and calculates to about 83 Mck2 The voltage divider effect 

: Ashmore (1987) reported that the average time constant of his clamp (T& 
was 1.29 msec. which, mcldentally, was erroneously reported 10 be the OHC’s 
membrane time constant. Cell capacitance (C,,.) was reported lo bc 27.3 pF. and 
from hlr data on 7 cells that the OHC mechamcal movements were 2. I I nm/pA, 
or correspondmgly. 19.8 nm/mV (p. 33 I ), an average Input resistance (R.,,) of 106 
MR can be deduced. Although this value of Input resistance 1s very slmllar lo our 
resulrs (Santos-Sacchl and l>dgcr, I988a. b), the actual value m his report may 
bc less smce series resistance compensauon, when performed, was not complete 
(as mdlcated m his figure legends). Usmg this value, however, the average series 
rewtance can be calculated as 

RJC,,, 
” = (R,,,C‘.,,) - ~~~~~~ = 83’4 MR 
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A HOLDING POTENTIAL -70 mV 

B Bimorph Response 

C HOLDING POTENTIAL 

-70 mV omv 

Figure 5. A, This trace depicts the movement of an OHC in response 
to 400 msec bursts of a 10 Hz voltage sinusoid at a level of 90 mV peak 
to peak. Downward deflections represent cell contractions. Note, in ad- 
dition to an “AC” displacement at the stimulus frequency, a “DC” shift, 
indicating a sustained reduction in length during the stimulus. The 
frequency response of the optoresistor is considerably low-pass, such 
that the scale for the “AC” component whose magnitude was measured 
off the video monitor is 0.7 pm and that estimated for the “DC” com- 
ponent is about 0.23 pm. B, This trace illustrates the symmetrical re- 
sponse from a bimorph probe at 10 Hz, indicating that the “DC” offset 
is not due to the measuring procedure. C, Both traces illustrate move- 
ments of a different cell in response to stimuli as in A, except at bursts 
of 700 msec, and at the holding potentials indicated. Note that at the 
holding potential of - 70 mV the “DC” displacement is in the downward 
direction (contraction), but at the holding potential of 0 mV the “DC” 
displacement is in the upward direction (elongation). Scale values are 
as in A. 

of such a high series resistance will drastically compromise the 
amplifier’s ability to clamp the potential of OHCs whose mem- 
brane resistances are of the same magnitude. Even if series 
resistance is compensated somewhat, large overestimates of the 
membrane voltage will exist unless voltages are subsequently 
corrected for residual series resistance effects, which was not 
performed in that study. In the present study, patch electrode 
resistance was initially low and series resistance was corrected 
for during analysis. A correction for series resistance in Ash- 
more’s data would tend to reconcile some of the differences 
between our data. 

We have previously studied the mechanical responses of OHCs 
in response to depolarizing voltage steps and determined that 
responses as large as 29 nm/mV occur (Santos-Sacchi and Dil- 
ger, 1988a, b). In the present study, the average response in the 
depolarizing direction was about 15 nm/mV. Ashmore (1987) 
obtained similar response magnitudes (19.8 nm/mV) in the lin- 

A 

B 
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2.5 ms 

tau = 0.57 msec 

R, = 105 Mohms 

f high 
LO 
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Figure 6. Examples of capacitance determination utilizing transient 
and AC analyses. A, OHC was voltage-clamped at a holding potential 
near -70 mV and a voltage step of 10 mV elicited a current response 
that was analyzed to determine the values indicated. See Materials and 
Methods for-details. Cell outline is shown as drawn from the video 
monitor. Surface area was estimated as in Materials and Methods. Small 
scale bar, 10 Frn. B, OHC was voltage-clamped at a holding potential 
near -70 mV and the response to a periodic swept frequency burst (20 
mV oeak) was time-averaeed 20 times. The FFT of this average is shown 
and was used to determine the values indicated. The high-frequency 
cutoff cf,,,,) is 286 Hz. See Materials and Methods for details. Cell outline 
is shown as drawn from the video monitor. Surface area was estimated 
as in Materials and Methods. Small scale bar, 10 pm. 

ear portion of OHC mechanical responses. The findings of the 
present study, however, indicate that at the normal resting po- 
tential of OHCs in vivo (-70 to -90 mV; Dallos et al., 1982), 
mechanical responses are about an order of magnitude smaller, 
near 2 nm/mV. Thus, at low sound pressures, where receptor 
potentials are small and symmetrical, mechanical responses will 
be small and symmetrical. 

Receptor potentials from OHCs in the apical and basal regions 
of the cochlea have been recorded in vivo, and the tuning of 
these cells is as fine as basilar membrane or neural tuning (Dallos 
et al., 1982; Khanna and Leonard, 1982; Patuzzi and Sellick, 
1983; Robles et al., 1986; Russell et al., 1986). Clearly, ifbasilar 
membrane tuning is dependent upon an “active” mechanism 
(Neely and Kim, 1986) and the active mechanism is indeed the 
mechanical response of OHCs, then the effect should be present 
at threshold, near sound pressure levels of 0 dB, where the 
sharpest tuning occurs. At present, the data, especially for the 
high-frequency region of the organ, are not persuasive. The 
problem stems from the observation that the mechanical re- 
sponses of the OHCs are voltage dependent. This dependency 
places constraints upon the physiological relevance of the phe- 
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nomenon at frequencies where hair cell receptor potentials, the 
presumed stimuli for OHC mechanical responses, are attenuated 
by the membrane time constant, T,,,,. The scenario is somewhat 
more complex; since the mechanical response is dependent upon 
transmembrane potential, the effects of extracellular potentials, 
the cochlear microphonic and summating potential, must be 
accounted for in determining actual transmembrane potential. 

The specific capacitance of the OHC membrane was calcu- 
lated in the present study to be about 1.2 hF/cm2. For the large 
low-frequency OHCs (60-80 pm in length) utilized in this study, 
the calculated membrane time constant, T,,,, was about 3.5 msec. 
Calculations using data in Ashmore (1987) give a time constant 
of about 3 msec. These figures indicate a cutoff frequency for 
OHCs in the low-frequency area of the cochlea of about 46 Hz. 
This is markedly different from the time constants obtained in 
vivo from receptor potential measures, where corner frequencies 
near 1200 Hz are obtained from OHCs (Dallos and Santos- 
Sacchi, 1983). These measures indicate a time constant of 0.13 
msec. Of course, input resistance measures of OHCs in vivo are 
low, averaging 30 MO or less. This may be due to the poor 
sealing properties of the high-resistance microelectrodes used 
and may account for the small time constants observed. Alter- 
natively, the input resistance of hair cells under in vivo condi- 
tions may be less than measured in vitro. Ohmori (1985) ob- 
tained time constants for vestibular hair cells in vitro that ranged 
from 4.5 to 50 msec. He speculated that activation ofmembrane 
conductances at physiologically depolarized membrane poten- 
tials may reduce the cell’s time constant. For OHCs in the high- 
frequency region of the cochlea where cell length is about one- 
third, the time constant should not be too different from that 
of the low-frequency OHC, considering that, as capacitance of 
the cell decreases due to less membrane surface area, input 
resistance will likely increase. 

Response magnitudes near auditory threshold for OHCs in 
the apical and basal regions are quite small. Electrical mea- 
surements made in the low-frequency area of the cochlea are 
not hampered by the roll-off associated with high-impedance 
electrode filter characteristics, but in the high-frequency region 
corrections are required. After such corrections (Russell et al., 
1986) threshold measures from OHCs in the 14 kHz region 
indicate AC responses near 15 pV. In the 0.8 kHz region, AC 
responses in OHCs at 0 dB SPL have been measured, and mag- 
nitudes up to 100 PV occur (Dallos and Santos-Sacchi, 1983; 
Dallos, personal communication). Using this information from 
low-frequency OHCs, a corroboration of the OHC response at 
14 kHz can be made, considering a 6 dB/octave roll-off above 
1200 Hz for in vivo OHCs (Dallos and Santos-Sacchi, 1983; 
Russell et al., 1986). The calculated value of about 9 HV is in 
agreement with that calculated from Russell et al. (1986). Thus, 
estimates of OHC mechanical responses (assuming a 2 nm/mV 
movement at resting potentials near -70 mV3) generated by 

3 The symmetrical AC receptor potentials noted in high-frequency OHCs (Rus- 
sell et al., 1986) may lead some to infer that these OHCs function in the linear 
region of their I-V function and hence to infer that these cells normally function 
in the linear (15-29 nm/mV) range of the voltage+ell displacement function 
described here. The I-V functions described for OHCs by various investigators 
are essentially DC evaluations and therefore cannot be used to predict high- 
frequency response characteristics. The current traces depicted here (Figs. 1, 2) 
and in previous reports (Santos-Sacchi and Dilger, 1988a, b) clearly show that the 
outward rectification is time dependent, with a time constant of several millisec- 
onds. At increasingly smaller time intervals following voltage stimulation, the 
traces clearly show that the I-V response becomes more and more linear, and 
more accurately reflects basolateral conductance effects upon high-frequency re- 
ceptor potentials. Clearly, the OHC can produce symmetrical AC receptor poten- 

receptor potentials near threshold are probably less than 0.03 
nm in magnitude. Corresponding basilar membrane displace- 
ment at the high-frequency region is 0.35 nm (Sellick et al., 
1982), which indicates a disparity of about 21 dB between bas- 
ilar membrane displacement and OHC movements. 

These calculations indicate that a possible influence of OHC 
mechanical responses at threshold is questionable, especially at 
high frequencies where active mechanisms are most expected. 
At higher suprathreshold levels, however, 2 mechanisms will 
affect the mechanical movements of the OHCs-first, the in- 
herent nonlinear mechanical response magnitude function de- 
scribed here (i.e., a shift from 2 nm/nV towards 15 nm/mV at 
increasing depolarization levels) and, second, the inherent rec- 
tification present in the receptor potential generator mechanism 
(Dallos et al., 1982; Russell et al., 1986). Theoretically, these 2 
mechanisms should jointly promote an increased OHC short- 
ening at progressively higher sound pressure levels, thereby rais- 
ing the likelihood of OHC-basilar membrane interactions. In 
fact, at suprathreshold levels, rectified mechanical responses of 
OHCs may underlie some of the rapid “DC” basilar membrane 
displacements noted by LePage (1987) in response to tone bursts 
of 55-75 dB SPL. On the other hand, the cumulative displace- 
ments he also noted are not likely to reflect the fast mechanical 
motion of the OHCs but conceivably may be due to osmotic- 
or K+-induced OHC morphologic alterations (Zenner et al., 
1985) which have a longer time course than the electrically 
induced movements. In vivo the time course of these slower 
movements may further reflect an ability of electrically com- 
municating supporting cells to buffer K+ released into the spaces 
of Nuel during hair and nerve cell excitation (Santos-Sacchi, 
1986). 

The demonstration by Kemp (1978) of otoacoustic emissions 
initiated the growing consensus that passive basilar membrane 
tuning is fine-tuned by an “active process” that somehow in- 
volves the OHC. A body of data confirms the OHC’s role 
(Mountain, 1980; Siegal and Kim, 1982; Brown et al., 1983; 
Nuttall, 1985); and with the discovery of Brownell (1983), the 
source of this “active process” was assumed to be the ability of 
the OHC to alter its length (Geisler, 1986). The voltage depen- 
dence of these OHC mechanical responses (Santos-Sacchi and 
Dilger, 1988a, b) and the results presented here place constraints 
upon this assumption and suggest that other mechanisms may 
be involved. Indeed, it may be that a variety of factors supple- 
mentary to OHC mechanical responses, such as stereociliar and 
tectorial membrane micromechanics (Allen, 1980, 1988; Zwis- 
locki and Kletsky, 1980; Crawford and Fettiplace, 1985; Zwis- 
locki, 1986; Howard and Hudspeth, 1987) mutually effect sharp 
tuning at auditory threshold. 
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Isolated supporting cells from the organ of Corti: Some whole cell electrical 
characteristics and estimates of gap junctional conductance 
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Whole cell voltage clamp studies were performed upon isolated and small groups of supporting cells from the guinea pig organ of 
Corti in order to evaluate junctional and non-junctional membrane characteristics. Single Hensen celis have an average input 
resistance and capacitance of 1.03 GQ and 24.9 pF, respectively. I-V functions indicate an outward K+ rectification, which is 

blocked by external TEA, intracellular Cs, or photo-irradiation of intracellularly injected fluorescent dye. Voltage clamping of pairs 

or small groups of cells indicates that supporting cells ‘share’ K+ channels within the syncitium. The input impedance of coupled 
cells was studied during uncoupling with COs or oetanol media. As expected, coupled cells showed an increase in input capacitance 
and a decrease in input resistance over single cell values. Input capacitance is a more sensitive indicator of cell coupling than dc input 

resistance. During uncoupling, input capacitance values drop to single cell levels prior to an increase of dc input resistance to single 
cell levels. Modeling the results indicates that Hensen cells are well-coupled under normal conditions and may have junctional 

resistances with values less than 0.1% of the non-junctional resistance. The sensitivity of the supporting cell syncitium’s input 

impedance to small changes in junctional resistance markedly influences the syncitium’s RC filter characteristics, and thus may 

control the frequency response of sound evoked electrical activity measurable in supporting cells in vivo. 

Voltage clamp; Organ of Corti; Supporting cells; Gap junctions; Cell coupling 

The mammalian organ of Corti is comprised of 
sensory (inner and outer hair cells) and supporting 
cells (e.g., Hensen, Deiter, Pillar cells). Ultra- 
structural studies established that the various sup- 
porting cells are joined to one another by gap 
junctions (Iurato et al., 1976; Jahnke, 1975; Gul- 
ley and Reese, 1976; Hama and Saito, 1977). 
Subsequently, it was demonstrated that these sup- 
porting cells are dye and electrically coupled, pre- 
sumably via gap junctions (Santos-Sac&i and 
Dallos, 1983; Santos-Sac&i, 1984b; 1986a). Elec- 
trical coupling among these cells can be mod- 
ulated by a variety of treatments, including alter- 
ation of intracellular pH, Ca2+ and temperature 

Correspondence to: J. Santos-Sac&i, Laboratory of Oto- 
laryngology, New Jersey Medical School, MSB H518, Newark, 
NJ 07103, U.S.A. 

(Santos-Sacchi, 1984a; 1985; 1986a). A possible 
physiological role for such coupling may involve 
K’ uptake and buffering in areas of the organ 
where hair cell and neuronal activity is high. Al- 
though electrical coupling between sensory and 
supporting cells may occur in the lower vertebrate 
inner ear (Weiss et al., 1975), ultrastructural stud- 
ies (cited above) as well as indirect electrophysio- 
logical evidence (Oesterle and Dallas, 1988; 1989) 
indicate an absence of electrical communication 
between supporting and sensory cells in the 
mammal. 

Previous measures of electrical coupling in the 
supporting cells have relied upon coupling ratio 
measurements (the ratio of voltage drops in ad- 
jacent cells due to current injection in one cell; 
Bennett, 1966) in the intact organ of Corti, both in 
vitro and in vivo (Santos-Sacchi, 1987). Because 
these measures were made in a coupled syncitium, 
no estimates of junctional conductance could be 
made. The present report relies upon the analysis 



of input impedance measures from isolated and 
small groups of supporting cells using whole cell 

voltage clamp to provide estimates of junctional 
and non-junctional conductances. Preliminary 
accounts of this work have been reported 
(Santos-Sac&i, 1988a, b). 

Methods 

Isolated Hensen cells or cell aggregates were 
obtained from the excised guinea pig organ of 
Corti by agitation for 15 min in Ca*+-free Leibo- 
vita medium containing 1 mg/ml of trypsin. The 

cell enriched supematant was then transferred to a 
700 ~1 perfusion chamber, and cells were allowed 
to settle and attach to the untreated glass bottom 
of the chamber at room temperature. A modified 

Leibovitz medium (NaCl 136.9 mM, KC1 5.37 
mM, CaCl, 1.25 mM, MgSO, 0.81 mM, MgCl,, 
0.98 mM, KH,PO, 0.44 mM, NaHPO, 1.54, Dex- 
trose 5.00 mM, pH 7.0) was used as the normal 
perfusate. In some experiments, 10 mM TEA was 
added to the culture media (NaCl adjusted) to 
block K+ currents. The cells were washed with 
medium to remove the enzyme and cell debris 
(5 15 min) prior to recording, and were continu- 
ously perfused for the duration of each experi- 
ment. Pipette solutions were composed of 140 mM 
KC1 or CsCl, 1 mM EGTA, 2 mM MgCl,, and 5 
mM HEPES, pH 7.0. Patch electrodes (flint glass) 
had initial resistances of 3-5 Mf2. Subsequent to 
the formation of gigohm seals, cells were whole 
cell voltage clamped at a holding potential near 

- 70 mV and pulsed to various potentials for 200 
ms at 1 s intervals, under computer control. Cur- 
rent traces sampled at 25-30 ps and filtered at 3 
kHz with an eight pole bessel filter were observed 
on a D6000 waveform analyzer (Analog& MA) 
and stored to disk for subsequent analysis. Actual 
voltages were obtained by correcting for the elec- 
trode series resistance (lo-15 MJZ) which was 
estimated from the capacitative current transient 
at the onset of the voltage pulse (Marty and 
Neher, 1983). Current values for I-V plots were 
obtained by averaging the final 20 ms of each 
current trace. Chord conductance ]g K = I/(V,,- 
V,,)] for outwardly rectifying K+ currents be- 
tween - 30 and 50 mV was calculated using a K 
equilibrium potential (V,) of -81 mV. Linear 

leakage current was subtracted for these calcula- 
tions. 

Specific membrane capacity of biologic mem- 
brane is a fairly robust quality, which according to 
Cole (1971) is ‘largely independent of cell physi- 
ology, pathology and pharm~ology, and probably 
life itself.’ Measurements of membrane capaci- 
tance have been used extensively during this cen- 

Fig. 1. Video prints of isolated Hensen cells viewed with 

Hoffman optics. (a) single cell; (b) cell pair; (c) three cell 
group. Note lipid inclusions. Scale bar: 10 pm. 



tury to estimate the amount of electrically con- 
tiguous membrane surface area of cells, a tech- 
nique which has its origins in the classical experi- 
ments of Fricke (1925). In the present report, 
membrane capacitance measures are used in con- 
junction with input resistance measures to esti- 
mate changes in electrical coupling between and 
among supporting cells, since by definition, mem- 
branes of coupled cells are electrically contiguous. 

In order to evaluate the changes of input capa- 
citance and resistance during Hensen cell uncou- 
pling, the cells were treated with the known un- 
coupling agents, CO, and octanol (Turin and 
Warner, 1977; Johnston et al., 1980). CO, 
saturated media was perfused through the cham- 
ber. Saturated octanol media was perfused directly 
on the cells via a separate small tipped pipette. At 
the holding potential, input capacitance and resis- 
tance were determined using 10 mV pulses of 
25-30 ms duration, by integration of the capacita- 
tive current transient and measu~ng steady state 
current, respectively (Marty and Neher, 1983; 
Ogden and Stanfield, 1987). These measures were 
performed online every 3.5-4.5 s, and the results 
saved to disk. Data were smoothed using a three 
point running average, and for presentation pur- 
poses, sigmoidal fits were made. 

Fluorescein was delivered through patch 
pipettes which contained l-S% dye. Epi-illu~na- 
tion was provided by a Nikon Diaphot filter sys- 
tem with a 50 watt high pressure mercury lamp. 
All experiments were video taped with a Pan- 
asonic AG6300 recorder, and photographs were 
made with an Hitachi video printer. 

Results 

Hensen cells isolated from the apical turns of 
the guinea pig cochlea are readily identified by 
light microscopy due to their lipid inclusions (Fig. 
1). Groups of any number of cells can be ob- 
tained, although with larger groups it is difficult to 
determine exact numbers. The size of the cells is 
quite variable as is indicated by input resistance 
and capacitance measures. Isolated cells have in- 
put resistances much higher than those determined 
from the intact organ of Corti (1.03 _t 0.585 GO 
[N = 91 vs. 0.5 MS2 [Santos-Sac&i, 1987a]), indi- 
cating the high degree of electrical coupling pre- 
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Fig. 2. Seven single isolated Hensen cells were individually 
whole cell voltage clamped at a holding potential of - 70 mV, 

with normal perfusion media and KC1 electrode solutions. The 
averaged traces (open circles) depict currents generated by 

pulsing the membrane potential to potentials nominally rang- 

ing from - 170 to 50 mV, in steps of 20 mV. Outward current 
is upward. Linear leakage currents have not been subtracted in 

any of the figures. The I-V plot represents the averaged cur- 

rents obtained during the last 20 ms of the traces, corrected for 
residual series resistance. Note the delayed outward rectifica- 
tion at potentials greater than - 30 mV. Average resting poten- 
tial estimated from zero current is -20 mV. Traces and I-V 

plot labeled with closed circles represent responses from a 
single isolated Hensen cell as above, except that CsCl replaced 

KC1 in the patch pipette. Note the absence of outward rectifi- 

cation, indicating that K+ ions are the charge carriers. Resting 
potential estimated from zero current is + 2 mV. Insert: Aver- 

age K chord conductance after subtraction of linear leakage 

currents for the seven Hensen cells exhibiting outward rectifi- 

cation above (see Methods). Probability of K channel activa- 
tion is very low at potentials more hyperpolarixed than -30 

mV and reaches a maximum value near + 50 mV. 

sent in the intact in vitro syncitium. The average 
capacitance of these isolated cells was 24.9 + 9.19 
pF. Fig. 2 shows averaged current traces and an 
I-V plot (open circles) obtained from 7 isolated 
Hensen cells in response to a series of voltage 
steps. Delayed outward currents were measured 
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Fig. 3. Outward K+ current trace obtained from a single Hensen cell before and after perfusion of the cell with 10 mM TEA solution. 
Note marked reduction of outward current in response to treatment with the K+ channel blocker. Outward currents returned 

following washout of TEA. Zero current potentials before, during and after TEA treatment were - 24, - 8, - 17 mV, respectively. 

upon depolarizations greater than - 30 mV, and 
were blocked by intracellular CsCl (closed circles), 
indicating that they are K+ currents. Reversible 
block of these outward currents by 10 mM TEA 
provides further evidence that these currents are 
carried by K+ (Fig. 3). Zero current levels for 
isolated cells recorded with the KC1 intracellular 
solution indicate a resting potential of - 20 mV. 
After subtraction of linear leakage currents, the 
average chord conductance for the outwardly rec- 
tifying K+ currents increased sigmoidally from 
very low levels at - 30 mV to a near maximum 
value of 3.3 nS at a potential of - 47.3 mV (Fig. 2, 
insert). The inward currents noted upon hyper- 
polarization probably represent K+ currents 
through the inward rectifier as has been demon- 
strated in the vestibular hair cell (Ohmori, 1985). 

Interestingly, the outward K+ currents were 
also blocked by photo-irradiating cells which had 
been perfused intracellularly with fluorescein (Fig. 
4) a procedure which is known to electrically 
uncouple Hensen cells (Santos-Sac&i, 1986b). 
TEA, intracellular cesium, and photo-irradiation 
also produced a depolarization of isolated Hensen 
cells, as estimated from zero current levels (Figs. 
2, 3 and 4); in the case of TEA blockade, repolari- 
zation follows washout. 

Cell coupling in isolated cell aggregates was 
studied by noting cell input resistance and capaci- 
tance changes during uncoupling with CO, 
saturated media. Fig. 5 demonstrates uncoupling- 
induced changes in the I-V characteristics of a 
large group (= 10) of Hensen cells, one of which 
was whole cell recorded. The tremendous outward 
current depicted in Fig. 5 prior to uncoupling 
(note scales) indicates the summation of outward 
K+ currents from the electrically coupled cells. 
Also note the summation of hyperpolarization-in- 
duced inward currents, and the large capacitive 
transients, indicating a large membrane surface 
area. Due to the large cytoplasmic volume result- 
ing from coupling, and the attenuating effects of 
the junctional resistances, it is unlikely that all 
cells were voltage clamped equally; despite this, 
however, elicited currents indicate substantial 
voltage alterations in adjacent cells. After perfu- 
sion of the cells with CO, saturated medium, the 
cells uncouple from each other and the current 
traces approach those of a single cell. Fig. 6 de- 
picts similar results obtained with a group of four 
Hensen cells. As expected, the currents and 
capacitative transients are smaller in magnitude 
than the 10 cell group;after CO, treatment, values 
approach that of a single Hensen cell. These data 
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Fig. 4. Single isolated Hensen cell with KC1 pipette solution, 
except that 5% fluorescein was added. I-V plot of steady state 
current vs. membrane potential corrected for series resistance. 

Open circles represent currents obtained after fluorescein had 
entered the cell, but prior to epi-i~u~ation. Note outward 
rectification sun&r to cells not containing fluorescein. After 12 

s of epi-illumination, the outward K+ current is partially 

reduced (closed circles). After a total of 28s exposure, the K+ 
current is markedly reduced, probably due to release of free 

radicals during Suorescence of the dye (open triangles). Mem- 
brane potential of the ceh, estimated from zero current levels, 
decreased during the channel inactivation [0 s, - 27 mV; 12 s, 
-8 mV; 28 s, -2 mv], indicating that K* permeability is 
involved in the maintenance of membrane potential in isolated 

cells. 

suggest that coupled supporting cells ‘share’ K’ 
channels via functional gap junctions. To provide 
clearer proof of this phenomenon, Fig. 7a shows 
the results of a similar treatment on a group of 
three Hensen cells; however, in this case, the K+ 
channels of the recorded cell were blocked by the 
use of a CsCl electrode solution. Note that prior 
to uncoupling, outward K+ currents are present, 
and represent only the currents generated in the 
adjacent coupled cells, since upon uncoupling by 
CO, treatment, the current response is solely from 

Membrane 

Potential (mV) 

Fig. 5. Voltage clamp of single Hensen ceil within a large 
group ( ~10) of cells. I-V plot of steady state current vs. 
membrane potential corrected for series resistance. The 
tremendous outward current indicates the summation of out- 
ward currents from electrically coupled cells (open circks). 
Due to the large cytopIasmic volume resulting from coupling, it 
is unlikely that all cells were voltage clamped equally. After 
perfusion of the cells with COs saturated medium, the cells 
uncouple from each other and the I-V response approaches 

that of a single cell (closed circles). 

the recorded cell, and lacks outward currents due 
to the cesium block. Apparently, sufficient 
amounts of Cs+ did not diffuse into the adjacent 
cells through gap junctions during the 5 min period 
required to collect the data. Fig. 7b shows the time 
course of input resistance and capacitance changes 
which accompany uncoupling. During CO, perfu- 
sion, input capacitance decreases and input resis- 
tance increases, until single cell values are at- 
tained. 

Fig. 8a demonstrates the effect of octanol per- 
fusion on a coupled Hensen cell pair. Ocranol 
rapidly abolishes cell communication. During the 
process of uncoupling, it is typically found that 
input capacitance decreases to single cell values 
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Fig. 6. Single Hensen cell within a group of four cells voltage 
clamped as in Fig. 5. Currents are smaller than that of the 10 

cell group in Fig. 5, but larger than that of single ceils, 
indicating that these cells are electrically coupled (open circles). 

After perfusion of CO2 saturated medium, the I-V response is 

reduced to that of a single cell, confirming that the cells were 

coupled and that channel ‘sharing’ among the cells occurs 
(closed circles). 

before de input resistance reaches single cell val- 
ues. The reversibility of octanol uncoupling is 
readily demonstrated by monitoring input capaci- 
tance during treatment and washout (Fig. 8b). 

Discussion 

Hensen cells display an outward rectification 
upon depolarization, which is mediated by IS+ 
channels. For individual Hensen cells, this current 
is small and is activated at potentials far removed 
from the normal in vivo resting potential. Deiter 
cells, supporting cells which are closely apposed to 
outer hair cells and are also coupled to Hensen 
cells (Santos-Sac&i, 1986b), exhibit larger out- 
ward currents (Santos-Sac&i, 1989). Supporting 
cells within the organ of Corti typically have rest- 
ing potentials ranging from - 60 to - 100 mV, 
and are dependent upon extracellular IS+ con- 

centration, since high extracellular potassium solu- 
tions produce reversible depolarizations in the in 
vitro organ (Santos-Sac&i, 1986a). The membrane 
potential of isolated supporting cells as de- 
termined from zero current levels is depolarized 
compared to normal resting levels, being on aver- 
age about - 20 mV. It has been demonstrated that 
the potential of Hensen cells in the intact (stria 
removed) in vitro organ of Corti is about - 32 mV 
immediately upon removal from the animal, but 
increases to in vivo levels (-59 mV) over the 
course of a few hours only when the temperature 
is m~nt~ned at 37 o C (Santos-Sacc~, 1985a). In 
that study, it was also shown that metabolic in- 
hibitors can induce depolarization. Interestingly, 
whole cell recordings from isolated OHCs indicate 
that their membrane potentials are depolarized 
compared to in vivo values (Santos-Sac&i and 
Dilger, 1988; Dallos et al., 1982); but in many 
OHCs the potential approaches in vivo levels as 
the KC1 patch pipette solution enters the cell over 
the course of a few minutes. This has not been 
observed with isolated Hensen cells. A variety of 
factors may be responsible for the depolarized 
state of isolated Hensen cells in this study, includ- 
ing temperature, use of simple salt solutions as 
opposed to culture media, and isolation proce- 
dure. Nevertheless, it has been shown that uncou- 
pling agents will produce a depolarization in the 
Hensen cell syncitium (Santos-Sacchi, 1985; 
1986a, b), and obviously, isolated cells and small 
groups of cells are uncoupled from the very large 
number of supporting cells normally forming the 
intact syncitium. It is demonstrated here that 
membrane potentials of isolated supporting cells 
are decreased by treatments (TEA, intracellular 
cesium, photoirradiation of intra~llul~ly inject 
dye) which block K+ conductance, indicating the 
dependence of membrane potential in these iso- 
lated cells upon a susceptable K+ conductance. 
Conceivably, photoirradiation may produce free 
radicals which destroy K+ channel function; Hen- 
sen cells have been shown to be uncoupled by the 
same treatment (Santos-~~~, 1986b). Clearly, 
the present results indicate that the supporting 
cells can ‘share’ ionic channels with neighboring 
cells, and for a cell type whose membrane poten- 
tial is to some degree K’ dependent, this may 
play an important role in maintaining the stable 



95 

-1000 

Membrane 

Potential (mV) 

B 

11O)I 

80 

50 
0 60 120 180 240 

Time (set) 

Fig. 7. (A) Single Hensen cell in a group of 3 Hensen cells was voltage clamped with a patch electrode containing the K+ channel 
blocker CsCI. Normally, the CsCl patch solution will replace intracellular fluid and block the K+ channels, thus eliminating outward 
rectification as in Fig. 2. In this case, however, outward rectification is present (open circles), because the pipette solution has not 

replaced the intracellular fluid of the other two coupled cells. Thus, the cell which is recorded from is utilizing the K+ channels of its 

neighbors. After perfusion of COs saturated medium, the cells uncouple and the cell recorded from appears as a single cell whose K+ 
channels are blocked by Cs+ (closed circles). (B) Tie course of CO* uncoupling as indicated by changes in input resistance and 
capacitance. At onset of recording, Ri, is low relative to isolated single cells and C,, is high relative to isolated single cells (see 

Results). During CO, medium perfusion, there is a dramatic change in these values, such that they approach the values of single cells, 

as would be expected in the uncoupled state. Note that capacitance values reach a minimum before resistance values reach a 
maximum. 

resting potentials found in vivo. Maruyama et al. 
(1983) have estimated that isolated salivary acinar 
cells have few potassium channels per cell, num- 
bering about 50. Open channel probability is very 
low at normal resting potentials, and since the 
possibility exists that no K+ channels will be open 
at a given point in time, it was speculated that the 
stability of the K+-dependent resting potentials 
noted in the intact acinar syncitium is due to the 
sharing of these channels among coupled cells. 
The input conductance of isolated Hensen cells is 
less than 1 nS at the holding potential of - 70 mV, 
and it appears that a major component of this 
may be due to linear leakage current. Conceivably, 
a non-specific leakage current may dominate any 
potential generating effects of a small K+ conduc- 
tance at normal resting potentials. Thus, it is 

possible that the highly coupled nature of the 
supporting cells of the organ of Corti, with the 
attendent ‘sharing’ of K+ channels, contributes to 
the stable, highly negative, K+-dependent resting 
potentials encountered in the intact syncitium. 
This would indicate that the drop in membrane 
potential noted upon uncoupling of Hensen cells 
(Santos-Sac&i, 1985; 1986a) may have been due 
to the reduction of utilizable neighboring cell K+ 
channels. 

The change in input resistance and capacitance 
which occurs upon uncoupling of cell groups or 
pairs is interesting in that the increase in input 
resistance is preceded by a reduction of input 
capacitance values to single cell levels. This type 
of behavior may not appear intuitive since one 
might expect both input capacitance and input 
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Fig. 8. (a) Demonstration that octanol is capable of uncoupling 
a pair of Hensen cells. Note similarities with CO2 uncoupling, 
i.e., the capacitance decreases to single cell values before 
resistance change is complete. Fig. 9 presents an electrical 
model based on these data. (b) Reversibility of un~up~ng by 
octand in a group of 4 Hensen cells. Ci, decreases to single cell 
levels during perfusion with octand, and returns to coupled 
state levels during washout. Further treatment with octand 

uncouples the cells again. 

resistance to change reciprocally. The results, 
however, are not aberrent, as is demonstrated by 
an analysis of cell models comprised solely of 
resistive and capacitative elements. In fact, these 
alterations of input impedance provide informa- 
tion which allows the estimation of gap junctional 
conductance between the Hensen cells. Fig. 9 de- 

picts a circuit model and a voltage step analysis of 
a cell pair, with single cell component values of 
1.1 GO and 35 pF, and a series resistance of 10 
ML?, similar to the values obtained from the cell 
pair of Fig. Sa, after uncoupling. 

Fig. 9 indicates the results of a computer simu- 

lation where the junctional resistance, R,, is varied 
over ten orders of magnitude, and the input capa- 

citance and dc resistance are plotted. It can be 

seen that the resultant changes in impedance are 
similar to those of the actual cells, and corrobo- 
rates the observation that input capacitance is a 
more sensitive indicator of the state of coupling at 
low Rj values than dc input resistance. Analyses 
such as these indicate that junctional conductance 
in the supporting cells of the organ of Corti can be 
3 orders of magnitude larger than non-junctional 
resting conductance, in this case about 1 $S vs. 
9OOpS, respectively. Freeze fracture studies have 
indicated expansive areas of gap junctional mem- 
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Fig. 9. Two cell model of uncoupling based on data from Fig. 
8a. Values for individual cell resistance (R,) and capacitance 
(C,) are 1.1 GQ and 35 pF, respectively. Electrode series 
resistance (R,) is 10 MQ. Uncoupling was simulated by vary- 
ing the junctional resistance (Rj) and a voltage step analysis of 
the network R,, and C,, was performed. The resulting plots are 
similar to actual data in that values approach single cell levels 
as junctional conductance is decreased. For these ceils, R in 
the normal coupled state appears to be less than 1 X 10d D. 
Capacitive current traces are shown for R, values of 1 x lo6 fJ 

and 1 x 10” a. 
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Fig. 10. Simulated ac response in cell 8 in response to a 
constant voltage injection into cell 1, in a coupled eight cell 

model (insert). Individual cell capacitances and resistances 

were 35 pF and 1 Gf2, respectively. Junctional resistances were 
varied: a, 0.1 MQ; b, 0.5 ML?; c, 1.0 MO, d, 5.0 ML?; e, 10 

ML?; f, 50 MD; g, 100 ML?. Note the dramatic drop in cutoff 

frequency as the junctional conductance is reduced, whereas 

very low frequency coupling is little affected. 

brane which may account for such high junctional 
conductance (Jahnke, 1975; Gulley and Reese, 
1976; Iurato et al., 1976). 

Various investigators have recorded sound 
evoked electrical activity from mammalian sup- 
porting cells (Dallos et al., 1982; Goodman et al., 
1982; Russell and Sellick, 1978; Oesterle and Dal- 
los, 1986; 1989). In the mammal, this activity is 
thought to be passively picked up from hair cells 
(Russell and Se&k, 1978; Oesterle and Dallos, 
1988,1989). Regardless of the mechanism whereby 
acoustically evoked potentials are established in 
the supporting cells, it is important to understand 
the effects of junctional conduction upon such 
measures. The presently reported sensitivity of 
supporting cell input impedance to small changes 
in junctional conductance may indicate that the 
spectral content of evoked ac activity in support- 
ing cells is sensitive to modifications of gap junc- 
tional communication. That is, small fluctuations 
in gap junctional conductance may alter the low 
pass RC filter effect of the coupled syncitium. 
This is examined in Fig. 10 where the ac frequency 

response is simulated in a model of eight coupled 
supporting cells. The ratio of the response mea- 
sured in cell 8 to a constant voltage input into the 
system via cell 1 is plotted against frequency. The 
family of curves (a-g) represents the result of a 
decreasing junctional conductance (non-junctional 

membrane conductance and capacitance kept con- 
stant, see figure legend for values), and indicates 
that the frequency response of a coupled cell in 
the syncitium falls dramatically with relatively 
small changes in junctional conductance. For ex- 
ample, a change in junctional conductance from 
10 PS (response a) to 0.1 $$ (response e) results in 
a two octave shift (reduction) in the high frequency 
cut-off, but only results in about a one dB drop in 
the dc (0.001 kHz) response. Clearly, good dc 
coupling can remain during dramatic changes in 
ac coupling. Since supporting cell coupling can be 
perturbed by a variety of micro-environmental 

influences (Santos-Sac&i, 1984a; 1985; 1986a) it 
is conceivable that fluctuations in organ of Corti 

homeostasis are more readily expressed as changes 
in ac coupling rather than dc coupling. This ob- 
servation may prove useful in future evaluations 
of coupling in the organ of Corti. For example, in 

vivo studies of electrical coupling using a dc 
paradigm to measure cell-to-cell communication 
alterations during manipulation of the endo- 
lymphatic potential have demonstrated little effect 
upon coupling (Santos-Sac&i and Marbey, 1987). 
Perhaps an ac analysis would provide the required 
sensitivity to detect changes in junctional com- 
munication during such manipulations. 

Finally, the sharing of K+ channels of the 
inwardly rectifying type may help buffer K+ levels 
in the extracellular spaces of the organ of Corti, 
where K+ levels may increase over perilymphatic 
levels due to sensory and neural activity. Increased 

K+ in the spaces of Nuel may induce slow length 
changes of outer hair cells (Goldstein and Mizu- 
koshi, 1967; Zenner et al., 1985) and affect the 
rapid motility characteristics of these cells by its 
depolarizing effects (Santos-Sacchi, 1989). Obvi- 

ously, extracellular K+ levels must be controlled. 
It is conceivable that the high resting membrane 
potentials of the supporting cells (up to - 100 
mV) may induce a steady state activation of the 
inward rectifier, thereby promoting K+ uptake; 
gap junctions may contribute to the overall buffer- 

ing as is speculated in the CNS (Smojen, 1979). 
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Reversible Inhibition of Voltage-dependent Outer Hair Cell 
Motility and Capacitance 

J. Santos-SacchP 

Laboratory of Otolaryngology, UMDNJ-New Jersey Medical School, Newark, New Jersey 07103 

Outer hair cells (OHC) from the organ of Corti are capable 
of fast voltage-induced length changes (Santos-Sacchi and 
Dilger, 1988), suggesting that an associated voltage sensor 
should reside in the OHC plasma membrane. Voltage-de- 
pendent mechanical responses and nonlinear charge move- 
ment of isolated OHCs from the guinea pig were analyzed 
using the whole-cell voltage-clamp technique. Ionic currents 
in the cells were blocked. Nonlinear voltage-dependent 
charge movement or, correspondingly, voltage-dependent 
capacitance was measured with step or AC analysis. OHC 
movements were measured either from video or using a 
differential photodiode technique. Maximum charge move- 
ments up to 2.5 pC were measured in OHCs from the low- 
frequency region of the cochlea. Both AC and step analyses 
indicated a peak nonlinear capacitance of 16-17 pF. The 
voltage dependence was fit to a Boltrmann relation with the 
step analysis indicating a maximum nonlinear capacitance 
at -23 mV step potential from a holding potential of about 
- 120 mV, and AC analysis indicating a maximum at a hold- 
ing potential near -40 mV. AC analysis probably provides 
a more accurate evaluation of voltage dependence. Mea- 
sures of OHC motility magnitude versus voltage follow the 
nonlinear capacitance-voltage function obtained from AC 
measures. Treatment of the cells with gadolinium ions (0.5 
1 mM) blocked OHC motility. This treatment also produced 
a shift of the nonlinear capacitance function along the volt- 
age axis in the depolarizing direction, which can be ex- 
plained by membrane surface charge screening. However, 
maximum capacitance was reduced as well and may cor- 
respond to the reduction or abolition of OHC motility in re- 
sponse to gadolinium treatment. Gadolinium effects were 
reversible. Nonlinear capacitance is not a function of mem- 
brane deformation due to length changes, since removal of 
OHC cytosol via the patch pipette abolished longitudinal 
movement but did not reduce nonlinear charge movement. 
It is interesting to note that the nonlinear capacitance will 
dynamically influence the time constant of the OHC during 
acoustically evoked receptor potential generation. 
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Both types of hair cells within the organ of Corti, inner (IHC) 
and outer (OHC), transduce mechanical movements of the bas- 
ilar membrane into electrical responses. However, even though 
OHCs are capable of generating receptor potentials (Dallos et 
al., 1982) and have recently been shown to possess depolariza- 
tion induced inward calcium currents (a requisite for vesicular 
transmitter release; Katz and Miledi, 1967; Santos-Sacchi and 
Dilger, 1988; Santos-Sacchi, 1989b; Lin et al., 1990), it is not 
certain whether OHCs participate in the direct transfer of neu- 
rally coded information to the CNS. It is certainly clear, how- 
ever, that OHCs participate in the shaping of acoustical infor- 
mation that reaches the CNS. A variety of experiments have 
established this, including OHC lesion experiments (Dallos and 
Harris, 1978; Harrison and Evans, 1979) and crossed olivo- 
cochlear bundle (COCB) stimulation experiments (Brown and 
Nuttall, 1984). The participation appears to be at the level of 
OHC-IHC interaction. However, neither morphologic data 
(Iurato et al., 1976) nor indirect physiologic data (Oesterle and 
Dallos, 1988) indicate the existence of direct electrical inter- 
actions. The early work of Kemp (1978) on otoacoustic emis- 
sions indicated that some sort of active process occurs within 
the cochlea. This concept was strengthened by studies demon- 
strating electrically evoked acoustic emissions (Hubbard and 
Mountain, 1983). With the discovery of Brownell et al. (1985) 
that isolated OHCs are capable of electrically induced rapid 
length changes, an exciting new concept arose regarding OHC 
function-one that envisions a mechanical feedback of OHCs 
upon basilar membrane motion, which in turn determines the 
input to the inner hair cell stereocilia (Mountain et al., 1983; 
Patuzzi et al., 1989). Indeed, evidence suggesting a role ofOHCs 
in controlling basilar membrane motion has been recently ob- 
tained (Ruggero and Rich, 1991). 

Several lines of evidence indicate that the fast mechanical 
response of the OHC is voltage dependent (Santos-Sacchi and 
Dilger, 1988; Iwasa and Kachar, 1989). At the systems level, 
this voltage dependency is important for understanding the role 
of OHC motility in frequency selectivity and sensitivity in the 
mammalian inner ear, since the AC receptor potential generated 
in these cells in vivo, that is, the presumed driving force for OHC 
motility, will be attenuated above the cells’ RC cutoff frequency; 
thus, the magnitude of mechanical response will necessarily de- 
pend upon the frequency of acoustic stimulation (see Santos- 
Sacchi, 1989~). At the cellular level, a voltage dependence of 
OHC motility suggests that a charged voltage-sensing particle 
should reside in the OHC membrane. This concept was first 
postulated for voltage-dependent ionic channels (Hodgkin and 
Huxley, 1952), and indeed, nonlinear charge movement, which 
implies the existence of channel-gating particle movement, is 
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now known to occur during activation of a variety of ionic 
channels (Armstrong and Bezanilla, 1973; Bezanilla et al., 1982a; 
Adams et al., 1990). Recently, nonlinear charge movement 
(which presents itself as a voltage-dependent capacitance) has 
been detected in the OHC (Ashmore, 1989). 

The voltage-dependent movement of the OHC cannot be 
blocked by a variety of treatments, including ionic channel 
blockers, metabolic inhibitors, CaZ+ -free media, and anti-cy- 
toskeletal agents (Kachar et al., 1986; Holley and Ashmore, 
1988; Santos-Sacchi and Dilger, 1988). While these data indi- 
cate that the rapid movements are not based upon a muscle- 
like system, they have created a sense that fast voltage-depen- 
dent OHC movement is unstoppable, except by irreversible 
means. The ability to reversibly inhibit a phenomenon is an 
important step in understanding its underlying mechanism. I 
report here two methods that rapidly and reversibly diminish 
or abolish longitudinal OHC mechanical responses induced un- 
der voltage clamp. The first is treatment of OHCs with gado- 
linium (Cd”+) ions, and the second is the removal of OHC 
cytosol via a patch pipette. These two treatments appear to 
interfere with the mechanical response at distinct cellular levels, 
since only Gd3+ treatment reversibly reduces the voltage-de- 
pendent capacitance of the OHC membrane. 

Preliminary accounts ofthis work have been reported (Santos- 
Sacchi, 1989a, 1990a,b). 

Materials and Methods 
Genera/. Guinea pigs were anesthetized with pentobarbital and decap- 
itated. The temporal bones were removed, and the sensory and sup- 
porting cells were isolated from the cochleas by gentle pipetting of the 
isolated top two turns of the organ of Corti. No enzymatic digestion 
was employed for isolation of OHCs or Deiters cells; however, Hensen 
cells were isolated using trvnsin (Santos-Sacchi. 199 1). The cell-enriched 
supematant was then ;raGferred to a 700 pl’perfuiion chamber, and 
cells were permitted to settle onto the coverglass bottom. All experi- 
ments were performed at room temperature (-23°C). A Nikon Diaphot 
inverted microscope with Hoffmann optics was used to observe the cells 
during electrical recording. All experiments were taped with a Panasonic 
AG6300 video recorder. A modified Leibovitz medium (NaCl, 142.2 
mM; KCI, 5.37 mM; CaCl,, 1.25 mM; MgCI,, 1.48 mM; HEPES, 5.0 mM; 
dextrose, 5.0 mM; pH 7.2) was used as the normal perfusate. Modifi- 
cations to the extracellular medium are noted in figure captions, with 
NaCl adjusted to maintain osmolarity (300 mOsm). Extracellular so- 
lutions were changed via two methods. The chamber perfusion system 
permits the fluid in the whole chamber to be constantly exchanged with 
fresh medium (0.1-l ml/min) and can be used to change to solutions 
of different ionic makeup. A more rapid and direct perfusion system 
was used to perfuse single cells selectively under voltage clamp, during 
continuous exchange ofbulk medium via chamber perfusion. The device 
is a two- or four-barreled glass pipette tapered to about 100 pm and 
fitted with a polyethylene sleeve at the tip to permit fluid flow from a 
single port with a small dead volume. Solutions are fed to the pipette 
under gravity control and are rapidly switched with solenoid valves. 
The tip ofthe pipette is brought to within 50 pm ofthe cell being studied, 
and the flow of solution is adjusted so as not to perturb the cell physically. 

Voltage step studies were performed with an Axolab 1100 A/D and 
D/A board (Axon Instruments, Foster City, CA) with associated soft- 
ware (PCLAMP). AC studies were performed using a digital signal pro- 
cessing board with custom-written software (DSP- 16; Ariel Corp., High- 
land Park, NJ) capable of delivering and analyzing pure tone or swept 
frequency stimuli. Filtered current records were saved to disk for off- 
line analysis. 

Patch electrodes (flint or borosilicate glass) had initial resistances of 
3-6 MO. The series resistance, that is, the actual electrode resistance 
obtained upon establishment of whole-cell configuration, typically ranged 
from 6 to 14 Ma; for the collection of gating currents and short-duration 
mechanical events, care was taken to maintain low series resistance 
values during recording by delivering transient positive or negative 
pressure into the electrode to maintain an unobstructed orifice. The 
resistance values were estimated from current transients initiated at the 

onset of voltage pulses and were corrected for during analysis, so that 
actual voltages imposed upon the cell are known (Marty and Neher, 
1983). The program CLAMPEX (Axon Instruments) was modified to pro- 
vide a continuous display of clamp time constant, cell capacitance (C,) 
and resistance (R,), and series resistance (R,) between data collections. 
Pinette solutions were composed of 140 mM KC1 or CsCl, 5 or 10 mM 
EGTA, 2 mM MgCl,, and 3 mM HEPES buffered to pH 7.2. In some 
cases, EGTA was not used. Gigohm seals were obtained at the nuclear 
level of the cell membrane, and electrode capacitance was compensated 
prior to whole-cell recording. Generally, single cells were clamped to 
holding potentials near -70 to -80 mV using a Dagan patch-clamp 
amplifier. Hyperpolarizing and depolarizing voltage steps, 5-500 msec 
in length, were used to elicit membrane currents (filtered at 10 kHz) 
and, in the case of OHCs, mechanical movements. 

Measurement of OHC voltage-dependent capacitance. In response to 
membrane potential perturbations induced by voltage-clamp stimuli, 
ionic and capacitive membrane currents are normally generated. In 
order to permit the study of capacitive currents in isolation, OHC ionic 
currents were blocked. Typically, patch electrodes contained 140 mM 
CsCl, and extracellular solutions contained 20 mM tetraethylammonium 
(TEA), 20 mM CsCl, and 2 mM CoCI, (see figure captions for modili- 
cations). These ionic substitutions were used to block outward and 
inward K+ currents and Ca2+ currents. Although hair cells possess no 
fast inward sodium currents (however, see Evans and Fuchs, 1987). in 
some experiments TTX was used in an attempt to reduce residual leak- 
age currents. No apparent effects were noted in those cases. 

Step analysis. The aim of the following voltage step protocols was to 
extract nonlinear charge movement from total charge movement by 
subtracting out that component due to the linear dielectric properties 
of the membrane. OHC gating currents (nonlinear capacitive currents) 
were measured by averaging current responses elicited by voltage pulses 
(5 msec) of alternating polarity (40 mV magnitude) about the holding 
potential of -80 mV (*P technique;’ Armstrong and Bezanilla, 1973). 
Under certain conditions, this technique may not adequately measure 
nonlinear charge movement. That is, the amount of charge movement 
produced for opposite-polarity pulses depends upon where the holding 
potential lies along the actual nonlinear Q-V function. Thus, at holding 
potentials well within this function, the capacitive current induced by 
a hyperpolarizing pulse is not solely linear, and this technique will result 
in measurement inaccuracies (see Bezanilla and Armstrong, 1977). In 
the present study, this technique was only used to evaluate relative 
changes in nonlinear charge movement at a fixed holding potential. In 
order to evaluate the voltage dependency of nonlinear charge movement, 
the following protocols were used to overcome the problems inherent 
in the +P technique. 

Detailed measures of voltage versus charge movement were obtained 
by using a P/-4 protocol (Bezanilla and Armstrong, 1977) at a holding 
and subtraction potential of - 120 mV. This technique derives nonlinear 
charge movement from total charge movement by subtracting estimates 
of linear charge movement obtained at a membrane potential where 
nonlinear components are small or absent. The procedure entails the 
presentation of four subpulses of a magnitude equal to P/-4; the gen- 
erated capacitive currents of these subpulses are summed and added to 
those generated by the depolarizing pulse, P. The highly negative holding 
potential should provide subtraction currents that will more accurately 
permit measures of nonlinear charge movement for a range of step 
potentials. Alternatively, linear charge movement was estimated with 
5 mV hyperpolarizing pulses at a holding potential of - 120 mV, scaled, 
and subtracted from total charge movement measured in response to a 
range of depolarizing voltage steps. Voltage-dependent nonlinear charge 
[Q,,] was fit to a Boltzmann function (see Fig. 6A and top of Fig. 1OA.B): 

Q,e = 
Q max 

1 + exp[-ze(V - V,)/kT] + Qmnn 

where V is the potential of the step corrected for series resistance using 
non-leakage-subtracted steady state current levels at the end of the step, 
V,, is voltage at half-maximal charge movement, e is electron charge, k 

I For a nonlinear voltaee-deoendent charae movement that occurs onlv won 
depolarization from a given holding potenti& the summation of capacitike &r- 
rents induced by opposite polarity steps about the holding potential will result in 
theextractionofnonlinearcapacitivecurrents. That is, thelinearcapacitivecurrent 
produced by the hyperpolarizing step is used to subtract out the linear component 
induced by the depolarizing step, and only the nonlinear charge movement re- 
mains. 
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Figure I. Cell-electrode model. See Materials and Methods for de- 
scription. 

is Boltzmann’s constant, T is absolute temperature, z is the valence, 
Q,,. is maximum charge transfer, and Q,,, is minimum charge transfer 
(an offset included to account for possible nonlinear charge movement 
at levels more hyperpolarized than the subtraction holding potential). 
Since capacitance, in this case voltage-dependent [C,,,], is defined as the 
first derivative of charge with respect to voltage, 

estimates of voltage-dependent capacitance were obtained by differen- 
tiation of the Boltzmann fits of nonlinear charge movement (see Fig. 
6B). 

AC analysis. AC analyses of the voltage-dependent capacitance were 
also made using the Ariel DSP board, with sampling at 12 kHz. OHCs 
were ramped to hyperpolarized and depolarized potentials from a hold- 
ing potential of -80 mV, and after 0.2 set, continuous swept frequency 
stimuli of constant voltage (3.53 mV RMS) were delivered; filtered 
current responses and input voltage (6 kHz, eight pole Bessel; averaged 
20 X) were saved to disk. The first two collections were discarded prior 
to averaging. Cell capacitance was evaluated using impedance data sim- 
ilar to techniques used by others (Fishman et al., 1977; Takashima, 
1978; Femandez et al., 1982); however, estimates were made using 
measures of capacitive reactance (X,) obtained from the impedance 
calculations. The real and imaginary components of the impedance were 
obtained by Fast Fourier transform (FFT) using the software package 
MATLAB (Mathworks, Natick, MA). 

A mode1 often used to analyze whole-cell voltage-clamp data is com- 
posed of an electrode resistance (series resistance, R,) in series with a 
parallel combination of a membrane resistance (R,,) and a membrane 
capacitance (C,,,) (Ogden and Stanfield, 1987; see mode1 schematic in 
Santos-Sacchi, 1989~). The capacitive reactance (X,) of such an RC- 
dominated system can be described as a bell-shaped function of fre- 
quency (using a linear-log plot), whose characteristic frequency is de- 
pendent upon the cell membrane’s RC time constant (see Schanne and 
Ruiz P.-Ceretti, 1978, their Appendix 2). It is a function in which the 
effects of R, are absent: 

It is useful to avoid the effects of series resistance during the fitting 
of the experimental data to the model, because series resistance is dif- 
ficult to measure precisely and can influence the analysis of impedance 
data (Femandez et al., 1982; Salzberg and Bezanilla, 1983). Unfortu- 
nately, the simple model ofEquation 3 cannot account for the frequency- 
dependent nature of membrane capacitance observed in cells possessing 
nonlinear charge movement. For example, in the squid axon, Femandez 
et al. (1982) required an additional single or double time constant factor, 
modeled as lossy capacitors in parallel with the membrane capacitance.2 

? The physical correlates of this model are not easily made. However, the lossy 
capacitance (series combination of resistance and capacitance) may be viewed as 

In the present study, fits of experimentally measured X, to that of 
clamp-cell models were made using the Nelder-Mead simplex algorithm 
for frequencies between 0.1 and 3 kHz, across a range of holding po- 
tentials. The characteristic frequency of the OHC’s X,. is well below 100 
Hz because the cell’s time constant under the experimental conditions 
is quite large; for example, Santos-Sacchi (1989~) determined the OHC 
time constant at -70 mV to be about 3.5 msec (45 Hz). Actually, the 
characteristic frequency will change as a function of holding potential 
and ultimately depends upon changes of input capacitance (due to volt- 
age-dependent capacitance) and input resistance (due to unblocked non- 
linear leakage currents). Fits of the measured X, at various holding 
potentials were made to determine the model’s component values. 
Goodness of fit was estimated from the square root of the sum of squared 
residuals: the smaller the value, the better the fit. Fits of OHC X,. with 
the simple RC mode1 of Equation 3 (illustrated in Santos-Sacchi, 1989~) 
did demonstrate voltage-dependent capacitance, but the goodness of fit 
was poorer than that obtained with the model of Figure 1, which in- 
corporates an additional lossy capacitance (described below). For an 
example, see the caption of Figure 7 where the results of fitting the data 
to both models are presented. While at very negative potentials (e.g., 
- 136 mV) both models yield similarly good fits, at depolarized poten- 
tials, where voltage-dependent capacitance is substantial, the model of 
Figure 1 fits the data points more accurately. Therefore, for the analysis 
of the AC data, the input impedance of the OHC in series with the 
electrode resistance (R,) was modeled as a membrane resistance (R,,) 
and capacitance (C,) in parallel with a lossy dielectric consisting of a 
series combination of another capacitance (C,) and resistance (R,): 

Z,” 

= (R + &a,) - jx, (4) 

R,,,(R, + I/SC,) 
= Rr + (1 + sC,R,,)(R, + I/SC, + R,/(l + sC,,lR,,,))’ (5) 

where s = jw andj = fl. The model’s capacitive reactance (X,) is 
given as 

= -imag(Z,,) 

R,w(T, + T,,,, + T,~T,*w*) 
= 1 + &(T ,nz + 7,2 + 27,,7,,, + 27,7,,,, + 7 ,,), ‘) + T,,,%,W’ 

(6) 

(7) 

where T = R,C,, T = R,C., and T, = R,C,,. 
Although the c’apacitive reactance is independent of R,, all other 

components (R,,, C,,, R,, and C,) contribute. Thus, by fitting OHC X, 
with the parameters of the model, an estimate of the cell’s total capac- 
itance can be obtained (C,,, = C,,, 1 1 C,, the parallel combination of the 
component capacitances; Chandler et al., 1976). 

The total capacitance of the OHC (C,,,) at any given holding potential 
is the sum of the linear, non-voltage-dependent, capacitance (C,,,) and 
voltage-dependent capacitance (C,,,): 

Estimates of linear and voltage-dependent capacitance were made by 
fitting C,,, to Equation 8, with C,,, defined as the first derivative of a 
Boltzmann function relating charge movement and voltage (see Fig. 8 
and bottom of Fig. lOA,B): 

c,,., = (Q,,,zelk~ 
exp[(ze/kr){ V - I’,}][1 + exp[(-ze/kr){ V - V,,}]]* I- 

(9) 

Measurement of OHC movement. Movements of the OHCs were 
analyzed by three methods. For steady state movements (voltage steps 
> 100 msec), length changes were analyzed off the video monitor during 
playback either by direct measurement off the video monitor using single 
still frames (Santos-Sacchi and Dilger, 1988) or by placing differential 
optoresistors or a position-sensitive detector (PSD; Hamamatsu Corp., 
Bridgewater, NJ) (output filtered at 30 Hz) across the image of the 
cuticular plate at a monitor magnification of 2800 x . The linearity of 

the voltage-dependent capacitive component, and the frequency dependence it 
imparts to the model may correspond to the time-dependent nature of nonlinear 
charge movement within the membrane (see Femandez et al., 1982). 
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Figure 2. The voltage~isplacement 
response of an OHC to an 11.7 Hz si- 
nusoidal voltage stimulus superim- 
posed upon a holding potential ofabout 
-74 mV. as measured with the differ- 
ential photodiode technique. Solid 
smooth line is fit to a Bohzmann func- 
tion with V, at -38 mV and z = 1.14. 
Inset, Movement and voltage wave- 
forms. Series resistance-corrected volt- 
age trace was derived from the simul- 
taneously recorded whole-cell current 
record by modeling the cell-clamp set- 
up as a simple R,C,, cell circuit in series 
with the electrode’s series resistance 
(Santos-Sacchi, 1989c), the values of 
which were estimated from responses 
to voltage steps. Current was trans- 
formed into the frequency domain by 
FFT and the voltage was calculated us- 
ing the component values and con- 
verted into the time domain by reverse 
Fourier transform. Extracellular medi- 
um contained 20 mM TEA, 300 nM 
TTX, and no added Ca2 + CsCl pipette 
solution. 

the optoresistor method was confirmed by measuring the videotaped 
movement of the tip of a microelectrode driven by a piezoelectric bi- 
morph element (Santos-Sacchi, 1989~). Fast OHC movements elicited 
by voltage clamp with short-duration stimuli (below video detection) 
were measured with a differential photodiode onto which the image of 
the cuticular plate from the microscope was projected. The placement 
and manipulation of the photodiode was accomplished by a computer 
controlled micromanipulator. The photodiode was backlit by two fiber 
optic beams projected through the microscope’s camera port onto a 30% 
mirrored glass coverslip base of the perfusion chamber, and reflected 
back to a charge coupled device (CCD) video camera via a 90” prism 
to allow photodiode placement during simultaneous cell visualization 
on a mixed video-computer monitor (Matrox Corp., Canada). Back- 
lighting was not required after calibration of the photodiode’s position 
on the monitor. The frequency response of the differential photodiode 
was flat out to 2 kHz (measured with a light-emitting diode or piezo- 
electric bimorph). Measures of OHC movements by the photodioide 
method were performed by averaging the simultaneously recorded cur- 
rent and photodioide output 200 times, in response to step or pure tone 
voltage stimuli. Absolute calibration of cell movements was determined 
by measuring off the video monitor the cell movement in response to 
a large steady state depolarizing voltage stimulus. The error in absolute 
measures was estimated to be less than 20%. 

Results 
Under voltage clamp, OHCs respond to voltage alterations by 
changing their length. Figure 2 illustrates the voltage dependence 
of the magnitude of OHC cell length changes. At a holding 
potential near -75 mV, an 11.7 Hz sinusoidal voltage stimu- 
lation of the OHC induces contraction during the depolarizing 
phase and elongation during the hyperpolarizing phase. The 
response is greater in the depolarization direction and corrob- 
orates the voltage-mechanical response function obtained by 
voltage step analysis (Santos-Sacchi, 1989~). The maximum ex- 
cursion for these mechanical responses, at voltage step extremes, 
can be up to about 34 wrn, with slopes in the midregion 
as great as 30 nm/mV. The voltage-mechanical response func- 
tion indicates that at potentials near the resting potential mea- 
sured in viva, -70 mV (Dallos et al., 1982) sinusoidal stimu- 
lation will produce asymmetrical mechanical responses, that is, 
DC mechanical responses in addition to sinusoidal responses 
(Santos-Sacchi, 1989~). These DC responses are in the depolar- 

ization<ontraction direction and have been observed up to 
frequencies as high as 3.2 kHz (J. Santos-Sacchi, unpublished 
observations). 

Depolarization ofthe OHC elicits outward K+ currents, which 
are blocked to varying degrees by a host of treatments, including 
intracellular Cs, or extracellular TEA, Cd”, Ba’+ , charybdo- 
toxin (ChTX), 4-aminopyridine (4-AP), octanol, and Gd’+ . Fig- 
ure 3.4 illustrates an Z-V function and associated current traces 
for a cell voltage clamped with a pipette containing KC1 solution, 
before and after treatment with 500 PM GdJt. Outward K+ 
currents are blocked by Gd3+; however, unlike other ionic block- 
ers, Gd3+ treatment reduces or abolishes the OHC mechanical 
responses elicited by depolarizations. This can be seen in the 
simultaneously measured mechanical responses of this cell; me- 
chanical responses were undetectable after GdJ+ treatment (Fig. 
3A). 

OHC mechanical responses are rapid in onset following a 
voltage stimulus, with the onset time constant principally de- 
termined by the speed of the voltage clamp (Santos-Sacchi, 
1990a). Figure 3B depicts the response of an OHC to voltage 
steps of 5 msec duration. Treatment of this cell with 1 mM Gd3+ 
caused a developing block of motility (traces a-d). In this case, 
about 5 min after the start of Gd3+ perfusion, the cell contrac- 
tions stopped. Recovery followed washout. Traces labeled f  rep- 
resent steps from - 80 mV to - 30,0, and + 30 mV and illustrate 
the saturating nonlinearity in the magnitude of response occur- 
ring at highly depolarized levels (Santos-Sacchi and Dilger, 1988). 
The time constant of mechanical response onset changed during 
the development of Gd3+ block. Since this time constant is 
critically dependent upon the time constant of the clamp am- 
plifier (Santos-Sacchi, 1990a), it is necessary to determine whether 
the clamp time constant was altered during the data collections. 
Simultaneously recorded currents revealed that the clamp time 
constant actually shortened (from 0.2 1 to 0.18 msec) during the 
collections and thus could not account for the increases of the 
time constant for mechanical responses (0.26, 0.44, and 0.57 
msec for traces a-c, respectively). 

The reversibility of the Gd3+ effects upon the OHC mechan- 
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Figure S. A, Simultaneously recorded whole-cell currents and mechanical responses of an OHC before and after treatment with 500 PM Gd3+. 
Medium was Leibovitz without added Ca*+. Electrode contained KC1 solution. Solid circles, Currents before Gd” treatment; open circles, movements 
before Cd” treatment measured with differential optoresistor from video monitor. Solid triangles, Currents after addition of Cd,+; open triangles, 
movements undetectable after Gd3+. Vertical scale corresponds to nA or pm of contraction. Series resistance corrected, no leakage current subtraction. 
Inset, Current traces before and after Gd3+ treatment. B, Mechanical responses of an OHC to short duration voltage steps from a holding potential 
of -80 to 40 mV (nominal; u-e) before (a), during [b (1 min), c (2 min), d (5 min)], and after [e (2 min wash)] perfusion with 1 rnt+r Gd”. Traces 
labeled f(7 min wash) depict mechanical responses to voltages of -30, 0, and +30 mV. Extracellular medium contained 20 mM TEA, 20 mM 
CsCI, and no added Ca2+. CsCl pipette solution. C, Reversibility of Gd3+ effects upon mechanical response. OHC was directly perfused with 500 
FM Cd’+ in Ca-free Leibovitz, as indicated. Upon washout of the trivalent cation, the mechanical response increases over time. Contraction of the 
cell is indicated by the downward deflections of the trace measured with differential optoresistor from video monitor. 
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Figure 4. A, OHC on-charge versus 
off-charge measured by integrating on- 
and off-gating currents over time as a 
function of voltage step size. Truce inset 
depicts nonlinear capacitive currents 
obtained by P/-4 procedure at a hold- 
ing and subtracting potential of - 120 
mV. Step depolarizations were in 20 
mV increments up to 80 mV. Line is 
least-squares linear fit, indicating 
roughly equal nonlinear charge move- 
ments at onset and offset of voltage 
pulses. Inset, Single exponential time 
constant of current decay for on and off 
currents as a function of step potential. 
Broken line indicates clamp time con- 
stant. Open circles, r,,; solid circles, T,~. 
Cell perfused with Leibovitz containing 
20 mM TEA, 20 mM CsCI, and 2 mM 
CoCI,. CsCl electrode. B. Dependence 
of OHC gating current time constants 
upon clamp time constant. Procedure 
was +P (40 mV) at a holding potential 
of -80 mV. Traces depict nine indi- 
vidual collections (averaged 200 X) with 
different clamp time constants. The time 
constant of the clamo is denendent uoon 
the series resistancd of t6e patch eiec- 
trode (Ogden and Stanfield, 1987) and 
was modified by electronically com- 
pensating the series resistance through 
feedback controls on the amplifier. Open 
circles, ‘T,,; solid circles, T,~ Cell per- 
fused with 20 mM TEA Leibovitz. CsCl 
electrode. 
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ical response is more clearly demonstrated in Figure 3C. This 
cell was continuously stepped to a voltage of 0 mV from a 
holding potential near -80 mV. While the cell was in the pres- 
ence of 500 PM Gd3+, mechanical responses were barely de- 
tectable; however, changeover to wash medium quickly initiated 
a recovery from the trivalent cation’s effects. The block of ionic 
conductances is also rapidly reversible. Interestingly, washout 
with medium containing 500 FM Cd2+ did not restore motility. 
It is important to note that the block of OHC longitudinal mo- 
tility by gadolinium ions was not due to or associated with a 
loss of cell turgor (see below). However, gadolinium produced 
a lengthening of the OHC, sometimes up to several micrometers. 

The shapes of supporting cells were not affected by similar treat- 
ments. Typically, concentrations of about 500 PM were required 
to interfere with the magnitude of mechanical response. On the 
other hand, OHC outward currents were readily blocked, and 
under current clamp, membrane potentials were reversibly de- 
polarized at concentrations as low as 50 WM. Low concentrations 
of Gd3+ similarly affected ionic currents of supporting Deiters 
cells. 

OHCs exhibit a nonlinear capacitive (gating) current that is 
directed outward at the onset of a voltage depolarization and 
inward during the repolarization. Such gating currents are readi- 
ly observed after blocking ionic currents (Fig. 4A, trace inset). 
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Figure 5. Block of OHC nonlinear charge movement by gadolinium 
ions. Bottom trace indicates voltage protocol of the f  P technique used 
to obtain the current traces (see Materials and Methods). a, Gating 
currents of OHC measured with the +P technique; 10 mM TEA, 300 
nM TTX Leibovitz. CsCl electrode. b, Same cell after treatment with 
same medium containing 500 PM Gd)+. Gating current returned after 
washout. c, Absence of gating currents in Deiters cell; 20 mM TEA 
Leibovitz. CsCl electrode. 
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Charge transfer at voltage step onset and offset is essentially 
equal (Fig. 4). In cells where nonlinear leakage currents were 
small it was possible to look at the time constant of decay of 
the on-gate current. Whereas the time constant for the off-gate 
current was not voltage dependent, that of the on-gate was volt- 
age dependent, decreasing with increasing depolarization step 
size until it approached both off-gate and clamp time constant 
values (Fig. 4A, inset); however, it was impossible to study this 
relationship validly because both gate time constants were de- 
pendent upon the time constant of the voltage clamp. Figure 
4B clearly demonstrates this dependence and indicates that charge 
movement across the membrane is redistributed in time as a 
function of clamp time constant. 

Figure 5 illustrates the effect ofGd3+ treatment on OHC gating 
current measured at -80 mV with the ?P technique. In this 
case, 500 PM Gd3+ nearly abolishes the current (Fig. 5b); the 
current can recover during washout of Gd3’. Supporting cells 
do not demonstrate a nonlinear capacitive current under the 
same conditions (Fig. 5~). A more detailed analysis of the effects 
of Gd3+ on OHC nonlinear charge movement follows. 

OHC nonlinear charge movement displays a saturating mag- 
nitude-voltage relation (Fig. 6A, solid circles). A Boltzmann fit 
to the data (solid line) indicates that the voltage (V,) for half- 
maximal charge movement is -23.8 mV, with a valence (z) of 
0.87. Maximum charge transfer up to about 2.5 pC has been 
observed in OHCs from the apical portion of the cochlea using 
the P/-4 technique at a holding and subtraction potential of 
- 120 mV. Differentiating the Boltzmann fit (Fig. 6B, solid line 
marked with solid circle) indicates a peak nonlinear voltage- 
dependent capacitance of about 17 pF. Gadolinium ions shift 

B 
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Figure 6. Average nonlinear charge movement and capacitance versus step potential corrected for series resistance determined using the P/-4 
technique. On-charge and off-charge were averaged. Cells were held at - 120 mV and stepped in 20 mV increments to a maximum of 80 mV 
(nominal voltages; see Materials and Methods). A, Solid circles, Average of four cells. Solid line is the fit to Equation 1. V, and z: -23.8 mV and 
0.87, respectively. Bath perfusion contained 20 mM TEA, 20 mM CsCl, 2 mM CoCl,, and no added Ca*+. No direct cell perfusion. CsCl electrode, 
no EGTA. Open triangles, Average of four different cells. Solid line is the fit to Equation 1. Vh and z: 14.8 mV and 0.62, respectively. Cells were 
individually perfused with 20 mM TEA, 20 mM CsCl, 2 mM CoCl,, and no added Ca *+ medium from one barrel of a double-barreled pipette whose 
other barrel contained an additional 1 mM GdCl,. Bath perfusion as above. CsCl electrode, no EGTA. Solid triangles, Average of same four cells 
as depicted by open triangles. Solid line is the fit to Equation 1. V,, and z: 24.1 mV and 0.55, respectively. Cells were individually perfused from 
barrel containing 20 mM TEA, 20 mM CsCl, 2 mM CoCl,, 1 mM GdCl,, and no added Ca *+ medium. Bath perfusion as above. CsCl electrode, no 
EGTA. B, Voltage-dependent capacitance of cells in A as determined from first derivative of fitted charge movement with respect to voltage. 
Symbol-marked curves correspond to fits in A. Note, in addition to apparent charge screening by gadolinium, the reduction of voltage-dependent 
capacitance. 
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the voltage dependence and reduce the amount of OHC non- 
linear charge movement. Charge movements represented by the 
open triangles in Figure 6A were obtained while perfusing an 
ionic blocking solution (see figure caption) via a double-barreled 
pipette, the other barrel containing an additional 1 mM Gd3+. 
The voltage shift relative to the data represented by the solid 
circles suggests that charge screening3 had occurred due to dif- 
fusion of Gd3+ from the gadolinium-containing barrel. A Boltz- 
mann fit to these data (solid line) indicates a V, of 14.8 mV and 
z of 0.62. Figure 6B indicates that the peak capacitance is about 
14 pF (solid line marked with open triangle). Upon perfusion 
with the 1 mM Gd3+-containing solution, an additional voltage 
shift is noted and a marked decrease in the charge displacement 
is observed (solid triangles). The Boltzmann fit (solid line) gives 
a V,, of 24.2 mV and z of 0.55. Corresponding peak capacitance 
is about 7.5 pF (Fig. 6B, solid line marked with solid triangle). 

Analysis of the nonlinear charge movement in the frequency 
domain for the same cells corroborates the time domain anal- 
ysis. The capacitive reactance of the cells was determined at 
various holding potentials for frequencies up to 3 kHz. These 
measures were fit with the model of Figure 1 to obtain estimates 
of linear and nonlinear membrane capacitance. Figure 7.4 dem- 
onstrates that the capacitive reactance (X,) of the OHC changes 
when the holding potential of the cell is changed from - 136 to 
- 18 mV. In this case, fitting the data (solid lines; see Materials 
and Methods) reveals an increase of about 10 pF upon depo- 
larization of the cell to - 18 mV. Perfusion of the cell with 1 
mM Gd3+ reduces the nonlinear voltage-dependent capacitance 
(Fig. 7B). Since measures of X, reflect the contribution of resis- 
tive as well as capacitive elements, frequency-dependent changes 
in cell capacitance cannot be obtained simply by taking the 
difference between X, measures obtained at different holding 
levels. In order to evaluate the frequency dependence of the 
membrane capacitance, it is necessary to process the impedance 
data according to the techniques of Femtindez et al. (1982).” 
Figure 7C illustrates the results of such an analysis. The traces 
depict the voltage-dependent capacitance at selected holding 
potentials (-79, - 18, and +42 mV; corrected for series resis- 

’ Membrane surface potentials can arise from fixed surface charges. Charge 
screening refers to the alteration of this surface potential by the application of co- 
or counterions. Since the voltage that a membrane-bound voltage sensor detects 
will be influenced by the membrane surface potential, the alteration of surface 
potential by charge screening can shift voltage-dependent membrane processes 
along the voltage axis (for review, see Hille, 1984). 

4 The technique involves manipulation of the impedance data, after removal 
of series resistance effects. Briefly, after subtracting estimates ofthe series resistance 
from the input impedance measures and calculating the susceptance (B,) from 
the admittance transform (1 /Z,.), a measure of cell capacitance as a function of 
frequency (BJw) can be obtained (for more detailed information, see Femhndez 
et al., 1982). 

Figure 7. Capacitive reactance ofOHC as determined with AC analysis 
(see Materials and Methods). A, Capacitive reactance (points) prior to 
gadolinium treatment determined at a holding potential of - 136 and 
- 18 mV as indicated in figure. Fitted curves were obtained with Equa- 
tion 7. Fitted parameters for - 136 mV collection were R,, 87.2 MR; 
C,,,, 29 pF; R,, 13.4 MQ; C,, 5.5 pF. C,,, (C,,IIC,), 34.5 pF. Goodness of 
fit (see Materials and Methods), 4.5 MR. Fitted parameters for - 18 mV 
collection were R,, 132 MQ; C,,, 32.4 pF, R,, 11.4 Ma; C,, 11.6 pF. C,,, 
(C,, 11 C,), 44 pF. Goodness of fit, 1.1 MQ. Voltage-dependent change in 
capacitance, 9.5 pF. Data were also fitted (not shown) to the simple RC 
model (Eq. 3) described in Materials and Methods. Fitted parameters 
for - 136 mV collection were R,, 82.5 ML’; C,, 34.2 pF. Goodness of 
fit, 5.2 MQ. Fitted parameters for - 18 mV collection were R,, 86.6 
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MR; C,, 42.1 pF. Goodness of fit, 5.9 MO. Voltage-dependent change 
in capacitance, 7.9 pF. Cell was individually perfused with 20 mM TEA, 
20 rnM CsCl, 2 mM CoCl,, and no added CaZ+ medium from one barrel 
of a double-barreled pipette whose other barrel contained an additional 
1 rnM GdCl,. Bath perfusion as in Figure 6. CsCl electrode, no EGTA. 
B, Capacitive reactance (points) of same cell after gadolinium treatment 
determined at a holding potential of - 138 and - 18 mV as indicated 
in figure. Fitted curves were obtained with Equation 7. Fitted parameters 
for - 138 mV collection were R,, 120 MR; C,, 29 pF; R,, 12.1 Ma; C,, 
5.95 pF. C,,, (C,IIC,), 34.95 pF. Goodness of fit, 3.9 MR. Fitted param- 
eters for - 18 mV collection were R,“, 236 MR; C,, 3 1.7 pF; R,, 21.5 
MQ; C,, 6.6 pF. C,,, (C,JC,), 38.3 pF. Goodness of fit, 1.8 MQ. Voltage- 
dependent change in capacitance, 3.3 pF. Data were also fitted (not 
shown) to the simple RC model (Eq. 3) described in Materials and 
Methods. Fitted parameters for - 136 mV collection were R,,, 109 MQ; 
C,,,, 34.5 pF. Goodness of fit, 5.2 MQ. Fitted parameters for - 18 mV 
collection were R,, 130 Ma; C,,,, 37 pF. Goodness of fit, 5.9 MR. Volt- 
age-dependent change in capacitance, 2.5 pF. Cell was individually per- 
fused from barrel containing 20 mM TEA, 20 mM CsCl, 2 mM CoCl,, 
1 mM GdCl,, and no added Ca2+ medium. Bath perfusion as in Figure 
6. CsCl electrode, no EGTA. C, Membrane capacitance of the OHC in 
A. The frequency dependence of OHC membrane capacitance was es- 
timated using the technique of Femandez et al. (1982) (see footnote 4) 
and plotted using linear axes. Data are plotted after subtraction of the 
response obtained at - 136 mV, and were smoothed using a five-point 
running average. These plots are a true measure of the real part of the 
membrane’s voltage-dependent complex capacitance, provided that the 
value used for series resistance subtraction is correct and that minimal 
voltage-dependent capacitance is present at the subtraction holding po- 
tential of - 136 mV. 
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Figure 8. Average voltage-dependent capacitance determined from 
AC analysis for same cells as in Figure 6. Total capacitance was deter- 
mined as a function of holding potential as in Figure 7 (see Materials 
and Methods). Symbols correspond to those of Figure 6. In addition, 
open diamonds represent average of data obtained from two Deiters 
cells and two Hensen cells, treated the same as those cells depicted by 
solid circles (see Fig. 6). Data were fit to Equation 8 to obtain voltage- 
dependent (C,,,) and non-voltage-dependent (C,,.) capacitance and were 
plotted after subtracting C,,,. C,,,, V,,, and z: solidcircles, 23.2 pF, -40.7 
mV, 0.76; open triangles, 29.9 pF, - 11.8 mV, 0.76; solid triangles, 30.3 
pF, -7 mV, 0.55; open diamonds, 30 pF, -16.3 mV, 0.76. 
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Figure 9. Demonstration of absence 
of gating charge immobilization or me- 
chanical response decay. A, An OHC 
was held at -80 mV, and gating cur- 
rents were obtained with the kP meth- 
od for a range of voltage step durations. 
Traces are overlaid, and the occurrence 
of equivalent off-charge movement at 
differing pulse widths indicates absence 
of charge immobilization in this time 
frame. Charge immobilization would 
have been indicated by a decreasing off- 
charge movement as a function of in- 
creasing pulse duration. B, An OHC was 
stepped to +40 mV from a holding po- 
tential of -80 mV for about 20 msec, 
and the mechanical response was mea- 
sured with the differential ohotodiode 
technique. Downward deflection is 
contraction. Note absence of decay in 
the mechanical response during depo- 
larization. 
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tance effects) as a function of frequency. The data demonstrate 
the voltage- and frequency-dependent nature of OHC mem- 
brane capacitance and are similar to the results obtained by 
Femandez et al. (1982) in the squid giant axon. Unfortunately, 
the usefulness of this type of analysis depends upon precise 
measurement of series resistance, since small inaccuracies in the 
measurement will provide incorrect estimates of the capaci- 
tance’s frequency dependence. It should be reemphasized that 
estimating model parameters from reactance measures avoids 
problems imposed by series resistance effects, since these mea- 
sures are not influenced by series resistance (see Materials and 
Methods). 

Figure 8 shows the average input capacitance obtained, using 
AC analysis, from the same cells as in Figure 6, as a function 
of holding potential, before and after gadolinium treatment 
(symbols correspond to those in Fig. 6). A significant nonlinear 
capacitance is present at potentials near the normal resting po- 
tential in viva, -70 mV. As was evident in the time domain 
analysis (Fig. 6B), AC measures indicate that treatment with 
gadolinium ions reduces the magnitude of the voltage-depen- 
dent capacitance and does not merely shift its voltage depen- 
dence. Supporting cells (Deiters and Hensen) demonstrate no 
or very little nonlinear capacitance when analyzed in the fre- 
quency domain (Fig. 8, open diamonds). OHC peak nonlinear 
capacitance occurs at potentials that are shifted about 17 mV 
in the hyperpolarizing direction compared to step analyses. Since 
holding potentials were different for the AC and time domain 
analyses, it is conceivable that initial conditions may be re- 
sponsible for the shift. Such effects have been found for Na 

ms 
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Figure 10. Comparison of AC-determined capacitance (open squares), step-determined charge movement (open circles), and mechanical response 
(open diamonds) for two OHCs demonstrating differing Vh. Comparison indicates that voltage dependence of mechanical response more closely 
corresponds to voltage dependence of capacitance derived from AC analysis (If, of AC measures indicated by vertical lines through plots) than to 
voltage dependence derived from step analysis. OHC mechanical responses were measured off the video monitor with the differential optoresistor. 
A, Parameters determined from charge movement measures (open circles): Vh, -21 mV; z, 0.78. Parameters determined from AC capacitance 
measures (open squares): Vh, -37 mV, Z, 0.79. Mechanical response (open diamonds) is plotted along with scaled Boltzmann functions using V,, 
and z values obtained from charge data (Q) or capacitance data (C). Note the closer correspondence of the mechanical data points with the function 
obtained from the capacitance fit (0. No direct cell perfusion. CsCl electrode, no EGTA. Bath perfusion contained 20 mM TEA, 20 mM CsCl, 2 
rnM CoCl,, and no added Cal+. B, Parameters determined from charge movement measures (open circles): Vhr 26.7 mV; z, 0.75. Parameters 
determined from AC capacitance measures (open squares): V,,, -8 mV; z, 0.82. Mechanical response (open diamonds) is plotted along with scaled 
Boltzmann functions using Vn and z values obtained from charge data (Q) or capacitance data (C). Note the closer correspondence of the mechanical 
data points with the function obtained from the capacitance fit (C’). Cell individually perfused with 20 mM TEA, 20 mM CsCl, 2 mM CoCl,, and 
no added CaZ+ medium from one barrel of a double-barreled pipette whose other barrel contained an additional 1 mM GdCl,. Bath perfusion as 
above. CsCl electrode. no EGTA. 

channel nonlinear charge movement (Bezanilla et al., 1982b; 
Ferntindez et al., 1982). In that case, charge immobilization5 as 
well as long-term inactivation may contribute to apparent volt- 
age shifts. However, in the OHC charge immobilization is ab- 
sent, since off-gating charge magnitude is not time dependent 
(Fig. 9A). In addition, unlike Na currents, OHC mechanical 
responses demonstrate no decay during prolonged depolariza- 
tions (Fig. 9B, see Fig. 11). 

The differing voltage dependencies of OHC nonlinear capac- 
itance obtained with the two measurement techniques used here 
may be due to problems that are associated with the step analysis 
technique (see Discussion). It is suggested that the AC analysis 
result more accurately reflects the voltage dependency of non- 
linear capacitance. It is of interest, therefore, to make compar- 
isons between the voltage dependence of OHC motility and the 
voltage dependence of nonlinear capacitance obtained by AC 
or step analysis. Figure 10 demonstrates for two OHCs that the 
voltage dependence of OHC motility corresponds more closely 
to the voltage dependence of nonlinear capacitance obtained by 

5 Charge immobilization refers to magnitude inequalities of on- and off-gating 
charge generated by a voltage step. These measures are thought to reflect processes 
involved in fast inactivation and long-term depolarization-induced slow inacti- 
vation of Na currents. That is, there is a decrease in off-gating charge relative to 
on charge that is time dependent; the time courSe is correlated with the time course 
of Na current inactivation (for review, see Hille, 1984). 

the AC method, rather than that obtained by step analysis. This 
result may be due to an inaccurate estimate of the voltage de- 
pendency of OHC nonlinear capacitance by step analysis. 

It is conceivable that voltage-induced length changes may 
cause deformation of the OHC membrane (stretching and con- 
tracting), leading to changes in the specific membrane capaci- 
tance. Therefore, it is necessary to determine the possible con- 
tribution of such a phenomenon to the measured nonlinear 
capacitance. This issue was directly evaluated by taking advan- 
tage of the observations of Brownell et al. (1989a,b) that cell 
turgor governs the robustness of electrically induced OHC mo- 
tility. That is, experiments were performed to determine wheth- 
er gating currents are abolished when OHC longitudinal motility 
is inhibited due to loss ofcell turgor. Utilizing fairly large-tipped 
patch pipettes (-2 pm), it is possible to induce reversible cy- 
tosolic volume changes rapidly by applying slight suction or 
pressure to the pipette. Such was the case for the cell depicted 
in Figure 11. Length changes induced by depolarizing the cell 
from -80 to +40 mV were absent when the cell’s cytosol was 
removed. Immediately upon refilling the cell, the length changes 
were robust. The effect can be reversibly repeated as long as the 
whole-cell configuration is maintained. Gating currents (Fig. 
11E) were not blocked by the cytosolic volume reduction. These 
results indicate that nonlinear capacitance is not a function of 
membrane deformations induced by longitudinal length changes. 
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I  
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Figure II. Effect of cytosolic volume alterations on voltage-induced OHC movements: video prints of an OHC that was induced to collapse by 
gentle suction on the patch electrode located at the nuclear pole of the cell (A) and after restoring normal cell volume by gentle pressure into the 
pipette (B, during depolarization of the cell to 40 mV, and C, at the holding potential of - 80 mv). Scale bar in A, 3 pm. Simultaneously collected 
trace of cuticular plate movements (0) indicates that movement was abolished during volume reduction but returned immediately upon volume 
replacement. Downward deflections indicate contraction. Traces in E were obtained from a different cell and depict off-gate currents obtained with 
the P/-4 technique at a step potential of +80 mV from a holding potential of - 120 mV (nominal). Truce a was collected when the cell was 
flattened due to loss of turgor, and truce b was obtained immediately after reinflating the cell. Integration indicates that the nonlinear charge 
movements were roughly equivalent, differing by about 1096, with the deflated condition being larger. This difference may be due to the change in 
the series resistance before (11.4 MQ) and after (6.4 MQ) reinflation. Series resistance consistently decreases when cells are reinflated by applying 
pressure to the patch electrode, and this is reflected in the redistribution of charge in time (difference between trace time constants) for conditions 
a and b. 
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Under the deflated conditions, slight dimpling of the OHC’s 
lateral membrane coincident with voltage steps was noted. Gad- 
olinium ions can reduce or abolish this voltage-dependent dim- 
pling. 

Discussion 
Nonlinear capacitance of the OHC membrane 
AC and step analyses presented here demonstrate that OHC 
membranes possess a capacitance that is voltage dependent. 
Previous measures of OHC membrane capacitance (Santos-Sac- 
chi, 1988, 1989~) demonstrated that these cells possess input 
capacitance values, at holding potentials near in vivo levels, 
exceeding the typical 1 wF/cm* found in biological membranes. 
In that study, input capacitance of OHCs from the apical turns 
of the cochlea averaged near 38 pF (at a holding potential of 
-70 mV), with a specific capacitance of about 1.2 pF/cm2. 
Clearly, the present findings indicate that such large values were 
due to the significant nonlinear capacitance present at typical 
in vivo potentials. Ashmore (1987) had also measured OHC 
membrane capacitance from cells dissociated from the apical 
turns, reporting an average value of 27 pF, which corresponded 
to estimates based upon a specific capacity of 1 pF/cm*. This 
is surprising since measures were made at holding potentials 
where the nonlinear capacitance should have been substantial. 
Subsequently, Ashmore (1989, 1990) demonstrated the exis- 
tence of nonlinear charge movement in OHCs and estimated 
maximum charge movements of 350 fC for OHCs from the low- 
frequency region of the cochlea; it was stated that 5% of the 
cell’s capacitance is membrane potential sensitive. In the present 
study, average maximum nonlinear charge transfer was shown 
to be about 2 PC, and step or AC analysis provided roughly 
equivalent estimates of peak nonlinear capacitance of about 17 
pF, that is, about 40% of the cell’s maximum capacitance is 
membrane potential sensitive. It is not clear why such large 
differences exist between the present results and those of Ash- 
more (1989, 1990) although the fP technique was exclusively 
used in that study. 

The magnitude of nonlinear capacitance relative to mem- 
brane potential follows a bell-shaped function, whereby it in- 
creases upon depolarization from highly negative membrane 
potentials, reaches a maximum, and then declines upon further 
depolarization. However, the step and AC analyses utilized in 
this study give differing voltage dependencies, with the AC volt- 
age technique indicating a peak capacitance at about -40 mV 
and the step technique indicating a peak at about -23 mV. 
Bezanilla et al. (1982b) have demonstrated that the voltage de- 
pendence of nonlinear charge movement due to Na channel 
gating is dependent upon holding potential, that is, the initial 
conditions prior to charge movement measurement. This de- 
pendence is thought to be related to processes underlying the 
inactivation of sodium currents. Although the holding potentials 
were different for the two measuring techniques used in this 
study, it is unlikely that a voltage shift due to initial conditions 
as occurs for the Na channel is responsible for the present results. 
That is, it was shown that charge immobilization is absent in 
the OHC, at least during the time window reported here. Cor- 
respondingly, the OHC mechanical response does not inacti- 
vate, even for durations up to 500 msec (Fig. I 1). Furthermore, 
prolonged depolarization (up to 2 min at 0 mV, followed by 
return to - 80 mV) also has no apparent effect on gating currents 
or mechanical responses. Still, initial condition effects should 
be evaluated more systematically. 

There are several problems with the step analysis technique 
that are not encountered with the AC technique. First, because 
of series resistance, a true voltage step is not delivered to the 
cell because of the large capacitive currents generated, and con- 
sequently the voltage applied across the cell membrane is sig- 
nificantly less depolarized during step depolarizations than is 
commanded, even at steady state. In addition, due to the volt- 
age-dependent capacitance, the clamp time constant, and con- 
sequently the time course of membrane potential change, will 
vary at different levels of step depolarizations, as it depends 
upon cell capacitance and series resistance. Nevertheless, the 
total charge movement should be independent of the time it 
takes to reach steady state, and correcting voltages for series 
resistance effects using steady state, non-leak-subtracted current 
levels should prove sufficient. Unfortunately, the on-line sub- 
traction protocol to extract nonlinear charge movement (P/-4) 
is based on the assumption that series resistance effects are 
absent. That is, the protocol simply measures linear charge 
movement at a selected potential and scales that charge move- 
ment prior to subtraction based on nominal voltages, without 
taking into account nonlinear leakage current, which can often 
be a confounding factor in time domain analysis (Femandez et 
al., 1982). Thus, scaling inaccuracies may arise and may depend 
upon the value of the series resistance. Furthermore, in the 
present experiments the subtraction potential (- 120 mV) used 
for removal of linear charge displacement still falls within the 
region where some nonlinear charge contributes, as is evident 
in the AC data. Thus, subtraction values include linear as well 
as nonlinear components, and this may further contribute to an 
apparent voltage shift between step and AC data. Other prob- 
lems associated with comparisons between time and frequency 
domain measures of nonlinear capacitance have been discussed 
by Femandez et al. (1982). While holding the OHC at very 
hyperpolarized subtraction levels would permit a more accurate 
step analysis, such potentials are difficult to use because the cell- 
electrode setup becomes unstable. Despite these problems and 
the differing voltage dependencies6 derived from the AC and 
step techniques, both methods indicate similar estimates of peak 
nonlinear capacitance in the OHC. 

Measures of the gating currents associated with ionic channel 
activation have been useful in estimating the number of chan- 
nels within a membrane (see Hille, 1984). Estimates are achieved 
by comparing the voltage-dependent characteristics of charge 
movement to those characteristics of the processes that are con- 
trolled by such charge movements (e.g., ion conductance). For 
example, Nonner et al. (1975) determined that two particles 
with an effective charge of - 1.65em move within the membrane 
to activate the sodium channel in frog node of Ranvier. This 
was determined by computing the ratio of effective valence (z) 
of the sodium conductance-voltage (gNa-I/? function to that of 
the Q-I’function associated with channel activation. Since total 
nonlinear charge was 17,200 e -/pm’ in their preparation, the 
number of channels was estimated to be 52 1 2/pmZ [i.e., 17,200/ 
(2 x 1.65)]. In a similar manner, the number of voltage sensors 
within the OHC membrane can be estimated. The average total 
nonlinear charge (Q,,.) of about 2 pC per OHC observed in the 

6 It should be reemuhasized that voltaee-deocndent orocesses are susceotible to 
the ionic makeup (charge screening ability) of the medium that bathes the plas- 
malemma. Thus, the in vitro voltage dependence of nonlinear capacitance and 
motility shown here may not reflect in viva conditions. 
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present study translates to about 3850 e /pm*. Assuming that for OHC motility effectively modifies the stimulus for OHC 
this charge movement is associated with the motility of the cell, motility. 
the similarity of the valences of OHC length changes and charge 
movement indicates the existence of a single voltage-sensing Relation between nonlinear capacitance and cell motility 
particle with an absolute charge magnitude close to 1 em. Thus, As discussed above, the voltage dependence of OHC fast mo- 
the number of voltage-sensing particles within the OHC mem- tility suggests the existence of a corresponding gating current. 
brane approaches 4000/pmL. These particles presumably rep- In other systems, correlation between gating current character- 
resent the voltage sensors of independent, membrane-bound istics and the processes they presumably control provides evi- 
motor elements. In fact, Dallas et al. (1991) have elegantly dence linking the two. In squid axon, for example, treatments 
shown that, indeed, OHC motility is driven by independent that modify gating current characteristics typically are reflected 
motor elements distributed in the basolateral region of the cell. in measures of Na currents (Bezanilla and Armstrong, 1974; 
They extend from nuclear to cuticular regions, that is, roughly Armstrong, 1981; although see Tanguy and Yeh, 1988). It is 
paralleling the extent of the subsurface cistemae. Interestingly, shown here that gadolinium ions are capable of simultaneously 
the number of motor elements inferred from charge movement reducing or abolishing OHC motility and gating currents (or 
data reported here is of the same order of magnitude as the nonlinear capacitance). This blockade and the reversibility of 
number of tightly packed 10 nm intramembranous particles gadolinium’s effects upon washout may indicate that the two 
recently observed by Kalinec et al. (199 1). These investigators 
have speculated that the intramembranous particles represent 
the OHC motor units. 

Initial observations that OHC motility and gating currents 
were blocked by gadolinium ions (Santos-Sacchi, 1989a) raised 
the possibility that voltage-dependent stretch-activated chan- 
nels may underlie the observed gating and mechanical events 
through some sort of reverse process, since it had been shown 

phenomena are dependent. Further evidence linking the two 
includes their similar voltage dependencies and their similar 
susceptibility to charge screening. Based on these results, a more 
detailed study of the concentration-dependent effects of gado- 
linium is warranted and may lead to quantitative estimates of 
OHC membrane surface charge. 

It is interesting to note that the time course of gating current 
is a function of clamp time constant, indicating that charge 

that gadolinium is a potent blocker of stretch-activated channels movement is redistributed in time depending upon the speed 
(Yang and Sachs, 1989). In fact, voltage-dependent stretch-ac- of transmembrane voltage change. The speed limitations im- 
tivated channels have been found in the lateral membrane of posed by electrode series resistance prevent an accurate measure 
the OHC (Ding et al., 1989, 1991) but the channel number is ofthe actual gating time constant, which is probably much faster 
probably too low to account for the observed charge displace- than can be measured. However, the dependence of gating time 
ment. constant upon clamp time constant can be used to characterize 

Interestingly, Ashmore (1987) ruled out any interaction be- further the relationship between charge movement and OHC 
tween plasma membrane and the extensive intracellular sub- motility. Thus, it has been shown that the speed or frequency 
surface cisternal membrane system of the OHC because his response of OHC motility increases in parallel with clamp time 
calculations indicated that OHC capacitance can be accounted constant or correspondingly with gate time constant (Santos- 
for by linear dielectric plasmalemmal properties. Since it is now Sacchi, 1990a). 
clear that OHC capacitance is not simply due to linear mem- 
brane properties, possible voltage-dependent electrical inter- Cell turgor requirement for fast motility 

actions between these two membranous systems should be con- Brownell et al. (1989a,b) have demonstrated that prolonged 
sidered. However, similar considerations concerning a possible depolarization of the OHC under voltage clamp or treatments 
voltage-dependent recruitment of a hypothetically unavailable with salicylates causes a decrease in OHC cytoplasmic turgor. 
portion of transverse tubular membrane capacitance in striated The process is slow and reversible (on the order of tens of 
muscle have proved untenable (Chandler et al., 1976). Indeed, minutes) and is accompanied by a reduction or abolition of 
there is rather good evidence now that the bulk of nonlinear longitudinal OHC motility, which also recovers upon restora- 
charge displacement in striated muscle is afforded by dihydro- tion of cell turgor. The results presented here demonstrate di- 
pyridine-sensitive calcium channels (Adams et al., 1990). It may rectly that the reduction of cytosolic volume is one factor re- 
be that most of the nonlinear charge movement in OHCs is sponsible for the reduction in OHC motility, since holding 
associated with intramembranous voltage sensors responsible potential was held constant and no exogenous treatments were 
for OHC motility, but certainly the issue ofa subsurface cisternal involved. This clearly confirms the hypothesis of Brownell and 
contribution is not yet resolved. However, it is unlikely that the colleagues that cell turgor is directly involved in the robustness 
nonlinear capacitance is a function of membrane deformations of electrically evoked OHC motility. Cell turgor may underlie 
caused by length changes since charge movement is still mea- the translation of voltage-dependent membrane phenomena to 
sured during loss of cell turgor, which abolishes longitudinal longitudinal force generation. Indeed, gating currents remain 
movement. Also, changes in membrane dielectric properties due intact during cell turgor alterations. The observation of depo- 
to electrostriction can be ruled out based on the arguments of larization-induced membrane dimpling, which was susceptible 
Chandler et al. (1976). It should also be pointed out that a to gadolinium treatment, during loss of cell turgor further sug- 
possible contribution may come from gating currents associated gests that the membrane-associated portion ofthe OHC motility 
with ionic channels within the OHC membrane. Regardless of mechanism remained intact and was simply uncoupled from a 
the underlying mechanisms that contribute to the voltage-de- longitudinal translation process. It is conceivable that loss of 
pendent capacitance, its existence will alter the RC time constant cell volume disrupts elements linking a motility voltage sensor 
of the OHC in a voltage-dependent manner, thereby dynami- and subsurface structures; however, clearly, such a disruption 
tally modifying the receptor potential waveform generated in must be reversible on a time scale of tens of minutes, at least 
vivo. This leads to the conclusion that sensing of the stimulus (Brownell et al., 1989a,b). The study of the intricate subplas- 
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malemmal cytoskeleton and cisterns of the OHC may provide 
clues needed to understand the translational process (Bannister 
et al., 1988; Slepecky, 1989; Evans, 1990; Holley and Ashmore, 
1990; Dieler et al., 199 1). 

For some time, anecdotal observations of isolated OHCs have 
led to the idea that the intracellular pressure of the OHC is 
greater than extracellular pressure. For example, OHCs often 
burst when impaled with microelectrodes, ejecting cytoplasm 
and intracellular organelles (Brownell, 1983). Kaufman and 
Brownell (199 1) have recently provided indirect evidence con- 
firming this notion. Considering the dependence of longitudinal 
motility upon cell turgor, it is now clear that estimates of the 
magnitude of OHC motility may require reinspection. That is, 
measures of the voltage versus length function of OHCs have 
been made with the use of the whole-cell voltage-clamp config- 
uration, where inherently the cells’ internal turgor pressure is 
compromised by establishing contiguity between cell and pipette 
interiors (Ashmore, 1987; Santos-Sacchi and Dilger, 1988; San- 
tos-Sacchi, 1989~). For example, Santos-Sacchi (1989~) esti- 
mated that near the normal in vivo resting potential, -70 mV, 
the response of the OHC is about 2 nm/mV; at that holding 
potential the cells reside near the hyperpolarizing saturation area 
of the response function. Based on these observations and on 
evidence indicating the voltage dependence of OHC motility 
(Santos-Sacchi and Dilger, 1988) a calculated disparity of 21 
dB exists between threshold basilar membrane motion and OHC 
motion at high frequencies (see Santos-Sacchi, 1989~). Obvi- 
ously, this leads to difficulties in assigning the role of “cochlear 
amplifier” solely to OHCs. It is now clear that these measures 
of OHC movement may be underestimates, though certainly 
not approaching an order of magnitude. Nevertheless, nonin- 
tracellular techniques, such as that used by Evans et’al. (1989), 
may provide more accurate estimates of movement magnitude 
since cell turgor is not directly compromised. Still, these tech- 
niques pose other problems; notably, membrane potential must 
be estimated and cannot be directly measured or controlled with 
the precision of the whole-cell voltage-clamp technique. 

The evidence linking basilar membrane mechanics to OHC 
function is growing (Ruggero and Rich, 1991). Currently, the 
most likely candidate responsible for this interaction is the mo- 
tility of the OHC, which has recently been shown to have a 
much wider frequency response than previously thought, the 3 
dB break frequency of which approaches 1 kHz (Santos-Sacchi, 
1990a). Although many basic properties of the OHC and its 
motility have been detailed, the molecular basis of this motility 
remains to be determined and no doubt promises to be a novel 
cellular adaptation designed to meet the mammals’ high fre- 
quency communicative requirements. 

Note added in proof Ashmore presented data on the nonlin- 
ear capacitance of OHCs in the published proceedings of the 
Taniguchi International Symposium on Visual Science [Neu- 
rosci Res, Suppl 12 (1990) S39-SSO], which indicate larger val- 
ues of nonlinear capacitance than his other reports. Experimen- 
tal methods were not detailed, but estimates of capacitance were 
obtained at different holding potentials by integration of the 
charging transient presumably induced by a small voltage step. 
His data appear to be in general agreement with the capacitance 
data reported here. 
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On the Frequency Limit and Phase of Outer Hair Cell Motility: 
Effects of the Membrane Filter 

J. Santos-Sacchi 

Sections of Otolaryngology and Neurobiology, Yale University School of Medicine, New Haven, Connecticut 06510 

Whole-cell voltage clamp and displacement-measuring pho- 
todiode techniques were used to study electrophysiological 
and mechanical properties of the guinea pig outer hair cell 
(OHC). OHCs demonstrate a voltage-mechanical response 
(V-M) function that can be fit by a two state Boltzmann re- 
lation, where the cell normally rests near the hyperpolarizing 
saturation region (-70 to -90 mV). The voltage at half- 
maximal length change (V,) is depolarized relative to the 
resting potential, and this ensures that for symmetrical si- 
nusoidal voltage stimulation about the resting potential, AC 
and DC mechanical responses will be generated. Analysis 
of OHC motility using pure tone voltage bursts from 11 to 
3200 Hz demonstrates both AC and DC mechanical re- 
sponses. By exploiting the frequency-dependent current- 
voltage phase separation that is characteristic of an RC- 
dominated system under voltage clamp, it is demonstrated 
that OHC motility follows the phase of AC transmembrane 
voltage and not that of current. For voltage stimulation across 
frequencies in the acoustic range, the motility cutoff fre- 
quency corresponds to the cutoff frequency of the imposed 
transmembrane voltage. Frequency cutoffs approaching 1 
kHz have been measured but are clamp time constant lim- 
ited. These observations are congruent with the voltage de- 
pendency hypothesis of OHC motility. In addition, the DC 
component of the mechanical response is shown to be fre- 
quency independent, but to decrease in magnitude dispro- 
portionately compared to the AC component as the magni- 
tude of the driving voltage decreases. This is predicted from 
the form of the V-M function, whose level dependent DC 
nonlinearity is a consequence of the resting potential being 
displaced from V,. The net effect is that the mechanical DC: 
AC ratio approaches zero for small AC voltages. Taken to- 
gether, these findings question the ability of the OHC me- 
chanical response to influence organ of Corti micromechan- 
its at high acoustic frequencies where a tuned amplification 
of basilar membrane motion is hypothesized. 

Hair cells transduce mechanical stimuli into electrical signals 
by modulating a standing transduction current in response to 
stereocilia displacement; this current induces a receptor poten- 
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tial across the basolateral membrane of the cell, the depolarizing 
phase of which may promote the release of neurotransmitter 
(Hudspeth, 1989). Although evidence had accumulated that some 
type of interaction between outer (OHCs) and inner hair cells 
(IHCs) of the organ of Corti promoted the highly selective and 
sensitive responses of the mammalian auditory system to high- 
frequency acoustic stimulation (Dallos and Harris, 1978; Har- 
rison and Evans, 1979; Brown and Nuttall, 1984), a potential 
mechanism for such an interaction remained obscure until re- 
cently. Following the discovery that the OHC is capable of 
electrically evoked mechanical responses (Brownell et al., 1985), 
a reevaluation of the classical concepts of mammalian hearing 
has been underway. Current theories concerning the basis of a 
cochlear amplifier envision an acoustically evoked cycle by cycle 
feedback process between OHC and basilar membrane (Geisler 
and Shari, 1990; Robles et al., 199 1; Ruggero and Rich, 199 1). 
That is, in viva, the acoustically evoked electrical responses of 
the OHC should effect rapid length changes of these cells that 
modify the mechanical input to the IHC-the receptor cell that 
receives up to 95% of the afferent innervation (Spoendlin, 1988). 

We have previously shown that under whole-cell voltage 
clamp, blocking the known ionic conductances of the OHC does 
not interfere with the cell’s mechanical response, and we pro- 
posed that transmembrane potential was the driving force re- 
sponsible for OHC motility (Santos-Sacchi and Dilger, 1988). 
Although the molecular basis of OHC motility remains to be 
determined, the physiological consequences of its voltage de- 
pendence are readily discernible. For example, the voltage de- 
pendence suggests that AC motility magnitude and phase char- 
acteristics should be governed by the attenuation effects of the 
OHC membrane (RC) filter. Any feedback contribution of the 
OHC to basilar membrane mechanics will be dependent upon 
these magnitude and phase characteristics. I report here that an 
analysis of OHC motility in response to step and AC voltage 
stimuli confirms the voltage dependency hypothesis, since the 
frequency extent and phase of motility are dependent upon the 
extent and phase of the imposed transmembrane voltage. Fur- 
thermore, while the effects of the membrane filter influence the 
AC mechanical component directly, the DC component is in- 
directly susceptible. Indeed, the DC component is far more 
susceptible than the AC component. These results are important 
for understanding the possible contribution of OHC motility in 
peripheral auditory processing. 

Preliminary reports of this work have been presented previ- 
ously (Santos-Sacchi, 1990, 199 la). 

Materials and Methods 
General. Guinea pigs were overdosed with pentobarbital. The temporal 
bones were removed, and OHCs were isolated nonenzymatically from 
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the cochleas by gentle pipetting of the isolated top two turns of the organ Corp., NJ; output filtered at 30 Hz) across the image of the cuticular 
of Corti. The cell enriched supematant was then transferred to a 700 ~1 plate (apical end of the cell) at a monitor magnification of 2800 x (San- 
perfusion chamber, and cells were permitted to settle onto the cover tos-Sacchi, 1989). Fast OHC movements elicited by voltage clamp with 
glass bottom. All experiments were performed at room temperature short-duration stimuli (below video detection) were measured with a 
(- 23°C). A Nikon Diaphot inverted microscope with Hoffmann optics differential photodiode (PD) onto which the image of the cuticular plate 
was used to observe the cells during electrical recording. All experiments from the microscope was proiected. Placement of the PD was accom- 
were taped with a Panasonic AG6300 video recorder. A modified Lei- 
bovitz medium (NaCl, 142.2 mM; KCI, 5.37 mM; CaCl,, 1.25 mM; 
MgCl,, 1.48 mM; HEPES, 5.0 mM; dextrose, 5.0 mM; pH 7.2) was used 
as the normal perfusate. Modifications to the extracellular medium are 
noted in figure captions, with NaCl adjusted to maintain osmolarity 
(300 mOsm). Extracellular solutions were changed via two methods. A 
chamber perfusion system permitted the fluid in the whole chamber to 
be constantly exchanged with fresh medium (0.1-l ml/min). A more 
rapid and direct perfusion system was used to perfuse single cells se- 
lectively under voltage clamp, during continuous exchange of bulk me- 
dium via chamber perfusion. The device is a four-barreled glass pipette 
tapered to about 100 rrn and fitted with a polyethylene sleeve at the 
tip to permit fluid flow from a single port with a small dead volume. 
Solutions were fed to the pipette under gravity control and rapidly 
switched with solenoid valves. The tip of the pipette was brought to 
within 50 pm of the cell being studied, and the flow of solution was 
adjusted so as not to perturb the cell physically. 

Electrical recording. OHCs were whole-cell voltage clamped with a 
Dagan patch-clamp amplifier at holding potentials between -70 and 
-80 mV, similar to potentials recorded in vivo (Dallos et al., 1982). 
Pipette solutions were composed of 140 mM KC1 or CsCl, 5 or 10 mM 
EGTA, 2 mk MgCl,, and 5 mM HEPES buffered to pH 7.2. Gigohm 
seals were obtained at the nuclear level of the cell membrane, and 
electrode capacitance was compensated prior to whole-cell recording. 
Voltage steu studies were net-formed with an Axolab 1100 A/D and 
D/A board(Axon Instruments, Foster City, CA) with associated soft- 
ware @LAMP). AC studies were performed using a digital signal pro- 
cessing board with custom-written software (DSP- 16; Ariel Corp., High- 
land Park, NJ) capable of delivering and analyzing pure tone or swept 
frequency stimuli. Data were saved to disk for off-line analysis. 

For most experiments, ionic conductances were blocked. Under these 
conditions, the cell clamp can be modeled most simply as an electrode 
resistance (R,) in series with a parallel combination of the membrane 
resistance (R,) and capacitance (C,). These component values were 
estimated at the holding potential from current records in response to 
- 10 mV voltage steps, and were accounted for during analysis, so that 
actual voltages imposed upon the cell are known (Marty and Neher, 
1983). Care was taken to maintain low series resistance values during 
recording by delivering transient positive or negative pressure into the 
electrode to maintain an unobstructed orifice; electronic series resistance 
compensation was employed as well. The program CLAMPEX (Axon In- 
struments, Foster City, CA) was modified to provide a continuous dis- 
play of clamp time constant, cell capacitance and resistance, and series 
resistance between data collections. The magnitude and phase of the 
transmembrane voltage (I’,,,), predicted from the command voltage (I’,), 
were obtained using the estimated component values by modeling the 
impedance (Z,,) of the cell clamp with the software package MATLAB 
(Mathworks, Natick, MA): 

Z,,=R,+Z,, (1) 
where 

z, = R, 
1 + sC,R,’ 

s=jw, j = fi, 0 = 2rf; 

I = VJZ,,; (2) 
v, = IZ,. (3) 

In some cases, an absolute delay (I = I . e+, where t is the delay in 
seconds) was included in the model so that the predicted phase plots 
coincided (as determined by eye) with those of the measured current 
and mechanical response plots. Typically, this was required when series 
resistance compensation was used, and may be the result of delays 
introduced as a result of the compensation feedback. 

OHC motility measures. OHC mechanical responses and currents 
were simultaneously measured in response to step or sinusoidal voltage 
stimuli. For steady state movements (voltage steps > 100 msec), length 
changes were analyzed off the video monitor during playback by placing 
differential optoresistors or a position-sensitive detector (Hamamatsu 

plished remotely by a computer-controlled micromanipulator, so as not 
to perturb whole-cell recording. The PD was backlit by two fiber optic 
beams projected through the microscope’s camera port onto a 30% 
mirrored glass coverslip base of the perfusion chamber, and reflected 
back to a CCD video camera via a 90” prism to allow PD placement 
during simultaneous cell visualization on a mixed video-computer 
monitor (Matrox Corp., Dorval, Quebec, Canada). Backlighting was not 
required after calibration of the PD’s position on the monitor. The 
frequency response of the PD system was measured by driving an on- 
biased light-emitting diode (LED) and had a 3 dB rolloff at 6 kHz (Fig. 
1). The validity of the PD system was verified by measuring the move- 
ments of a glass probe driven by a piezoelectric bimorph (Fig. 1, insets). 
Sinusoidal voltage bursts (onset and offset linearly ramped) of frequen- 
cies ranging from 11.7 to 320 1 Hz were delivered to OHCs under voltage 
clamp. PD output and whole-cell currents were filtered at 10 kHz (12 
dB/octave) and collected simultaneously using a sampling rate of 20 
kHz for AC analysis or up to 50 kHz for step analysis. Responses were 
averaged 200 times. Fundamental magnitude and phase of the me- 
chanical responses were measured by fast Fourier transformation (FFT) 
of the central portion of the digitized waveforms using the software 
package MATLAB. Mechanical responses were corrected for the phase 
and magnitude characteristics of the PD system. Absolute calibration 
of cell movements was determined by measuring off the video monitor 
the cell movement in response to a large steady state depolarizing voltage 
stimulus (Santos-Sacchi, 1989). 

Motility estimates using a photodiode technique rely upon intensity 
measures of the projected image of the OHC’s cuticular plate. The 
problems with such a technique have been addressed by Clark et al. 
(1990). In the present study, care was taken to maintain the position of 
the cells within the bounds of the differential photodiode; in order to 
check this, cells were visualized on a video monitor during data collec- 
tion. While magnitude measures may be affected by changes in image 
intensity, phase measures should not. Similar cutoff frequencies of the 
mechanical responses were obtained from phase and magnitude data, 
indicating that the image intensity did not change during the data col- 
lection period, typically about 5 min. 

The mechanical response AL (v) was fit with a Boltzmann function: 

AL(v) = anax 
1 + e(V,,, - I/,)/b 1 + Gmin, 

where AL.,,, and AL,,, are the fitted maximum and minimum length 
changes from the resting state, b is the voltage slope factor, and V, is 
the voltage at half-maximal length change. 

Results 

The OHC changes length when its transmembrane potential is 
altered. Figure 2A demonstrates the V-M function for an isolated 
OHC using step voltage commands from a holding potential of 
-68.4 mV. The function follows a saturating Boltzmann rela- 
tion, such that the mechanical response is larger in the depo- 
larizing (shortening) direction near the cell’s normal resting po- 
tential. This is a consequence of the holding potential being 
displaced from V,. For this cell, a maximum slope of about 2 1 
nm/mV at -26 mV is calculated (Fig. 2B). Responses as large 
as 30 nm/mV have been observed (Santos-Sacchi and Dilger, 
1988). 

The OHC membrane possesses a nonlinear charge movement 
that is correlated in time and voltage dependence with induced 
length changes (Ashmore, 1989; Santos-Sacchi, 1990, 199 1 b); 
this nonlinear charge probably represents the movement of 
membrane-bound voltage sensors responsible for the cell’s volt- 
age-dependent mechanical response. Figure 3 demonstrates that 
the kinetics of the charge movement are such that the time 
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Figure 1. Characteristics of the movement measurement system. Frequency response of differential PD output (open circles, averaged 200x) in 
response to off-centered LED emission elicited by sine wave bursts. Cutoff frequency was 6 kHz. Insets, Outputs from PD in response to simulated 
cell movement. The tip of a glass microelectrode shank was melted to a sphere of about 15 pm; transmitted light produced a bright area in the 
sphere’s center! which was used to mimic the bright OHC cuticular plate observed under Hoffmann optics. The artificial cell was attached to a 
piezoelectric brmorph and moved using various voltage waveform inputs to test the linearity and frequency following capability of the PD 
measurement system. a, PD output measured in response to bimorph movements produced by fixed incremental voltage steps (filtered to avoid 
bimorph resonance at 2 kHz). Linearity is good. Response filtered at 800 Hz. Calibration vertical, 0.1 pm; horizontal, 2 msec. b, PD output (noisy 
truces) in response to bimorph voltage stepped through a filter of 100 Hz (top truce) and 300 Hz (bottom truce). Simultaneously recorded voltage 
(solid truces) corresponds faithfully to the PD output. Maximum excursion is about 1 pm. Pulse width is 5 msec. c, Bimorph was stimulated with 
sinusoidal voltage bursts (156 Hz). Two truces on top are measured voltage; corresponding two truces on bottom are PD output (filtered at 800 Hz). 
Excellent frequency following is apparent. Stimulus and response traces on right demonstrate that the measurement system is capable of detecting 
DC offsets. 

constant of the voltage-clamp amplifier limits their study under 
whole-cell configuration. That is, the time constant of nonlinear 
capacitive current decay follows changes in the time constant 
of the clamp amplifier, indicating that the kinetics are faster 
than the fastest clamp speed presently attainable. Measures of 
OHC mechanical response induced by voltage steps indicate a 
similar trend (Fig. 4A). In this case, an OHC was stepped from 
a holding potential near -70 mV to about 40 mV, while the 
clamp time constant was modified between 0.8 and 0.52 msec 
with series resistance feedback compensation. Both movement 
onset and offset are directly correlated with clamp time constant. 
Note that fitted single exponentials of the movement onset ap- 
pear faster than the clamp time constant. This is due to the fact 
that the voltage steps are saturating, and is consistent with model 
simulations based on the OHC’s V-M function (see Discussion). 
It was noted by Ashmore (1987) that delays in mechanical re- 
sponse onset occurred following voltage step onset. The insets 
in Figure 4A illustrate that clamp time constant modifications 
do not appear to influence the mechanical response onset, which 
occurred within 40 Fsec of stimulus onset in this case. In other 
cells, however, delays were observed up to about 100 psec (Fig. 
4B). It is conceivable that alterations of cell turgor that occur 
during whole-cell voltage clamp may underlie this delay phe- 
nomenon (Santos-Sacchi, 199 1 b). Figure 4C illustrates the me- 
chanical response of an OHC driven by a voltage step depolar- 
ization of about 5 msec in duration, with one of the fastest 
clamp time constants attained, 0.14 msec. The onset of the 
mechanical response is rapid (onset 7 of a double exponential 
fit, 0.240 msec); a maximum velocity of 6.5 mm/set is calcu- 

lated, which is about 3.5 times faster than previous estimates 
of OHC velocity (Ashmore, 1987). 

The form of the V-M function (Fig. 2A) indicates that the 
mechanical response will include both AC and DC components 
when a sinusoidal voltage command is delivered about the hold- 
ing potential. Such mechanical rectification has been demon- 
strated with low-frequency sinusoidal stimuli (Evans et al., 1989; 
Santos-Sacchi, 1989). Figure 5 illustrates this phenomenon as 
a function of stimulus frequency. Sinusoidal voltage command 
stimuli of frequencies ranging from 11.7 to 320 1 Hz elicit AC 
and DC mechanical responses. Figure 5A documents the rec- 
tified nature of the V-M function of this cell based on the re- 
sponse from an 11.7 Hz transmembrane voltage stimulus. Me- 
chanical rectification is also apparent at higher stimulus 
frequencies, as reflected in the DC mechanical components pres- 
ent in the raw data (Fig. 5B). The measured reduction in mag- 
nitude of the mechanical response as frequency increases is not 
inherent in the OHC, but is due to limitations of the voltage- 
clamp amplifier. That is, command voltage magnitude decreases 
with increasing frequency because of the voltage clamp’s limited 
frequency response;’ therefore, voltage dependent AC mechan- 
ical responses roll o@as well (see below). 

As command voltage magnitude decreases (due to the clamp 
time constant), there is a disproportionate decrease in the mag- 

I The effectiveness of the whole-cell voltage clamp technique is limited by the 
patch electrode’s series resistance and the cell’s impedance. The speed at which 
a voltage can be imposed across the membrane of a cell depends upon the clamp 
time constant (7 = R, I( R, C,,,). This time constant corresponds to the effective 
bandwidth of AC stimulation (f,.,., = l/24. 
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Figure2. A, Change in length of an isolated OHC in response to voltage 
steps delivered from a holding potential of -68.4 mV. The residual 
series resistance has been corrected. Hyperpolarizing steps from the 
holding potential induce elongations whose magnitudes saturate more 
rapidly with step potential than do contractions due to depolarizing 
steps. The mechanical response AL(v) was fit with a Boltzmann function 
(Eq. 1; solid line). The least squares fit gives Vh = -25.7 mV and b = 
27 mV. Normal extracellular solution, and KCl-containing patch pi- 
pette. Cell length measures were made off the video monitor. Inset, 
Digitally captured video image of the whole-cell voltage-clamped OHC. 
B, Slope of the Boltzmann fit above, indicating the voltage sensitivity 
of the mechanical response across voltage. The sensitivity at the holding 
potential of -68.4 mV is smaller than the maximum. 

nitude of the DC mechanical component relative to the decrease 
of the AC mechanical component. This phenomenon is an in- 
herent property of the V-M function of the OHC, as the AC 
voltage excursion about the holding potential is reduced, the 
input-output function within the limited stimulus region ap- 
proaches linearity. Although Evans et al. (1990) obtain similar 
V-M functions (see Fig. 5A, solid triangles), they report a linear 
correspondence between AC and DC mechanical responses as 
voltage magnitude is altered. However, Figure 5C exemplifies 
the nonlinear correspondence inherent in the V-M function by 
plotting the ratio of DC to AC mechanical response as a function 
of AC voltage magnitude. The measured ratio (open circles) 
decreases as the stimulating voltage magnitude decreases, and 
is well predicted (solid line) from the V-M function of this cell 
(Fig. 5A). This observation indicates that the form of the V-M 
function measured at 11.7 Hz is preserved at higher frequencies; 
that is, the nature of the function is frequency independent. 

The top panels of Figure 6, A and B, examine the magnitude 
of the mechanical response fundamental (obtained by FFT) and 
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Figure 3. Dependence of on-gate current time constant upon time 
constant of clamp amplifier. Six cells (dzfirent symbols) were held at a 
potential of -80 mV and alternately pulsed to 40 mV above and below 
the holding potential. Nonlinear capacitive currents were unmasked by 
averaging the resultant currents 200 times (+P technique; Armstrong 
and Bezanilla, 1973). Clamp time contants were determined by fitting 
single exponentials to the decaying current transient in response to a 
- 10 mV step. Time constants of on-gate currents were also single ex- 
ponential fits of current decay. Clamp time constant was modified by 
adjusting the electronic compensation for the series resistance. Reduc- 
tion of clamp time constant caused reduction of gate time constant. 
Inset, A series of nonlinear capacitive current traces from a single OHC 
under different clamp time constant conditions. Note the shift in the 
speed of current response. Both on-gate and off-gate time constants are 
directly influenced by clamp time constant. CsCl electrode solution. 
Extracellular solution was Leibovitz with 10 mM tetraethylammonium 
(TEA) and 300 nM TTX. 

compare it to the voltage delivered to the cell as predicted from 
the clamp time constant, before (top panel, Fig. 6A) and after 
(top panel, Fig. 6B) series resistance compensation. The cutoff 
frequency of the cell’s mechanical response increased following 
compensation of the series resistance. The mechanical response 
rolloff roughly follows the rolloff of the transmembrane voltage, 
demonstrating that the mechanical response can follow rapid 
voltage fluctuations quite faithfully (fcUtoff - 1 kHz). This is 
inmarked contrast to the limited frequency response (fcutoff - 60 
Hz) reported by Ashmore (1987; see thick line in top panels of 
Fig. 6A,B). The analysis of phase data presents a more robust 
test of the voltage dependence hypothesis. In an RC-dominated 
system, such as the OHC under voltage clamp, as voltage com- 
mand frequency is increased, an asymptotic phase separation 
of 1.57 radians (90”) will develop between injected current and 
voltage. Voltage phase will lag that of current. The clamp time 
constant, R, 1) R,C,, dictates the resultant frequency dependence 
of the separation. The bottom panels in Figure 6, indeed, dem- 
onstrate that the mechanical response follows the phase of the 
induced transmembrane voltage and not that of the transmem- 
brane current. Similar data on the magnitude and phase of cur- 
rent, voltage, and motility obtained from four additional cells, 
each with a different clamp time constant, are presented in 
Figure 7. In all, an asymptotic phase separation between motility 
and injected transmembrane current is reached [ 1.66 + 0.18 
radians at 625 Hz (mean + SD; n = 6 cells)], as would be 
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Figure 4. A, Effect of clamp time constant upon speed of OHC movement induced by voltage steps. An OHC was nominally held at -80 mV 
and stepped to +40 mV for 10 msec. Truces ad represent the contraction of the OHC (photodiode output) as the clamp time constant is modified. 
Responses were averaged 200 x . Single exponentials were fit to the onset (expanded fits shown) and offset of cell movement. It is clear that movement 
time constants are dependent upon clamp time constants. Downward arrows of expanded onset traces indicate voltage step onset. Holding potential 
and steady state step potential (corrected for series resistance) were a, -73.5 mV, 36.8 mV, b, -72.8 mV, 36.6 mV, c, -71.1 mV, 35.8 mV, d, 
-69.2 mV, 35 mV. B, Traces represent mechanical responses of an OHC stepped nominally to -30, 0, and +30 mV from a holding potential of 
-80 mV. Downward arrow indicates voltage step onset. Note the delay in onset of the mechanical responses. Also note the saturation of the 
response at the most depolarized potential, and the resultant apparent decrease in the onset time constant compared to the other responses. C, 
Rate of length change of an OHC to a depolarizing step from -78 mV to +29 mV (residual series resistance corrected). Rate was obtained from 
the first derivative of the fitted mechanical response to inset. Inset, Mechanical response filtered at 3.184 kHz and fit with a double exponential 
(smooth he). The time constants were 0.24 msec and 5 msec, with an amplitude ratio of 4: 1. Clamp time constant was 0.14 msec. 

expected for a voltage driven process. This is strong evidence 
favoring the voltage dependence hypothesis of OHC motility.2 

The relationship of the mechanical response time constant 
(i.e., cutofffrequency) to that of the voltage clamp is summarized 
for five cells in Figure 8. The frequency response of OHC mo- 
tility is positively correlated with the speed of the voltage clamp. 

2 It should be noted that the measured current phase consists of both a resistive 
and capacitive component, and that at high frequencies the capacitive component 
dominates. However, the current through membrane-resistive elements is always 
in phase with transmembrane voltage. Nevertheless, alterations of the resistive 
currents by means of various ionic blocking agents do not interfere with voltage- 
induced mechanical responses (Santos-Sacchi and Dilger, 1988; Santos-Sacchi, 
1989, 1991b). 

For two OHCs (circles and diamonds), mechanical responses 
were obtained before and after series resistance compensation; 
mechanical response cutoff frequency paralleled the resulting 
changes in clamp speed. There is, however, a trend for the 
mechanical response fundamental to roll off at lower frequencies 
than the applied transmembrane voltage. This phenomenon may 
be a consequence of the nonlinear V-M function, as a similar 
trend is also found with model simulations (solid line, Fig. 8). 

Discussion 

The data presented here provide insight into the mechanism 
and potential significance of OHC motility. The observation 
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Figure 5. OHC AC and DC mechanical responses elicited by AC voltage stimulation. A, Voltage versus movement for an 11.7 Hz voltage stimulus. 
Voltage is the estimated intracellular potential obtained from the command potential corrected for series resistance and phase shifted to minimize 
phase differences between it and movement response. The solid line is a fit to a portion of a Boltzmann function with V, = -30.5 mV and b = 3 1 
mV. For comparison, the data (solid triangles) of Evans et al. (1990) based on step commands about the authors’ estimated resting potential of 
-60 mV were scaled and superimposed (see Results and Discussion). Inset, Movement response waveform smoothed with five point running 
average. Peak-to-peak (PkPk) response is about 1 pm. B, Photodiode output indicating the movement of the OHC in response to voltage sine wave 
bursts of varying frequency. The movement consists of an AC and DC response, both of which decrease as a function of frequency; this results 
from the decrease of the magnitude of voltage stimulation due to the voltage-clamp time constant. DC responses can be observed above 3 kHz 
but decrease in magnitude disproportionately compared to AC response magnitude. C, Ratio of DC movement to AC PkPk movement versus 
PkPk voltage stimulus corrected for the frequency-dependent attenuating effects of series resistance, Measures are from the raw data shown in B. 
Data were obtained by visually determining PkPk movement response and DC movement response (difference between baseline and half-PkPk 
response). The solid line is the predicted ratio based upon the movement versus voltage response for 11.7 Hz as in A. Note the greater susceptibility 
of the DC response to reduction of driving voltage magnitude. That is, the DC:AC ratio is not constant as a function of driving voltage magnitude. 
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movement within the membrane of the OHC (indicative of 
membrane-bound voltage sensors) corroborates this concept 
(Ashmore, 1989; Santos-Sacchi, 1990, I99 1 b). Similarities be- 
tween characteristics of the nonlinear charge movement and 
motility, including voltage dependence (V,, b), susceptibility to 
charge screening, and reversible block by gadolinium ions, in- 
dicate that the estimated 4000 voltage sensors/cLm2 control OHC 
length through an equal number of associated elemental motors 
(Santos-Sacchi, 199 1 b). Assuming that the motors are equally 
distributed within the membrane along the extent of the sub- 
surface cisternae, it is calculated that each elemental motor would 
contribute an effective unit displacement of about 1 nm in the 
longitudinal direction. The actual displacement vector may not 
be purely longitudinal (Dallos et al., 199 lb). Ultimately, the 
dependence of OHC motility on transmembrane voltage and 
the form of the V-M function will determine the physiological 
significance of OHC motility. 

Velocity and frequency response of OHC motility 

An important indicator for evaluating the significance of OHC 
motility in inner ear function is its frequency response. Cer- 
tainly, there will be a point at which the OHC will be unable 
physically to follow an imposed transmembrane AC voltage, 
and a determination of this cutoff frequency will permit a more 
realistic assessment of the OHC’s mechanical influence in the 
high-frequency region of the cochlea. Unfortunately, the max- 
imum velocity and the frequency extent of OHC motility are 
as yet undetermined, due to the speed limitations imposed by 
the voltage-clamp amplifier. Thus, the current maximum OHC 
velocity measured during a step response (6.5 mm/set; Fig. 4C), 
or estimated from the AC data [Fig. 6B, (AL w) 4 mm/set at 
1250 Hz] is likely to be an underestimate. Indeed, the OHC 
mechanical response probably extends beyond the widest fre- 
quency response measured, which approached a 1 kHz cutoff. 

It is interesting to note that although the speed of the me- 
chanical response follows changes in the speed of the imposed 
voltage, the time constants of each are not necessarily equal. In 
fact, in Figure 4 it was illustrated that the mechanical on-re- 
sponse can have an apparent time constant faster than that of 
the imposed voltage; contrarily, the off-response can be slower 
than the imposed voltage. This is not unusual for a nonlinear 
system, and the same effects are simulated for a model V-M 
function in Figure 9. It is clear that despite a constant membrane 
potential time course, level-dependent changes in the apparent 
time constant of the mechanical response arise. Mechanical re- 
sponse saturation at the extremes of the V-M function accounts 
for much of these effects. The tendency for the mechanical fre- 
quency response to roll off sooner than the imposed voltage 
frequency response (Fig. 8) may also reflect the effects of the 
nonlinear V-M function. If the resting potential (holding poten- 
tial) were equal to V, and the stimulus amplitude were very 
small, the time course of the mechanical response would more 
closely mirror that of the driving voltage. 

Despite their limitations, the measurements of velocity and 
frequency response reported here more closely reflect OHC me- 
chanical response capabilities than previous measures (Ash- 
more, 1987), and are useful in evaluating some timely issues. 
For example, electrically evoked otoacoustic emissions recorded 
from the ear canal, presumably due to the activity of OHCs, 
have been measured in pass bands up to several kHz (Hubbard 
and Mountain, 1990). These investigators have suggested, based 
on Ashmore’s (1987) mechanical frequency response data, that 
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Figure 6. Frequency response (magnitude and phase) of OHC motility 
for the cell of Figure 5 with a clamp time constant of 0.38 msec (A; no 
series resistance compensation) or 0.125 msec (B, series resistance max- 
imally compensated). Nominal peak voltage was 50 mV. CsCl electrode. 
Extracellular medium was C&free Leibovitz with 20 mM TEA and 20 
mM CsCl. A: Top, Magnitude. Open circles represent the fundamental 
magnitude of length change obtained by FFT (see Materials and Meth- 
ods). The fine through the data points is the predicted cell voltage using 
a voltage clampcell model (see Materials and Methods), with the elec- 
trical characteristics of the clamp-cell setup determined from the current 
response to a 5 mV step (R, = 139.5 MQ; C,,, = 33.3 pF, clamp ‘T = 
0.38 msec). For comparison, the thick line is Ashmore’s fit to his data 
(1987, Fig. 7). Bottom, Phase. The solid circles represent the phase of 
the fundamental component of the simultaneously recorded current, 
after equipment phase correction. The open circles represent the phase 
of the length change fundamental. The solid lines are the predicted phase 
for the current and voltage using the voltage clamp-cell model com- 
ponent values. No absolute phase delay is included in the phase pre- 
dictions. B, As in A, except clamp-cell electrical characteristics at this 
time were R, = 125.5 Ma, C,,, = 35.4 pF, and clamp r = 0.125 msec. 
An absolute phase delay of 25 psec is included in current and voltage 
predictions. 

that OHC motility does indeed follow the time course and phase 
of transmembrane voltage stimuli provides the strongest evi- 
dence thus far that the motility mechanism is voltage depen- 
dent.3 The presence of voltage-dependent nonlinear charge 

3 While the results of Dallos et al. (199 la) clearly demonstrate the elemental 
nature of the OHC motor, their data do not unequivocally support the voltage 
dependency hypothesis. Neither transmembmne current nor transmembrane volt- 
age could be measured with the microchamber technique, and either would have 
bean in phase opposition at the opposite poles of the cell, just as the mechanical 
responses were. 
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Figure 7. Frequency response for four additional cells (magnitude and phase) with varying clamp time constants. See Figure 6 for details. Clamp- 
cell electrical characteristics are as follows: A, R, = 96 MQ, C, = 24.73 pF, clamp r = 0.553 msec. Absolute phase delay, 25 psec. Nominal peak 
voltage was 60 mV. CsCl electrode. Extracellular medium was Leibovitz with 20 mM TEA. B, R, = 79 MQ, C, = 4 1.89 pF, clamp r = 0.128 msec. 
Absolute delay, 20 psec. Nominal peak voltage was 40 mV. CsCl electrode. Extracellular medium was Leibovitz with 20 mM TEA, 300 nM TTX, 
and 1 rnM CdCl,. C, R, = 346 MQ, C, = 27.35 pF, clamp r = 1.00 msec. Absolute delay, 20 psec. Nominal peak voltage was 40 mV. CsCl 
electrode. Extracellular medium was Leibovitz with 20 mM TEA and 300 nM TTX. D, R, = 490 MQ, C, = 33.0 pF, clamp ‘T = 0.934 msec. 
Absolute delay, 20 psec. Nominal peak voltage was 100 mV. CsCl electrode. Extracellular medium was Leibovitz with 10 mM TEA and 300 nM 
TTX. - 

the OHC length changes are too low pass to account for such 
high-frequency phenomena. Clearly, the data presented here 
suggest that OHC length changes may be significant at those 
acoustic frequencies where electrically evoked otoacoustic emis- 
sions occur. Ashmore’s (1987) observation that OHC motility 
was extremely low pass was probably due to the very slow clamp 
time constants achieved in that study (see footnote 3 of Santos- 
Sacchi, 1989). 

Since the in viva receptor potential will provide the OHC 
motility driving force, the effectiveness of evoked AC mechan- 
ical events in influencing organ of Corti micromechanics at high 
frequencies can be evaluated to a first approximation by an 
assessment of OHC receptor potential characteristics. Thus, it 
is known that OHC AC receptor potentials for cells with high 
characteristic frequencies (> 15 kHz) are quite small due to the 
cell’s RC time constant Cf;uto,r - 1.2 kHz); AC potentials of about 
15 PV have been recorded in these cells near auditory threshold 
(Russell et al., 1986). Consequently, it has been argued that 
evoked AC movements of an OHC with a resting potential of 
- 70 mV are much smaller (-20 dB) than basilar membrane 
movements near auditory threshold (Santos-Sacchi, 1989; but 
see Santos-Sacchi, 199 1 b). 

The present velocity estimates, though clamp limited, appear 
incompatible with the electro-osmotic theory of OHC motility 
proposed by Brownell and Kachar (1986). The rate of movement 
is far greater than that attributable to an electro-osmotic mech- 
anism; experiments on a variety of preparations indicate the 
maximum velocity achievable is 1 pm/set per V/cm (Mc- 
Laughlin and Mathias, 1985). The steady state voltage drop 
across the membrane of the OHC in Figure 4C was 107 mV. 
The maximum field strength along a cell of’70 Frn, assuming 
that the total imposed voltage drops across the length of the cell 
(which is unlikely, since space-clamp estimates indicate little 
longitudinal decay) would be 15.3 V/cm. Thus, an electro-os- 
motic based velocity of 15.3 pm/set is predicted, over 2 orders 
of magnitude smaller than the observed maximum velocity. 
Iwasa and Kachar (1,989) employed the same argument against 
an electro-osmotic mechanism, although the disparity between 
their velocity measures and electro-osmotic estimates were not 
as great as those reported here. Furthermore, an electro-osmotic 
mechanism would predict that the velocity, not the displace- 
ment, of OHC motility would be in phase with voltage. This is 
in conflict with the phase data reported here. It should be noted 
that velocities associated with electro-osmosis are derived for 
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Figure 8. Clamp time constant versus measured time constant of 
movement. Time constants of movement were from linear interpolation 
of 3 dB breakpoint of measured magnitude response as in Figure 2. 
Data from a total of five cells (different symbols) are presented, with 
two cells (circles and diamonds) being measured at two different clamp 
time constants (open and solid symbols). Clamp time constant dictates 
frequency response of OHC motility. However, the mechanical response 
has a slower time constant (lower cutoff frequency) than the voltage 
command. This may be a function of the nonlinear V-M function since 
model simulations predict this type of behavior. For example, the solid 
line was obtained by performing the same type of analysis on a model 
V-M function with Boltzmann parameters of b = 26 mV and V,, = - 30 
mV, at a holding potential of -70 mV, with a peak AC voltage stim- 
ulation of 50 mV. 

steady state conditions, and the preceding arguments may not 
be absolutely appropriate. Nevertheless, in the absence ofa more 
complete electro-osmotic model of OHC motility, it remains 
questionable whether electro-osmosis can account for the max- 
imum velocity and phase of OHC motility presently found. 
Dallas et al. (199 1 a) also dismissed an electro-osmotic mech- 
anism based on other arguments. 

DC mechanical response 

Voltage-dependent OHC motility, analyzed under whole-cell 
voltage clamp, is well characterized by a two-state Boltzmann 
function, whose I’, is offset in the depolarizing direction relative 
to the normal resting potential of the cell. A mechanical DC 
nonlinearity is not inherent in the V-M function but is expressed 
only due to this voltage offset. This concept differs from the 
contention of Dallas et al. (1991 b), who suggest, based on DC 
responses measured at very small stimulus levels, that the DC 
component is the result ofan essential nonlinearity ofthe OHC’s 
stochastic motor. Clearly, however, should the cell’s resting po- 
tential and Vh superimpose, then no DC mechanical component 
would arise. 

The normal resting potential in vivo is near -70 mV (Dallos 
et al., 1982; Russell and Sellick, 1983). V, of the V-M function 
ranged from about -40 mV to -20 mV, which to a large extent 
is dependent upon membrane surface charge and agents that 
affect the resultant surface potential (Santos-Sacchi, 199 1 b). Thus, 
a DC mechanical response appears ensured under normal in 
vivo conditions4 and is dependent on the many factors governing 

4 Actually, V, is not known for the in viva situation. Unfortunately, the tradi- 
tional in vitro whole-cell technique modifies both intra- and extracellular envi- 
ronments, so that biochemical conditions (e.g., membrane surface charge screen- 
ing, phosphorylations, etc.) existing in vitro may not represent those in viva Thus, 

OHC resting membrane potential and membrane surface po- 
tential. The effects of resting potential on the sum of elemental 
motor contributions, that is, on the observable OHC mechanical 
response, can be complex. For example, whereas shifts of the 
normal resting potential toward V, will reduce the DC com- 
ponent, the peak-to-peak component can grow. It is interesting 
to note that noise-induced threshold shift, which produces a 
depolarization of the OHC (Cody and Russell, 1985) should 
affect both AC and DC mechanical response production. 

It is demonstrated here that the OHC DC mechanical re- 
sponse is a frequency-independent consequence of the V-M 
function. The persistence of the DC mechanical response above 
3 kHz is the first demonstration that the mechanical rectification 
extends to physiologically important frequencies. Previous stud- 
ies have reported DC responses at frequencies between 10 and 
200 Hz (Evans et al., 1989; Santos-Sacchi, 1989). It is conceiv- 
able that DC mechanical responses of OHCs could provide a 
bias that may change mechanical characteristics (e.g., stiffness) 
of the organ of Corn-basilar membrane complex, leading in 
some manner to enhanced tuning. At first thought, this may 
appear to alleviate some of the problems associated with the 
membrane filtering effects on the high-frequency AC mechanical 
response. However, the DC nonlinearity is highly stimulus level 
dependent, greatly diminishing with level. Consequently, as the 
AC voltage stimulus is reduced (e.g., due to the membrane filter), 
the DC mechanical response magnitude declines much more 
precipitously than the AC mechanical response. Figure 10 dem- 
onstrates this inherent outcome of such a V-M function in a 
model AC simulation. DC mechanical components are vanish- 
ingly small at low stimulus levels. 

Evans et al. (1990, 199 1) have reported significant DC me- 
chanical responses at low AC stimulation levels. The super- 
position of their data (from Evans et al., 1990, their Fig. 2) onto 
the AC data in Figure 2A indicates that the form of their V-M 
function in the voltage range shown is remarkably similar to 
the form obtained in the present study under voltage clamp. 
This is of interest since their stimulus delivery technique (a 
partitioning microchamber) differs from the whole-cell tech- 
nique used here. However, while they may have control over 
the voltage imposed across the membrane of the OHC, their 
technique permits neither the control of the resting membrane 
potential nor the control of the intracellular environment (e.g., 
pH). Calculation of the DC:AC ratio predicted by their V-M 
function presents essentially the same result as that calculated 
for the voltage-clamp data reported here. It is surprising, there- 
fore, that they detect a linear modification in both the AC and 
DC mechanical components as stimulus magnitude is changed. 
The inability to control resting potential and/or intracellular 
environment with the microchamber technique may underlie 
their observation; for example, the resting potential along the 
V-M function or V, may be changing as a function of stimulus 
level. DC responses necessarily change when resting voltage 
shifts relative to V,. Relatedly, Evans et al. (1991) presented 
data that they interpreted to indicate that the DC component 
was vulnerable to repeated voltage stimulations. These data may 

it is very difficult extrapolating to in vim conditions. It should be noted, however, 
that DC mechanical resoonses of the basilar membrane in viva, presumably due 
to the effects of OHCs, have been measured at high sound pressure levels @Page, 
1987). Obviously, it is important to obtain V, estimates in viva. Since the voltage 
dependence of nonlinear capacitance in the OHC is similar to that of the cell’s 
mechanical response (Santos-Sacchi, 199 1 b), inferences concerning the mechanical 
response V, may be made from in viva estimates of voltage-dependent capacitance. 
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also reflect the effects of a drift of the resting potential or V, of 
the OHC, and not an induced linearization of the V-M function. 
No induced linearization of a given V-M function is observed 
under whole-cell voltage clamp, where the holding potential is 
readily maintained and the intracellular environment is highly 
buffered, even with prolonged saturating voltage stimuli. 
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Figure 9. Simulation of voltage step 
induction of mechanical response in an 
OHC based on a model input-output 
V-M function. Filtered voltage steps (r 
= 0.5 msec) of various magnitudes (A) 
about the holding potential of - 80 mV 
were passed through the model OHC 
V-M function (B) of V, = -40 and b = 
25 mV. The resultant motility re- 
sponses (C’) are governed by the form 
of the V-M function, and the value of 
the holding potential. The saturating 
nonlinearity of the V-M function pro- 
duces apparent level-dependent (step 
potential) changes in the “time con- 
stant” of the mechanical response (D). 
Time constants (“tau”) for on and off 
responses were determined by noting 
the time to rise to 63% or fall to 37% 
of the steady state values, respectively. 

The physiological consequence of a level-dependent DC me- 
chanical component is clear. In viva, for a 15 WV AC receptor 
potential near auditory threshold, it is calculated that the me- 
chanical DC:AC ratio will be less than 0.0004. Even if the OHC 
mechanical response were as great as the largest response we 
have observed in the midregion of the V-M function (-30 nm/ 
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Figure IO. Simulation of voltage sine 
wave burst induction of AC and DC 
mechanical responses in an OHC based 
on a model input-output V-M func- 
tion. Voltage sine wave bursts of vari- 
ous magnitudes (A) about the holding 
potential of -80 mV were passed 
through the model OHC V-M function 
(B) of V, = -40 and b = 25 mV. The 
resultant motility responses (C) are 
governed by the form of the V-M func- 
tion, and the value of the holding po- 
tential. The offset of V,, from the hold- 
ing potential ensures the production of 
DC responses (difference between base- 
line and half-PkPk response). A de- 
crease in the amplitude of the driving 
voltage affects the magnitudes of the AC 
and DC responses differently. The DC: 
AC ratio (D) clearly indicates that the 
DC response is more susceptible to 
voltage magnitude alterations. 
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mV),’ the DC mechanical response would be 18 fm. Clearly, it 
is difficult to imagine the significance of such DC displacements 
when basilar membrane motions at threshold are estimated to 
be near 350 pm in the guinea pig (Sellick et al., 1982) and 2000 
pm in the chinchilla (Robles et al., 1986).” It is important to 
note, however, that hair cells are capable of generating DC re- 
ceptor potentials that are not susceptible to the attenuation ef- 
fects of the cell’s RC time constant (Dallos et al., 1982; Russell 
and Sellick, 1983). Such DC potentials generated at high acoustic 
frequencies should induce movements of the OHC. However, 
whereas IHCs produce significant DC potentials at the char- 
acteristic frequency threshold in the high-frequency region of 
the cochlea, OHCs do not (Russell et al., 1986). Thus, the oc- 
currence of rapid, stimulus related DC mechanical responses 
that are physiologically significant at auditory threshold is not 
readily envisioned. 

In summary, this report demonstrates the widest mechanical 
frequency response of the OHC measured to date, and shows 
that the mechanical rectification due to the V-M function ex- 
tends well into the kilohertz range. These results attest to the 
unique nature of the OHC’s motility mechanism among known 
cellular mechanisms of movement. Nevertheless, the results 
confirm theLvoltage dependency hypothesis of OHC motility, 
and the limitations that this dependency imposes in vivo remain 
to be reconciled with current concepts of OHC performance in 
the high-frequency region of the mammalian inner ear. 
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Harmonics of Outer Hair Cell Motility

J. Santos-Sacchi
Sections of Otolaryngology and Neurobiology, Yale University School of Medicine, New Haven, Connecticut 06510 USA

ABSTRACT The voltage-dependent mechanical activity of outer hair cells (OHC) from the organ of Corti is considered re-
sponsible for the peripheral auditory system's enhanced ability to detect and analyze sound. Nonlinear processes within the
inner ear are presumed to be characteristic of this enhancement process. Harmonic distortion in the OHC mechanical response
was analyzed under whole-cell voltage clamp. It is shown that the OHC produces DC, fundamental and second harmonic length
changes in response to sinusoidal transmembrane voltage stimulation. Mechanical second harmonic distortion decreases with
frequency, whereas the predicted transmembrane second harmonic voltage increases with frequency. Furthermore, the phase
of the second harmonic distortion does not correspond to the phase of the predicted transmembrane voltage. In contradistinction,
it has been previously shown (Santos-Sacchi, J. 1992. Neuroscience. 12:1906-1916) that fundamental voltage and evoked
mechanical responses share magnitude and phase characteristics. OHC length changes are modeled as resulting from voltage-
dependent cell surface area changes. The model suggests that the observed harmonic responses in the mechanical response
are consistent with the nonlinearity of the voltage-to-length change (V-8L) function. While these conclusions hold for the data
obtained with the present voltage clamp protocol and help to understand the mechanism of OHC motility, modeling the elec-
tromechanical system of the OHC in the in vivo state indicates that the mechanical nonlinearity of the OHC contributes minimally
to mechanical distortion. That is, in vivo, at moderate sound pressure levels and below, the dominant factor which contributes
to nonlinearities of the OHC mechanical response resides within the nonlinear, voltage-generating, stereociliar transduction
process.

INTRODUCTION

The organ of Corti, the mammalian auditory sensory epi-
thelium, possesses two types of sensory cells, the inner (IHC)
and outer (OHC) hair cells. The OHC has received a tre-
mendous amount of attention in the last decade, primarily
because it appears to function as both receptor and effector
(Brownell, 1992; Dallos, 1992). The OHC produces receptor
potentials in response to acoustic stimulation (Dallos et al.,
1982; Russell et al., 1986), and rapidly alters its length as a
function of transmembrane voltage (Ashmore, 1987; Santos-
Sacchi and Dilger, 1988; Santos-Sacchi, 1992). Currently,
the OHC is presumed to modify basilar membrane motion
through a mechanical feedback mechanism (Ruggero, 1992).
This feedback is ultimately considered to enhance the tuning
and sensitivity characteristics of the inner hair cell, the cell
type which is innervated by the majority of eighth nerve
fibers.

Factors which influence the voltages generated in the OHC
are therefore crucial in understanding the impact of the pos-
tulated OHC mechanical feedback within the organ of Corti.
There are a variety of intrinsic nonlinear processes which
may shape the voltages controlling OHC mechanical activ-
ity. Included are asymmetrical transduction processes (Rus-
sell et al., 1986; Dallos, 1986), and voltage-dependent ba-
solateral membrane conductances (Santos-Sacchi and
Dilger, 1988; Ashmore and Meech, 1986; Nakagawa et al.,
1991; Housley and Ashmore, 1992) and capacitance (Ash-
more, 1989; Santos-Sacchi, 1990, 1991). These nonlineari-
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ties will be expected to generate distortions (DC and har-
monic components) in AC membrane voltages, which should
be reflected in the voltage-dependent mechanical activity of
the OHC. In this report, I evaluate the OHC mechanical re-
sponse with the whole cell voltage clamp, under conditions
where the nonlinear basolateral and transducer conductances
contribute minimally. It is demonstrated that fundamental
and harmonic mechanical responses are generated upon si-
nusoidal transmembrane voltage stimulation. Furthermore, it
is shown that the phase of the second mechanical harmonic
does not correspond to the phase of the second voltage har-
monic. Thus, while the phase and magnitude of the funda-
mental mechanical component mirror that of the fundamental
membrane voltage (Santos-Sacchi, 1992), the nonlinearity
of the voltage-to-length change (V-SL) function dominates
the production of higher mechanical harmonics under volt-
age clamp at the voltage magnitudes studied. Nevertheless,
through modeling, it is shown that mechanical nonlineari-
ties in the in vivo situation will be a dominant function of
voltage nonlinearities effected by the stereociliar trans-
ducer mechanism.

MATERIALS AND METHODS

General
Guinea pigs were overdosed with pentobarbital. The temporal bones were
removed, and OHCs were isolated nonenzymatically from the cochleas by
gentle pipetting of the isolated top two turns of the organ of Corti in Ca21-
free medium. OHC stereocilia are damaged or lost during this treatment. The
cell-enriched supernatant was then transferred to a 700-ml perfusion cham-
ber, and the cells permitted to settle onto the cover glass bottom. All ex-
periments were performed at room temperature (-23°C). A Nikon Diaphot
inverted microscope with Hoffmann optics was used to observe the cells
during electrical and mechanical recording. All experiments were taped with
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a Panasonic AG6300 video recorder. A modified Leibovitz medium (142.2
mM NaCl, 5.37 mM KCl, 1.25 mM CaCl2, 1.48 mM MgCl2, 5.0 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid, 5.0 mM dextrose, pH 7.2)
was used as the normal perfusate. Modifications made to the extracellular
medium in order to block ionic conductances are noted in figure legends.
NaCl was adjusted to maintain osmolarity (300 mOsm).

Electrical recording
OHCs were whole cell voltage-clamped with a Dagan patch clamp amplifier
at holding potentials between -70 and -80 mV, similar to potentials re-
corded in vivo (Dallos et al., 1982). Pipette solutions were composed of 140
mM CsCl, 5 or 10mM EGTA, 2mM MgCl2, and 5mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid buffered to pH 7.2. Gigohm seals were
obtained at the nuclear level of the cell membrane and electrode capacitance
was compensated prior to whole cell recording. AC studies were performed
using a digital signal-processing board with custom written software (DSP-
16; Ariel Corp., Highland Park, NJ), capable of delivering and analyzing
pure tone or swept frequency stimuli. Data were saved to disk for off-line
analysis.

Electrode resistance (R.), membrane resistance (Rm), and capacitance
(Cm) were estimated from current transients evoked by small voltage steps
(Santos-Sacchi, 1992). Care was taken to maintain low series resistance
values during recording by delivering transient positive or negative pressure
into the electrode to maintain an unobstructed orifice; electronic series re-
sistance compensation was employed as well. Measurements were made on
a physical R-C cell model to rule out potential artifacts generated within the
voltage clamp system.

OHC Motility Measures
OHC mechanical responses and currents were simultaneously measured in
response to sinusoidal voltage stimuli. Fast OHC movements were measured

m
~0

x

La

with a differential photodiode (PD) onto which the image of the cuticular
plate (apical end of cell) from the microscope was projected (Santos-Sacchi,
1992). Placement of the PD was accomplished remotely by a computer-
controlled micromanipulator, so as not to perturb whole cell recording. The
frequency response of the PD system, measured with an LED, had a 3-dB
rolloff at 6 kHz. Sinusoidal voltage bursts (onset and offset linearly ramped)
were delivered to OHCs under voltage clamp. PD output and whole cell
currents were filtered at 10 kHz (12 dB/octave) and collected simultaneously
using a sampling rate of 20 kHz. Responses were averaged 200 times. Mag-
nitude and phase of the current and mechanical responses were measured
by fast Fourier transform of the central portion of the digitized waveforms
using the software package Matlab (Mathworks, Natick, MA). Numerical
solutions to model equations were also performed with this package. Me-
chanical responses were corrected for the phase and magnitude character-
istics of the PD system. The pertinent response characteristics of the system
were evaluated by measuring the movements of a glass probe driven by a
piezoelectric bimorph (Fig.1). Since the measured quantities in these ex-
periments are the change in cell length (&L) and the current through the
resistance of the patch electrode (IR), all phase relations (data and model)
are conveniently referenced to that of current (IR). That is, fundamental
movement phase [45(8L10)] is referenced to fundamental current phase
[O(IRSO)], and harmonic movement phase [O(8Lt,,)] is referenced to
harmonic current phase [4(IRf,,)]. Absolute calibration of cell movements
was determined by measuring off the video monitor the cell movement in
response to a large steady state depolarizing voltage stimulus (Santos-
Sacchi, 1989).

RESULTS

Sinusoidal voltage stimulation of the OHC produces sinu-
soidal alterations in the cell's length. Fig. 2 illustrates, for
three cells, the waveforms, magnitudes, and phases of the

Bimorph

f-N -2U
m I40

-60

> -80o -1

-100LLL
100

r11~ 0.5

-% & -0.5-
X . -1.°

-0 - -'F
-& -2.0 -

100

100 1000 10000

Frequency (Hz)

FIGURE 1 Characteristics of the mechanical measurement system. Outputs from PD in response to simulated cell movement. The tip of a glass mi-
croelectrode shank was melted to a sphere of about 15 gm; transmitted light produced a bright area in the sphere's center which was used to mimic the
bright OHC cuticular plate observed under Hoffinann optics. The artificial cell was attached to a piezoelectric bimorph and moved using the same voltage
waveforms that were used to collect OHC movement data. Upper panel depicts the movement waveforms and magnitude responses obtained by FFT for
the stimulus frequencies of 156, 313, and 625 Hz. Peak to peak movements were about 1 ,um. Middle panel depicts the voltage stimulus waveforms and
magnitude responses. Note that only fundamental components are observed, indicating the linearity of the measurement system. Lower panel shows the
phase of the mechanical response fundamental relative to the driving voltage. As expected for the voltage-dependent piezoelectric response, the phase
difference is zero.
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OHC Mechanical Harmonics

FIGURE 2 OHC mechanical responses induced by sinusoidal voltage
clamp stimulation. Results from three different cells are presented in A, B,
and C. Upper panels depict the movement waveforms and magnitude re-
sponses obtained by FFT for the stimulus frequencies of 156, 313, and 625
Hz. Middle panels depict the measured current waveforms and magnitude
responses. Peak-to-peak movements at low frequency were about 1 gm.
Lower panel shows the phase of the mechanical response fundamental and
second harmonic relative to the measured current phase. Phase is plotted
versus fundamental frequency. Note in each case that the mechanical re-
sponse consists of a DC, fundamental, and second harmonic response. The
phase of the fundamental mechanical component asymptotes near -1.57 rad,
while that of the second harmonic presents an initial phase lag of greater than
-1.57 rad which decreases as frequency increases. Clamp-cell electrical
characteristics: (A) Rm = 96 Mfl; Cm = 24.73 pF; clamp tau = 0.553 ms.
Nominal peak voltage was 60 mV. CsCl electrode. Extracellular medium
was Leibovitz with 20 mM TEA. (B) Rm = 79 Mfl; Cm = 41.89 pF; clamp
tau = 0.128 ms. Nominal peak voltage was 40 mV. CsCl electrode. Ex-
tracellular medium was Leibovitz with 20 mM TEA, 300 nM TTX, and 1
mM CdCl2. (C) Nominal peak voltage: 50 mV. CsCl electrode. Extracellular
medium was Ca2+-free Leibovitz with 20 mM TEA and 20 mM CsCl.
Rm = 125 Mfl; Cm = 35.4 pF; and clamp tau = 0.125 ms.
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measured mechanical and current responses at three frequen-
cies, 156, 313, and 625 Hz. In addition to the fundamental
component, the mechanical responses exhibit nonlinear char-
acteristics, including a DC component and a second har-
monic (higher harmonics may lie below the noise floor). In
all cells successfully recorded from (n = 9), harmonics were
observed. The DC component is clearly due to the nonlinear
form of the V-6L function, and the position of the holding
potential along this function (Santos-Sacchi, 1989; Evans
et al., 1989). The phase of the mechanical fundamental rela-
tive to the current fundamental differs by some 1.5 rad at
these frequencies; this has been observed to be characteristic
of a voltage-driven mechanical process (Santos-Sacchi,
1992). Note, however, that the phase of the mechanical sec-
ond harmonic relative to the current second harmonic dem-
onstrates a phase lag which decreases as frequency increases.
This, as will be demonstrated below, is not characteristic of
a directly driven voltage-induced mechanical response.
As a first step toward evaluating the data, the OHC is

modeled to determine the currents and voltages generated
under whole cell voltage clamp. The electrical characteristics
of the OHC when ionic conductances are blocked can be
modeled most simply as an electrode resistance (access re-
sistance, R.) in series with a parallel combination of a mem-
brane resistance (Rm), a linear membrane capacitance (Clin),
and a voltage-dependent membrane capacitance (Cv) (Fig. 3
a).1 The total membrane capacitance (Cm) at any given volt-
age is the sum of the linear and nonlinear capacitances,

Cm Cv Clin (1)

1 A residual resistive nonlinearity remains in OHCs despite considerable
attempts to block ionic conductances (Santos-Sacchi, 1991). However,
while this nonlinearity varies markedly in magnitude (essentially absent in
some cells), the nonlinear capacitance is robust. Modeling the OHC with a
resistive nonlinearity indicates that the capacitive nonlinearity dominates.
Thus, any residual resistive nonlinearity is ignored in the model.
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where C, is defined as the first derivative of the Boltzmann
function relating OHC nonlinear charge movement and volt-
age (see Santos-Sacchi, 1991). Thus,

(Qmax(zelkT))
exp(k{Vm- Vh + exp( h{Vm - v)1

where Vm is the membrane potential, Vh is voltage at half-
maximal nonlinear charge transfer, e is electron charge, k is
Boltzmann's constant, T is absolute temperature, z is the
valence, and Qmax is maximum charge transfer.

.. .m - _~~~~~~~~~~~~~~~~~~~
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FIGURE 3 (A) OHC-clamp model used to determine the currents and
voltages generated under whole cell voltage clamp. The model consists of
an electrode resistance (access resistance, Rs) in series with a parallel com-
bination of a membrane resistance (Rm), a linear membrane capacitance
(Clin), and a voltage-dependent membrane capacitance (Cv). Vc is the volt-
age clamp source and Vh is the source of the harmonic voltages within the
voltage-dependent capacitance. If denotes the direction of fundamental cur-
rents through R. elicited by the voltage clamp source. Ih denotes the direction
of harmonic currents through RS and Rm. (B) Solution of the model utilizing
the parameter value (see Results): Vh, -30 mV; z, -1; Qmax, 2 pC; Rm, 100
Mfl; Rs, 5 Mfl; Clin, 20 pF; T, 298K; Vhbld, -80 mV; and Vr, 40 mV Pk.
Upper panel depicts the membrane voltage (Vm) magnitude responses ob-
tained by FFT for the stimulus frequencies of 156, 313, and 625 Hz.
Middle panel depicts the current (IR) magnitude responses. Note that fun-
damental and harmonic components are observed, as is expected in a
nonlinear system under nonideal voltage clamp. Lower panel shows the
phase of the voltage response fundamental relative to the driving current.
As expected the phase of the fundamental voltage asymptotes near -1.57
rad, and the phase of the second harmonic voltage is 1800 out of phase
(-3.12 rad) with the phase of IR-

Given an AC command voltage of Vc which is offset by
a holding potential of VhoId, the current measurable under
whole cell voltage clamp, IR' is given as

IRR= R + IC (3)

or

([Vc + VhOld] - Vm) Vm + C 8Vm (4)
s ~~m m (4

Numerical solutions were obtained with typical empiri-
cally determined parameter values (Santos-Sacchi (1991):
Vh, -30 mV; z, -1; Qmax, 2 pC; Rm, 100 Mfl; Rs, 5 Mfl; Clin,
20 pF; T, 298K; Vh0Id, -80 mV; and Vc, 40 mV Pk).

Fig. 3 b demonstrates, in the nonlinear electrical model of
the OHC under voltage clamp, the current (IR) and mem-
brane voltage (Vm) responses due to sinusoidal voltage clamp
stimulation. The model generates both fundamental and har-
monic responses. Under whole cell voltage clamp, sinusoidal
stimulation will elicit voltage harmonics across the nonlinear
cell membrane since, due to the finite value of the series
resistance, R., the clamp is less than ideal (if RS were equal
to zero then the voltage across the membrane would be solely
the undistorted sinusoidal clamp voltage). As expected at
these frequencies with the chosen typical component values,
the phase of the fundamental of Vm lags that of IR by about
1.57 rad or 900. Note, however, that the phase of the second
harmonic of Vm lags that of IR by 3.14 rad. This derives from
the fact that the input voltage clamp stimulus contains no
harmonics, and the source of the second harmonic is within
the voltage-dependent capacitance, Cv. Thus, at the second
harmonic, current flows through R, andRm to ground. Keep-
ing the current sign convention through RS constant (see Fig.
3 a), it is apparent why the phase ofIR at the second harmonic
is -3.14 rad relative to that of Vm (i.e., current lags voltage
by 3.14 rad). Why, then, if OHC motility is voltage-
dependent do the phase characteristics of the motility at the
second harmonic differ from those of the voltage predicted
by the model?

In order to explore this dilemma, an extension of the
simple electrical model is generated whereby the voltage
change across the OHC membrane is translated to changes
in cell length and cell radius. This mechanical component
of the model revolves around the assumption that the
voltage-dependent charge movement measured in the OHC
(Santos-Sacchi, 1991) corresponds to a conformational
change induced by the movement of charged moieties
within 10-nm particles known to reside within the OHC
plasmalemma (Gulley and Reese, 1977; Saito, 1983;
Forge, 1991). The conformational change is assumed to al-
ter the surface area occupied by such particles within the
membrane (Fig. 4). Kalinec et al. (1992) have observed
depolarization-induced reductions in surface area of OHC
lateral membrane patches. Given the constraints of con-
stant cell volume (likely because the OHC mechanical fre-
quency response probably extends beyond a 1-kHz cutoff
(Santos-Sacchi, 1992)), and a fixed cell architecture, a
change in length and radius will ensue following a change
in cell surface area.
The diameter (dp) of the membrane particle when the cell

is fully elongate is taken as 10 nm. The particle area within
the membrane is then,

(5)

and the change in diameter (8dp) due to voltage-dependent
conformation change results in a single particle area
change of

84p =T(dp + 8dp) (2) (6)
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and the following analysis adheres to that form; however,
since it is known that length changes occur even when the
cell has swelled into a spherical form (Holley and Ashmore,
1988a), an analysis assuming the form of a prolate spheroid
was performed and similar results were obtained. Forces
need not be considered directly, but are simply acknowl-

LtLa edged to promote the maintenance of the cylindrical shape
(or, in the case of a spheroid model, the spheroid shape). The
existence of a cytoskeletal spring beneath the OHC plasma-
lemma (Holley and Ashmore, 1988b), in conjunction with
intracellular pressure is taken to provide these forces. The
force providing the change in surface area derives from the
imposed transmembrane voltage.

For the cylindrical cell model (Fig. 4), the volumes of the
particle containing region of the cell before (Vp) and after
(Vpa) a change in length (EL) and radius (&r) are

Vp. =iiWr:Lo, (9)

0.2 I

0.1

0.0

0

-1

-2-
-3
-4 _
-200 -100 0 100

Vm (mV)

and

V, = r(r. + &r)2 (L. + aL), (10)

where Lo and ro are the cell length and radius in the fully
elongate state.
The total cell volumes before (V.) and after (V,) are

Vo = Vp, + VabI (11)
and

Vn = Vp0 + Vab I (12)

FIGURE 4 OHC mechanical model (see Results). (A) Hyperpolai
OHC in fully elongate state where all membrane particles (blow up) a

maximum surface area state. (B) Partially depolarized OHC where s

particles are in minimum surface area state. Note that when cell is d
larized length is decreased and radius is increased. Drawing is not to s

VP, volume of portion of fully elongate cell which is bounded by ac

particle containing region; ro, radius of cell in fully elongate state; Va,
ume of apical region of cell not containing membrane particles; Vb, vol
of basal region of cell not containing membrane particles; Lo, length oi
in fully elongate state; VP, volume of portion of partially contracted
which is bounded by active, particle containing region; Br, change in ra
due to depolarization; SL, change in length of cell due to depolarizatioi
particle diameter in maximum surface area state; &dp, change in pai
surface area in minimum surface area state. (C) Predicted change in m
OHC surface area, radius, and length as a function of transmembrane
age. Changes in length and radius are similar to experimental observa
under voltage clamp. Ratio of length to radial change is about 18.

The maximum change in cell surface area (MAmax) depe
upon the number of particles (N1) in the membrane,

&4max = MAPNt.
The aggregate membrane surface area change (MA(1

will be voltage-dependent and will display the same Bc
mann characteristics of the voltage-dependent charge mc
ment alluded to above (Santos-Sacchi, 1991).

=maxM V)=1 + exp(( -ze/kT){Vm Vh})

The architecture of an OHC is normally close to cylindrical,

where Vab is the sum of the volumes of the apical (Va) and
basal (Vb) regions of the cell which are devoid of the pre-

sumed membrane motor particles. To simplify matters, an

assumption is made that Vab remains constant. This assump-
tion may be taken to indicate that the apical and basal com-
partments are either rigid or deformable to the extent that the
sum of the volumes remains constant. Because total cell vol-
ume is constant for each condition,

BL = -B8rL 2r. + Br
Ar2+ 2r.Br + Br2' (13)

The surface areas of the active, particle-containing regions
under each condition are

Ao = 2,7rr.Lo

,nds An= 2iir(r. + Br)(LO + BL),
The change in cell surface area, BA(Vm), is then

(7) BAmax
( A(Vm)=A -A =

tm)) 1 + exp( Ivm- VhI
)ltz- PkT

(14)

(15)

(16)

Given the Boltzmann dependence of BA(Vm), the cell vol-
ume constraint, and the further constraint that Br I < ro I,

physically realizable values of BL and Br are obtained.
Fig. 4 c plots the solution to the equations as voltage is varied
between -200 and 100 mV. The parameters used were: L.,
50 ,m; r, 5 ,um;Bdp, -0.5 nm; and Nt, 4000/pum2. The
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number of particles derives not only from estimates based on
the relation between charge movement and length changes in
OHCs (Santos-Sacchi, 1991), but also from ultrastructural
studies (Kalinec et al., 1992). The outcome of this model
(Fig. 4 c) displays characteristics which are comparable to
actual results obtained under whole cell voltage clamp
(Ashmore, 1987; Santos-Sacchi and Dilger, 1988; Santos-
Sacchi, 1989, 1991, 1992). For example, maximal length
changes are about 20 times greater than radial changes, ande
while depolarization decreases cell length, cell radius is in-
creased. More importantly for the present analysis, the model
can be used to simulate the nonlinear effects evoked by si-
nusoidal voltage stimulation.

Fig. 5 illustrates the fundamental and harmonic structure
of SL and Vm for the complete model (electrical and me-
chanical) when excited by those same frequencies used to
collect the biophysical data. Several characteristics of the
model output should be noted. First, it is obvious that phase
relations are similar between model and data (Fig. 2). Sec-
ond, the relative magnitudes of the fundamental and second
harmonic mechanical responses resemble those of the actual
mechanical data. Clearly, the relative magnitude of the sec-
ond harmonic mechanical response is greater than would be
predicted from the corresponding predicted voltage. Finally,
note that while the magnitude of the voltage second harmonic
increases with frequency, the magnitude of the mechanical
second harmonic decreases with frequency. Overall, the

Model m
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FIGURE 5 Combined electrical and mechanical model ofOHC mechani-
cal response under voltage clamp. Parameters as in Figs. 3 and 4. Upper
panels depict the membrane voltage waveforms and magnitude responses
obtained by FFT for the stimulus frequencies of 156, 313, and 625 Hz.
Panels between arrowheads represent the V-SL function with parameters as
in Results. Middle panels depict the mechanical waveforms and magnitude
responses. Lower panel shows the phase of the mechanical response fun-
damental and second harmonic relative to the current phase. Phase is plotted
versus fundamental frequency. Note that the mechanical second harmonic
decreases with frequency unlike the voltage second harmonic. The phase
response is similar to the actual biophysical data (Fig. 2).

model results are similar to the actual data in that they suggest
that the second harmonic mechanical response is due to
forces other than the second harmonic voltage.

Certainly, however, the voltage harmonics should induce
mechanical responses at their respective frequencies. A
model simulation was performed where the voltage from the
nonlinear electrical cell model was stripped of its funda-
mental prior to evoking changes in membrane surface area.
This was accomplished mathematically by zeroing the fun-
damental component of the voltage fast Fourier transform,
followed by reverse transformation. Obviously, the funda-
mental component is absent in the mechanical response. In-
formatively, however, the voltage-dependent mechanical re-
sponse at the second harmonic is unmasked. It mirrors the
increase in magnitude which the second harmonic voltage
displays. More importantly for this analysis, the phase of the
mechanical response lags that of IR by 3.14 rad, just as volt-
age does (Fig. 3).

It is shown in Fig. 6 that the fundamental component of
the voltage, i.e., the voltage stripped of its harmonics (an
ideal voltage clamp), induces a mechanical response which
presents both fundamental and second harmonic structure.
The magnitude of the second harmonic decreases with fre-
quency less so than for the complete model (Fig. 5), and it
appears to follow the similar slight decrease of the funda-
mental magnitude. The phase of the second harmonic relative
to the current is somewhat similar to the complete model
(Fig. 5), however, the phase lag is decreased at all frequen-
cies. The apparent frequency dependence of the mechanical
second harmonic phase is not real, but only reflects the fre-
quency dependence of the IR phase to which the mechanical
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FIGURE 6 As in Fig. 5 except that the second harmonic voltage has been
removed prior to generating the mechanical response. This is equivalent to
an ideal voltage clamp, without the effects of series resistance. Note that
mechanical second harmonics are generated due to the nonlinearity of the
V-SL function. The phase is somewhat similar to the complete model (Fig.
5), but the second harmonic lag is slightly decreased at all frequencies (see
Fig. 7).
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phase is referenced. The phase of the mechanical second
harmonic actually mirrors that of the fundamental, i.e.,
t(SLfo) = 4(6Lfl)/2. The frequency independence of the me-
chanical second harmonic phase is demonstrated in Fig. 7,
where the phase of the mechanical second harmonic of the
fundamental-only model is plotted relative to that of the com-
plete model (essentially, the phase reference to current is
removed). Note, however, that a slight residual frequency
dependence in this phase plot is revealed, showing a lag
accumulating with frequency. This is totally attributable to
the mechanical effects of the frequency-dependent increase
in the magnitude of the voltage second harmonic of the com-
plete model, given its phase lag of 3.14 rad. That is, in the
complete model, and presumably in the actual data, although
the second harmonic mechanical response is dominated by
distortion in the mechanical transformation, voltage distor-
tion plays a minor role.

DISCUSSION

In the present report, the higher harmonic components of the
OHC voltage-dependent mechanical response were meas-
ured, and deduced through modeling to arise primarily from
nonlinearities in the V-EL process. Voltage nonlinearities
generated due to the OHC nonlinear capacitance (see Foot-
note 1), under nonideal voltage clamp, account for little of
the mechanical harmonic distortion. Thus, while mechanical
distortion can be induced by nonlinearities in the voltages of
the OHC, the nonlinear nature of the mechanical transfor-
mation ensures distortion product generation under the pre-
sent experimental conditions.

Effects of the V-IL function on evoked
mechanical nonlinearities of the OHC

The form of the OHC V-8L function under voltage clamp can
be fit by a two-state Boltzmann relation (Santos-Sacchi,
1991, 1992) and consequently the mechanical sensitivity of
the cell, the slope of the V-8L function, varies depending
upon resting potential. Because the normal resting potential
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FIGURE 7 Relations between second harmonic mechanical phase data
for the three model conditions: complete (fundamental and harmonic volt-
ages, open circles), fundamental voltage only (closed circles), and harmonic
voltage only (closed triangles). The difference between fundamental only
and complete model (open triangles) essentially removes the reference to
current and demonstrates the minimal frequency dependence of the me-

chanical phase. The remaining slight frequency dependence (increasing lag
with frequency) is due to the effects of the mechanical response induced by
second harmonic voltage, since this voltage driven response increases in
magnitude with frequency, and has a phase lag of -3.12 rad.

lies at the hyperpolarizing saturation knee of the V-8L func-
tion, sinusoidal voltage excitation elicits both DC and har-
monic mechanical distortion. The production of DC me-
chanical components has been documented (Santos-Sacchi,
1989; Evans et al., 1989), and the polarity of this component
has been shown to reverse, as expected, when the holding
potential is shifted to values more positive than Vh (the volt-
age (--30 mV) at half-maximal length change (Santos-
Sacchi, 1989, 1992)). Indeed, under voltage clamp, the DC
component has been measured at stimulus frequencies as
high as 3.2 kHz (Santos-Sacchi, 1992). Nevertheless, it was
shown that the magnitude of the DC component is highly
level-dependent, decreasing in size much more precipitously
than the fundamental component as voltage level decreases
(see Figs. 5 c and 10 d in Santos-Sacchi (1992)). This is a
consequence of the inherent linearization of the V-IL func-
tion as stimulus amplitude is decreased. Modeling indicates
that the same level dependence characterizes the mechanical
harmonic components as well. In the intact, normal organ of
Corti, these level-dependent effects will be expressed as au-
ditory threshold is approached; that is, near auditory thresh-
old, mechanically generated distortion will be several orders
of magnitude smaller than the fundamental component,
given a pure sinusoidal voltage stimulus.

In addition to level-dependent effects, mechanisms which
alter the relationship between resting potential (operating
point along the V-8L function) and Vh of the V-IL function
will also influence the generation of nonlinearities. That
is, shifts in either resting potential or Vh will modify the
characteristics of mechanical distortion. For a two state
Boltzmann process (namely, the V-IL function) which is
symmetrical about its midpoint, Vh, the DC mechanical com-
ponent theoretically will be abolished by superposition of the
resting potential and Vh. Nonetheless, harmonic distortion
will remain, and under these conditions predominantly odd
harmonics will be generated. In the absence of superposition,
level-dependent DC, odd and even harmonics are always
expected. In the present study, harmonics above the second
were probably below the noise floor.

Modeling the mechanism of OHC motility

The similarity between characteristics of OHC nonlinear
charge movement (indicative of membrane-bound voltage
sensors) and OHC motility has been suggested to indicate
that an estimated 4000/4m2 membrane-bound voltage
sensor-motor elements control OHC length (Santos-Sacchi,
1991, 1992). In the present report, the mechanism respon-
sible for OHC motility was modeled as a modification of
membrane surface area due to a two state voltage-dependent
conformational change of an intrinsic membrane particle,
representing the sensor-motor element. Intrinsic membrane
particles, presumably membrane proteins, have been ob-
served in the OHC lateral plasmalemma (Gulley and Reese,
1977; Saito, 1983; Forge, 1991; Kalinec et al., 1992). The
density of particles is similar to estimates based on nonlinear
charge data.
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Kalinec et al. (1992) have provided evidence that voltage-
dependent OHC length changes continue to occur after sub-
plasmalemmal cytoskeletal elements are disrupted with in-
tracellular trypsin. In fact, they report that membrane patches
change surface area when hyperpolarized or depolarized-
hyperpolarization increases the membrane patch area, while
depolarization decreases it. They have suggested that a re-

arrangement of membrane particles within the plasmalemma
induces a change in membrane surface area, and a concomi-
tant change in OHC length. Furthermore, these same inves-
tigators (Kalinec et al., 1993) have speculated that tetrameric
anion exchangers in the lateral OHC membrane underlie
OHC motility. However, according to their model, it is not
clear how two-state tetrameric rearrangements of the ob-
served membrane particles within the OHC membrane can
account for the one-to-one correspondence between voltage
sensor and motor element derived from nonlinear charge
movement and motility data (Santos-Sacchi, 1991, 1992;
Ashmore, 1992); that is, the reduced number of discrete mo-
tor elements (four per element rather than one per element;
hence, one quarter the density of membrane particles) might
predict results contrary to experimental observations relating
nonlinear charge movement and motility.

Dallos et al. (1991a) have presented a model of OHC mo-

tility based on a "motor unit" of circumferentially arranged
discrete sensor-motor elements which acts in series along the
length of the OHC. The model accurately predicts motility
data obtained with the partitioning microchamber technique
(Dallos et al., 1991b). The motor elements are predicted to
be anisotropic, providing a greater displacement in the lon-
gitudinal direction than in the radial direction. The putative
alignment of the individual motor's displacement vector
(-20°) roughly corresponds to an early estimate of the angle
of the circumferential filaments described by Holley and
Ashmore (1988b). Newer estimates of the filament angle are

closer to 9°, although the range is substantial (-55° to 74°
(Holley et al., 1992)). It should be noted that recently Iwasa

and Chadwick (1992) presented evidence that the active ten-
sion within the OHC plasma membrane is likely to be iso-
tropic. Furthermore, they suggested that the presumed mo-
tors are not aligned within the plasmalemma.
The simple model developed in the present report is fun-

damentally isotropic, but evokes anisotropic shape changes
in the OHC due to the geometric constraints of the cell ar-

chitecture (see Results). The modifications in cell surface
area are simply governed by changes in particle (protein)
conformation and attendant reductions in the area of the par-
ticle within the lipid bilayer. The lipid bilayer is assumed to
instantaneously occupy the potential void created by the par-
ticle's reduced area; the particle need not be spherical as

depicted. It is the simplest model available to fit the whole-
cell voltage-clamped OHC, and its usefulness is evident from
the similarity between model predictions and data.

Voltage nonlinearities of the OHC

As was demonstrated through modeling, nonlinear voltages
will evoke voltage-induced mechanical responses. The de-

gree to which these voltage nonlinearities contribute to the
measured mechanical nonlinearities will depend upon their
magnitudes. Voltage nonlinearities will arise from several
processes known to exist within distinct domains of the OHC
plasmalemma. The very process that translates acoustically
driven stereociliar movements into OHC receptor currents is
nonlinear (Russell et al., 1986; Dallos, 1986). That is, op-
posite but equal displacements of the hair bundle from the
resting position generate asymmetrical conductance
changes, resulting in asymmetrical voltage responses.
Whereas it is probable that the only channel in the apical
membrane of hair cells is the stereociliary transduction chan-
nel, a variety of ionic channel types is found in the basolateral
membrane, including voltage-dependent K+, and Ca2+
channels (Santos-Sacchi and Dilger, 1988; Ashmore and
Meech, 1986; Nakagawa et al., 1991; Housley and Ashmore,
1992), as well as ligand gated channels (e.g., Housley and
Ashmore, 1991). In addition to these nonlinearities, there
exists the unique motility-related voltage-dependent capaci-
tance of the OHC (Ashmore, 1989; Santos-Sacchi, 1990,
1992; Iwasa, 1993). Thus, the intrinsically nonlinear receptor
potential registered in the OHC cell may be further affected
by the nonlinear RC properties of the basolateral membrane.

It would be useful to have an estimate of the contribution
of these basolateral membrane nonlinearities to the mechani-
cal response in the in vivo state. Because the membrane non-
linearities which can potentially affect OHC motility on a
cycle-by-cycle basis2 are voltage and time-dependent, hence
stimulus level and frequency-dependent, it is possible to rule
out specific contributions based on stimulus parameters. That
is, considering stimulus frequencies above 200 Hz and sound
pressure levels below that required to generate 5-mV Pk AC
receptor potentials,3 certain basolateral characteristics can be
ignored. This is not an unreasonable approach, since the feed-
back effects of OHC motility are presumed to be most im-
portant at low stimulus magnitudes, where tuning is greatest.
In order to evaluate whether a basolateral membrane char-
acteristic can be ignored given these stimulus constraints, the
time- and voltage-dependent nature of that characteristic
must be considered. It becomes readily apparent, then, that
the contribution of many of the basolateral conductances can
be ignored in a model analysis at the typical in vivo resting
potential of -70 mV (Dallos et al. (1982); see Footnote 3 in
Santos-Sacchi (1989)). For example, the outward K+ con-
ductance, which dominates the basolateral membrane con-
ductance, can be ignored because the activation time constant
is on the order of tens of milliseconds at potentials near its
activation voltage of about -50 mV (Santos-Sacchi and
Dilger, 1988; Housley and Ashmore, 1992). The same rea-

2 Ligand gated channels typically are slower in their action than voltage or
mechanically gated channels, and may be considered to have mainly steady
state effects on membrane potential and or Vh . For example, the effects of
efferent transmitters on the OHC may produce hyperpolarization (Housley
and Ashmore, 1991) or shifts of Vh (Huang and Santos-Sacchi, 1993).
I A 5-mV Pk response from the OHC is obtained with moderate intensities
at the cell's characteristic frequency (Dallos, Santos-Sacchi and Flock,
1982).
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FIGURE 8 Nonlinearities of the in vivo model. (A) Conductance of the
apical membrane of the OHC, including transducer conductance (max 5.3
nS) and leakage conductance (2 nS). The form is that observed by Kros et al.
(1992). However, the resting conductance is shifted to the right so that about
25% of the transducer conductance is active. Under these conditions the
model generates voltage responses which are similar to those obtained in
OHCs from the 3rd turn of the guinea pig cochlea (Dallos, 1986). (B) V-6L
function with parameters as in Results. (C) Voltage-dependent capacitance
function with parameters as in Results. (D) In vivo electrical model. Rciiia,
resistance of apical OHC membrane whose conductance is depicted in A;
Rm, basolateral membrane resistance of 40 Mfl; Vep, endolymphatic po-
tential of +90 mV; Vk, potassium reversal potential of -90 mV; Clin, linear
membrane capacitance of 20 pF; Cv, voltage-dependent membrane capaci-
tance depicted in C. Stimulation of the model is via transducer conductance
changes induced by sinusoidal deflection of the strereociliar bundle as in A.
Resting potential under these conditions is near -67 mV.

soning holds for the basolateral Ca2+ conductance (Santos-
Sacchi and Dilger, 1988; Nakagawa et al., 1991). While it is
known that a nonlinear leakage conductance remains even
after considerable attempts to block the OHC voltage-
dependent conductances (Santos-Sacchi, 1991; Huang and
Santos-Sacchi, 1993), the slope conductance near resting po-
tential is fairly linear. In fact, Housley and Ashmore (1992),
have shown that even with "normal" intra- and extracellular
solutions the slope conductance between -50 and -85 mV
is nearly constant for a given cell under voltage clamp, al-
though it varies as a function of cell length. Thus, with the
given stimulus parameter constraints, it seems acceptable to
model the OHC as an electromechanical system comprised
of only three nonlinearities-the transducer conductance, the
voltage-dependent capacitance, and the V-8L function.

FIGURE 9 (A) Magnitudes and phases of receptor potentials (V,p) and
mechanical responses (SL) generated by sinusoidal stereociliar deflections
of 5- and 50-nm Pk in the in vivo model with only the transducer nonlin-
earity. A fixed membrane capacitance of 30 pF and a linear V-SL function
were employed. Note the generation of fundamental, second, and third har-
monics in the voltage and consequently in the mechanical response. Mag-
nitudes (responses were scaled to set fundamentals equal) and phases are the
same for voltage and mechanical response. (B) As above, except that the
nonlinear capacitance has been introduced. At the voltages generated, little
or no effect of the nonlinear capacitance is observed. (C) As above, except
that the nonlinear V-5L function is added. Only slight changes in the mag-
nitudes and phases of the harmonics are evident, indicating that the dominant
nonlinearity which influences distortion in the mechanical response is due
to the transducer function.
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The forms of these nonlinearities and the in vivo electrical
model are displayed in Fig. 8. The form of the transducer
conductance of the OHC is that determined by Kros et al.
(1992). However, the resting point has been shifted to the
right to correspond more closely with in vivo measures (Fig.
8 in Dallos (1986)). Fig. 9 a presents a comparison between
receptor potential (at 625 Hz) and induced mechanical re-
sponses when the voltage-dependent capacitance and V-8L
function are linearized. It is clear that harmonic distortion
(evident as a second and third harmonic) is present in the
receptor potential, and that mechanical response distortion
simply mirrors this voltage distortion. In Fig. 9 b, the non-
linear capacitance is introduced. At the magnitudes of the
receptor potential generated by the 50- and 5-nm Pk stereo-
ciliar displacements (-7 and -1 mV peak-to-peak, respec-
tively), the voltage-dependent capacitance induces minimal
additional distortion in the voltages and mechanical re-
sponses (compare Figs. 9 a and 9 b). Finally, when the the
nonlinear V-8L function is added (Fig. 9 c), it is observed that
the mechanical response displays only slight differences in
the magnitudes and phases of the mechanical response har-
monics viz a viz the voltage. It is clear from this modeling
effort that the dominant factor contributing to distortion pro-
duction in the mechanical response in vivo will be the trans-
duction process nonlinearity.

Patuzzi et al. (1989) have previously argued that the trans-
ducer mechanism nonlinearity of the OHC dominates in the
in vivo cochlea. While this is in accord with the present
modeling effort, it cannot be dismissed that the magnitude
and/or effectiveness of the mechanical nonlinearity may be
different in vivo. For example, it is clear that the position of
the V-8L function is not static-it can be shifted along the
voltage axis (Santos-Sacchi, 1991; Huang and Santos-
Sacchi, 1993; Evans et al., 1991). That is, the operating point
can be placed in a more or less linear portion of the function.
Clearly, in vivo estimates of this nonlinearity are necessary.

SUMMARY

The voltage-induced mechanical properties are believed to
provide the means whereby the auditory system enhances its
frequency sensitivity and selectivity (Dallos, 1992). Non-
linearity in the peripheral auditory system is believed to be
the hallmark of the enhancement mechanism. It is demon-
strated here that under voltage clamp, OHC mechanical re-
sponses possess nonlinear attributes. The mechanical har-
monic components observed are effected by the nonlinear
nature of the V-8L function, since through modeling it is
shown that the voltage harmonic distortion generated under
nonideal voltage clamp of the OHC contributes minimally.
While these conclusions hold for the data obtained with large
voltage clamp stimuli, modeling efforts indicate that in vivo,
at moderate sound pressure levels and below, the dominant
factor which contributes to nonlinearities of the OHC me-
chanical response resides within the process that translates
stereociliar movement into receptor potentials.

This work was supported by an National Institute of Deafness and other
Communication Disorders Research Career Development Award and Na-
tional Institutes of Health grant DC00273.
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Voltage-dependent Ionic Conductances of Type I Spiral Ganglion 
Cells from the Guinea Pig Inner Ear 
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Type I spiral ganglion cells provide the afferent innervation 
to the inner hair cells of the mammalian organ of Corti and 
project centrally to the cochlear nucleus. While single-unit 
studies conducted over the past several decades have pro- 
vided a wealth of information concerning the response char- 
acteristics of these neurons and, to some extent, their re- 
ceptor targets, little is known about the neuron’s intrinsic 
electrical properties. These properties undeniably will con- 
tribute to the firing patterns induced by acoustic stimuli. Type 
I spiral ganglion cell somata from the guinea pig inner ear 
were acutely isolated and the voltage-dependent conduc- 
tances were analyzed with the whole-cell voltage clamp. 
Under conditions that mimic the normal intra- and extracel- 
lular ionic environments, type I spiral ganglion cells dem- 
onstrate fast inward TTX-sensitive Na currents (whose cur- 
rent density varied markedly among cells) and somewhat 
more slowly developing outward K currents. Resting poten- 
tials averaged -67.3 mV. Under current clamp, no sponta- 
neous spike activity was noted, but short current injections 
produced graded action potentials with after hyperpolariza- 
tions lasting several milliseconds. The nondecaying outward 
K current activated at potentials near rest and was char- 
acterized by a pronounced rectification. The kinetics of the 
Na and K currents were rapid. Maximum peak inward Na 
currents occurred within 400 rsec, between a voltage range 
of - 10 and 0 mV, and inactivated within 4 msec. Recovery 
from inactivation was also rapid. At a holding potential of 
-60 mV, the time constant for recovery from an inactivating 
voltage step to - 10 mV was 2.16 msec. Above -50 mV 
outward K currents reach half-maximal amplitude within 1.5 
msec. In addition to these currents, a slow noninactivating 
TTX-sensitive inward current was observed that was block- 
able with Cd*+ or Gd3+. Problems encountered with blocking 
the tremendous outward K current hampered the character- 
ization of this inward current. Similarities between the ki- 
netics of ganglion cell currents and some of the rapid tem- 
poral characteristics of eighth nerve single-unit activity 
confirm the notion that intrinsic membrane properties help 
shape auditory neuron responses to sound. 

[Key words: spiral ganglion cell, inner ear, voltage clamp, 
organ of Corti, eighth nerve, ionic currents] 
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A tremendous amount of information has been gathered on 
eighth nerve single-fiber activity (for reviews, see Javel, 1986; 
Ruggero, 1992), and this information has aided in understanding 
much of what is known about mammalian inner ear function. 
The afferent innervation pattern of the organ of Corti provides 
an anatomical clue to the receptor dichotomy present in this 
sensory organ (see Dallos, 1988). Nearly all afferent fibers (up 
to 95%) innervate the inner hair cells; these fibers arise from 
type I spiral ganglion cells (Spoendlin, 1988). The remaining 
type II fibers contact outer hair cells. Because of the small num- 
ber and diameter of type II eighth nerve fibers, the preponder- 
ance, if not all, of eighth nerve single-unit studies have neces- 
sarily focused upon type I cells. Consequently, early studies on 
type I units were often used to provide insights into the phys- 
iology of the inner hair cell. Subsequent, direct intracellular 
recordings from inner hair cells have corroborated some single- 
unit findings; for example, inner hair cells are as finely tuned as 
eighth nerve fibers (Russell and Sellick, 1978; Dallos et al., 
1982). Unfortunately, the interpretation ofsome single-unit data 
is difficult because synaptic and neuronal influences are un- 
characterized. Few recordings from inner hair cell afferent syn- 
apses have been made (Palmer and Russell, 1986; Siegel and 
Dallos, 1986; Siegel, 1992), and only preliminary information 
concerning mammalian type I spiral ganglion cell voltage-de- 
pendent ionic conductances is available (Santos-Sacchi, 1989a, 
1990). I report here on some of the voltage-dependent ionic 
conductances of type I spiral ganglion cells that may underlie 
the generation of single-fiber activity. 

Materials and Methods 
General. Guinea pigs were anesthetized with halothane and killed by 
cervical dislocation. The temporal bones were removed, and spiral gan- 
glion cells were obtained nonenzymatically by crushing the cochlear 
modiolus and bony spiral lamina, followed by trituration in nominally 
calcium-free medium. The supematant was transferred to a 700 ~1 per- 
fusion chamber, and the cells allowed to settle onto a glass coverslip 
bottom. A modified Leibovitz medium (NaCl, 142.2 mM; KCl, 5.37 
mM; CaCl,, 1.25 mM; MgCl,, 1.48 mM; HEPES, 5.0 mM; dextrose, 5.0 
mM; pH 7.2) was used as the normal perfusate. Modifications to the 
extracellular medium are noted in figure captions, with NaCl adjusted 
to maintain osmolarity (300 mOsm). Extracellular solutions were changed 
via two methods. A chamber perfusion system was used to exchange 
fresh medium constantly (0. l-l ml/min). A more rapid and direct pi- 
pette perfusion system was used to perfuse selectively single cells under 
voltage clamp during continuous exchange of bulk medium via chamber 
perfusion (Santos-Sacchi, 1991a). All experiments were performed at 
room temperature (-23°C). Cell diameter was determined for each cell 
by averaging three measures at different axes. A Nikon Diaphot inverted 
microscope with Hoffmann optics was used to observe the cells during 
electrical recording, and all experiments were taped with a Panasonic 
AG6300 video recorder. 

Electrical recording. Type I spiral ganglion cell somata were whole- 
cell voltage clamped with a Dagan patch-clamp amplifier typically at 
holding potentials between - 70 and - 80 mV, unless otherwise noted. 
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Pipette solutions were composed of 140 mM KCl or CsCl, 5 or 10 mM 
EGTA or BAPTA, 2 mM MgCl,, and 5 mM HEPES buffered to pH 7.2. 
Cell somata are normally myelinated, but over the course of the in vitro 
incubation the myelin is shed. The type I spiral ganglion cell outnumbers 
the type II cell by about 20: 1, and type I spiral ganglion cells are about 
20 pm in diameter while type II cells are about 15 pm. The average cell 
size in this study was about 19 pm (see Results). Given these facts and 
the fact that most recorded cells had residual myelin figures associated 
with the cell somata (only type I are myelinated), it is concluded that 
most, if not all, of the cells studied were type I. 

Gigohm seals were made on the neuronal plasmalemma and elec- 
trode capacitance was compensated prior to whole-cell recording. Volt- 
age-step studies were performed with an Axolab 1100 A/D and D/A 
board (Axon Instruments, Foster City, CA) with associated software 
(PCLAMP). The software was modified to provide a continuous display 
of clamp time constant (7) cell capacitance (C,,,), and resistance (R,), 
and series resistance (R,) between data collections. Leakage subtraction 
was performed with the P/-4 technique at holding potentials noted in 
figure captions. Currents were filtered with an &pole Bessel filter at 7 
kHz. 

Series resistance and cell capacitance were determined from capacitive 
transients induced by small voltage steps. The membrane resistance 
(200-800 Mn) of spiral ganglion cells is not great enough to permit the 
use of a simple method (Marty and Neher, 1983) of determining series 
resistance and membrane capacitance under whole-cell voltage clamp. 
This problem of estimating series resistance was encountered by Ya- 
maguchi and Ohmori (1990) while studying chick cochlear ganglion 
cells. The method employed here for these determinations is robust 
despite filter settings, and accurately takes into account the effects of 
series resistance on capacitance measures. It is based on the simple 
circuit model of the voltage-clamped cell, that is, an access resistance 
(R,) in series with a parallel combination of a membrane capacitance 
(C,) and resistance (R,). 

For the model, the steady state (I-) and instantaneous (Z,) current 
responses to a voltage step are defined as 

with the exponentially decaying capacitive current given as 

zc,,, = (IO - I&-“~, 

where 

7 = W,,, 

R,, = RnRfRn > 

and 

(3) 

(4) 

(5) 

the input resistance readily obtained at steady state. 
The charge moved is then obtained by integration 

.I- 

m C R2V 
0 

Zc;,, dt = Q = 7. 
In 

Solving for C,, 

c - R:n Q 

m RS, V,’ 

and utilizing Equations 4 and 8, we obtain 

The time constant (r) of the exponentially decaying current, and the 
charge moved (Q) are little affected by filter settings as low as 2 kHz 
(S-pole Bessel). Equation 8 had been identified and used by Mathias et 
al. (198 1) to evaluate alternative explanations of nonlinear gating charge 
movement, and it is, in fact, the proper evaluation of cell capacitance 
for the cell model when the ratio of R, and R, does not approach zero. 
In this article, series resistance was compensated electronically, and 
voltages were corrected for residual series resistance effects. 

Steady state inactivation of Na currents was fit with a Boltzmann 

function, 

where V is the potential of an inactivating prepulse, V, is voltage at 
half-maximal inactivation, e is electron charge, k is Boltzmann’s con- 
stant, T is absolute temperature, z is the valence, I,,,,, is maximum Na 
current induced by a fixed depolarization step, and I,,. is minimum 
current. 

Results 
Type I spiral ganglion cells, including cell somata, are normally 
enveloped by a myelin sheath. Immediately after isolation by 
trituration, cell somata remain myelinated; however, over the 
course of tens of minutes many cells shed this coating (Fig. I), 
making the neuronal plasmalemma accessible to patch pipettes. 
After whole-cell configuration is attained, and following a few 
minutes to allow equilibration of the normal KCl-containing 
pipette solution into the cells, resting potentials averaged - 67.3 
f  5.7 mV (mean + SD; n = 11). The capacitance of the cells 
averaged 10.14 + 1.68 pF (n = 32) and agreed well with cor- 
responding estimates (11.3 pF) based on surface area calculated 
from the average cell diameter of 19.01 f  1.66 pm (n = 59). 

Under conditions that mimic the normal intra- and extra- 
cellular environments, type I spiral ganglion cells demonstrate 
fast inward Na currents and more slowly developing outward 
K currents. Figure 2A illustrates the whole-cell currents under 
these conditions. Under current clamp, no spontaneous activity 
was noted, and brief current injections only produced graded 
spikes (Fig. 2B). Afterhyperpolarizations lasting several milli- 
seconds followed the current induced depolarizations. Longer 
current injections did not produce repetitive spiking. 

The magnitude of the fast inward Na currents varied greatly 
across cells, some cells demonstrating none. Figure 3 illustrates 
outward K currents in a cell in which no inward Na currents 
were evoked from the holding potential of - 70 mV (a few cells 
were found that required holding potentials more negative than 
-80 mV to reveal Na currents). The outward K currents in 
spiral ganglion somata are blockable by extracellular tetraeth- 
ylammonium (TEA), or Gd3+, or intracellular Cs (but see below) 
and display fairly rapid onset kinetics, with little or no inacti- 
vation. Raising extracellular K levels above 100 mM reverses 
the current polarity. Figure 4 illustrates responses from another 
KCl-loaded cell in which the fast inward Na currents were blocked 
with TTX. Outward rectification is pronounced and initiates 
near the resting potential. At -43 mV activation ensues within 
360 psec after step onset (Fig. 40). The voltage dependence of 
current onset kinetics was estimated by measuring the time 
required to reach half-maximal current amplitude (Fig. 4C). 
Above -50 mV outward currents reach half-maximal ampli- 
tude within 1.5 msec. 

Reduction of extracellular Ca had profound effects upon the 
neural membrane; an extreme example, where Ca-free extra- 
cellular medium containing 2 mM EGTA was perfused onto the 
cell, is illustrated in Figure 5A. Removal of Ca caused a re- 
versible reduction of the K currents, a depolarizing shift in the 
zero current potential (opposite in sign to a potential charge 
screening effect), and an increase in the leakage conductance. 
[Armstrong and Miller (1990) showed that voltage-dependent 
K channels are adversely affected by removal of extracellular 
Ca, causing the cell to become leaky and the channels to become 
nonselective. However, they determined that in the presence of 
1 mM extracellular K, this effect was absent. In the present 
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Figure 1. A, Spiral ganglion cell im- 
mediately after isolation. Myelin sheath 
can be observed enveloping the somata 
(arrowheads). B, Spiral ganglion cell that 
has lost its myelin sheath after incu- 
bation and whose neuronal plasmalem- 
ma is accessible to patch pipettes. Scale 
bar, I pm. 

experiments, 5 mM K was present in the extracellular medium, 
and the type of effect noted by Armstrong and Miller probably 
does not occur. Indeed, outward rectification is still robust.] 
Gd’+ (50 FM) substantially blocked outward currents in ganglion 
cells (Fig. 5&C). 

Fast inward Na currents were readily isolated when outward 
currents were blocked, and the Na currents could be totally 
blocked with TTX (100-300 nM). Figure 6 illustrates the cur- 
rent-voltage relation for a spiral ganglion cell before and during 

TTX perfusion. In addition, the fast inward current was abol- 
ished by replacement of extracellular Na by Tris or TEA. Max- 
imum peak inward Na currents occurred within 400 psec, be- 
tween a voltage range of - 10 and 0 mV, and inactivated within 
4 msec. Single exponential fits to the decaying Na currents in- 
dicate a voltage-dependent inactivation (Fig. 7A). Averaged in- 
activation time constants for a group of spiral ganglion cells 
ranged from 0.8 msec at -23 mV to 0.3 msec at +25 mV. The 
time required for Na currents to reach half-peak levels was also 

B 

Figure 2. A, Isolated spiral ganglion 
cell under whole-cell voltage clamp. Pi- 
pette solution was normal KC1 solu- 
tion. Extracellular solution was modi- 

2 
nA 

L- 

fied Leibovitz. Cell was held at - 80 mV 
and nominally stepped in 10 mV in- 
crements from - 100 mV to - 10 mV. 

0.8 ms Note fast inward Na currents followed 
by outward K+ currents. Leakage sub- 
tracted. Clamp T, 69 asec; series resis- 
tance, 6.1 MQ; holding current, -62 PA. 
B, Same cell under current clamp. Cur- 
rent pulse injection (i; 0.8 msec at 0.5, 
1, 2.5, and 4 nA) initiated a depolar- 
ization (v) from the resting potential that 
was graded with step size. Respective 
times to peak depolarization were 0.72, 
0.72,0.56, and 0.40 msec. Note the in- 
creasingly rapid repolarization and af- 

10mV 

V 

i 

terhyperpolarization as a function of 
spike amplitude due to the inactivation 
of Na conductance and activation of K 
conductance. Membrane potential re- 
turned to baseline within about 18 msec. 
Voltage drop across electrode, based on 
the instantaneous step in voltage, was 
subtracted during pulse width. Resting 
potential was -64.4 mV. 
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Figure 3. Isolated spiral ganglion cell 
under whole-cell voltage clamp. Cell was 
held at - 70 mV and nominally stepped 
in 5 mV increments through the voltage 
range of - 115 to -25 mV. Plotted out- 
ward K+ currents were determined from 
the final 10 msec average of each trace 
(inset, upper left). KC1 pipette, Leibo- 
vitz medium. Na currents were absent 
in this cell and may have been due part- 
ly to steady state inactivation at this 
holding potential (see Results). No 
leakage subtraction. Corrected for an 
uncompensated series resistance of 8 
MQ. Holding current, 37 pA. 

- 

voltage dependent (Fig. 7A), decreasing from 0.43 msec at -23 
mV to 0.26 msec at +25 mV. The recovery of Na channels 
from inactivation due to a fixed depolarization was evaluated 
with the two-step protocol (Fig. 7B). At a holding potential of 
-80 mV, the time constant for recovery from an inactivating 
voltage step to - 10 mV was 2.16 msec. 

Figure 8 exemplifies the effects of holding potential on the Na 
current-voltage relation. Changing the holding potential from 
-80 to -60 mV inactivates nearly all Na channels. As men- 
tioned, the maximum peak Na currents varied markedly among 
cells, and this variation conceivably may be related to differing 
degrees of steady state inactivation at the holding potential of 
the cells. For example, actual holding potentials may vary from 
the imposed voltage, depending upon series resistance values. 
This possibility was examined in cells that were particularly well 
voltage clamped (Fig. 9A). Despite fine voltage control, Na cur- 
rent densities show great variability. In addition, Figure 9B 
illustrates that voltage-dependent inactivation curves (hi,,) are 
similar for cells possessing large and small Na current densities. 
It is likely that current density differences arise from differing 
Na channel densities. 

Another voltage-dependent inward current with slower onset 
kinetics was observed in CsCl-loaded spiral ganglion cells per- 
fused with Leibovitz solutions, either with or without 10 mM 
TEA. The current had an activation time constant of several 
milliseconds, activated at potentials near -70 mV, did not in- 
activate during sustained depolarizations, and, surprisingly, re- 
versed near - 20 mV (Fig. 10). The reversal potential indicates 
that it is carried by multiple ionic species. Nearly identical Z-V 
curves were obtained with cells perfused with Na-free Tris/lO 
mM TEA solutions or in CsF-loaded cells. It seems likely that 
the tremendous outward K current was not completely blocked 

under these conditions (see Discussion). This sustained inward 
current and associated tail current are shown in Figure 11 to be 
somewhat reduced in magnitude by 50 PM CdZ+ and totally 
blocked by 50 PM Gd3+. Cobalt (2 mM) in the absence of ex- 
tracellular Ca*+ also abolishes this current. These data provide 
evidence for a component calcium conductance that is activated 
near the resting potential. Interestingly, an increased intracel- 
lular Ca concentration prolongs the decay of the associated tail 
currents (which are TEA blockable) and reduced extracellular 
Ca speeds the decay, possibly indicating that K(Ca) channels 
may be involved in generating the tail currents. 

It was observed that not only did TTX block fast inward Na 
currents but it reduced the magnitude of the slow inward cur- 
rents in a reversible manner as well (Fig. 12a,b). The reduction 
was not due to a decrease in a noninactivating Na current, since 
replacement of extracellular Na by Tris abolished the fast inward 
Na current, but did not affect the sustained inward currents (Fig. 
12c). 

Discussion 

Firing patterns and firing rates are considered important aspects 
of auditory frequency and intensity coding (Ruggero, 1992). The 
mammalian auditory nerve encodes very high-frequency infor- 
mation. Auditory sensitivity of the guinea pig extends above 40 
kHz, and that of the bat above 100 kHz. Indeed, Javel(1986) 
has commented that within a few milliseconds after the initi- 
ation of an acoustic stimulus firing rates can approach 2000 
spikes/set in the cat. Average steady rates have been measured 
up to about 400 spikes/set. Necessarily, eighth-nerve fibers must 
detect and process inner hair cell activity at a tremendous pace 
to faithfully transmit receptor potential information centrally. 
In this study, it is demonstrated that type I spiral ganglion cells 
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Figure 4. Isolated spiral ganglion cell under whole-cell voltage clamp. Cell was held at -80 mV and nominally stepped in 10 mV increments 
through the voltage range of - 110 to - 10 mV. Z-V curve (A) is corrected for series resistance effects, and plotted outward K+ currents were 
determined from the final 10 msec average of each trace (B). The times to reach half-maximal K current levels (C, plotted against corrected steady 
state voltage) were obtained from the traces in Figures 3-5 (symbols with thinfitted line). Marked voltage dependence is evident. The thick line 
represents data obtained from Yamaguchi and Ohmori (1990, their Fig. 3). Data collection at a higher sampling rate (0) illustrates delay in onset 
of outward currents. KC1 pipette, Leibovitz medium with 100 nM TTX. Leakage subtraction. Corrected for an uncompensated series resistance of 
7 Ma. Clamp 7, 62 Msec; holding current, 40 pA. 
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Figure 5. A, Isolated spiral ganglion cell under whole-cell voltage clamp. Z-V plots of outward K+ currents were determined before (open circles) 
and after (triangles) removal of extracellular Ca (solid circles; no added Ca and 2 mM EGTA), at a holding potential of -70 mV. Plotted outward 
K currents were determined from the final 10 msec average of each 100 msec trace. Note reversible drop in zero current potential and input 
resistance. No leakage subtraction. Corrected for an uncompensated series resistance of 6.8 MQ. B and C, Traces depicting outward K currents in 
another ganglion cell after recovery from (B) and during (C) perfusion of normal extracellular medium supplemented with 50 PM Gd3+. Holding 
potential was -70 mV, and steps were from - 100 to -30 mV (nominal). Holding current: B, -8 1.7 pA, C, -66.4 pA. 
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Figure 6. Fast Na currents from a spi- 
ral ganglion cell whose outward cur- 
rents had been blocked. Intracellular 
solution contained 140 mM CsCl, sup- 
nlemented with 5 mM NaCl. Extracel- 
iular solution contained 20 mM TEA, 
20 mM CsCl, 2 CoCl,, with no added 
Ca and NaCl appropriately adjusted. 
Peak inward currents occurred near 0 
mV. Leakage subtracted. Corrected for 
an uncompensated series resistance of 
4.98 MO; voltage corrections were made 
based on nonleakage subtracted peak 
current magnitudes. Holding current 
was -43 pA; clamp r was 29 ysec. In- 
sets: a, Na currents prior to block; b, 
block of Na currents by 300 nM TTX. 
Traces were digitally filtered for pre- 
sentation at 3.2 kHz. 
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possess the required conductances and kinetics to account for 
such high-frequency phenomena. 

Resting potential of spiral ganglion cells 
Type I spiral ganglion cell somata have resting potentials near 
-70 mV when loaded with 140 mM KCI. Palmer and Russell 
(1986) measured membrane potentials in type I afferent ter- 
minals in the guinea pig, which ranged from -40 to -60 mV. 
The activation of K currents near these potentials and the ob- 
servation that removal of extracellular Ca shifts zero current 
levels suggest that the resting potential may be maintained partly 
by a Ca-activated K conductance. The likelihood of the exis- 
tence of a Ca-activated K conductance is strengthened by the 
observation of prolongation of TEA-blockable tail currents as- 
sociated with increased levels of intracellular Ca. Single-channel 
Ca-activated K currents have been measured in cultured goldfish 
auditory ganglia (Davis et al., 1989). The effect of calcium re- 
moval on the ganglion cell is in marked contrast to the effects 
of extracellular calcium removal on outer hair cell outward K 
currents and zero current levels, where little or no effect is seen 
(Santos-Sacchi, 1989~). However, the block of ganglion cell 
outward K currents by Gd3+ is similar to the trivalent cation’s 
effects on outer hair cells and Deiters cells from the organ of 
Corti (Santos-Sacchi, 199 1 a). 

Na channels in spiral ganglion cell somata 

The bipolar spiral ganglion somata have input resistances around 
500 MO, and capacitances around 10 pF, giving a membrane 

500 

L -2000 

time constant of about 5 msec near -80 mV. This is similar to 
that observed in chick cochlear ganglion cells (Yamaguchi and 
Ohmori, 1990). This time constant is fairly slow, and might 
interfere with spike transmission through ganglion cell somata. 
Means must exist to permit the unobstructed transmission of 
spike activity containing timing information across the 20 pm 
somata of the eighth-nerve fiber, as temporal coding is impor- 
tant for many aspects of auditory function, including sound 
localization. If resting potentials are more depolarized than - 70 
mV in vivo (see above), then the activation of the K conductance 
will dramatically reduce the membrane time constant and in- 
crease timing resolution. More notably, Na conductances are 
present in cell somata, indicating that the somata are excitable. 
Thus, while Na channels are usually restricted to neuronal nodal 
regions (Waxman and Ritchie, 1985; Black et al., 1990; Gilley 
et al., 1990) it is possible that Na channels are normally present 
in spiral ganglion cell somata and are required for fast through- 
put with little attenuation. Fast Na currents are also observed 
in chick cochlear ganglion cells (Yamaguchi and Ohmori, 1990) 
and acutely isolated cells of the cochlear nucleus (Manis and 
Marx, 199 1). 

It cannot be ruled out, however, that cell somata actually have 
few Na channels, and during isolation cellular processes are 
retracted into the somata with differing amounts of nodal mem- 
brane. The variability of Na channel density in cell somata is 
great, and differing degrees of nodal resorption may account for 
it. Another possibility is that Na channels destined for remote 
sites are incorporated into somata plasmalemma during isola- 
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Figure 7. A, Averages and standard 
deviations (n = 6) of Na current inac- 
tivation (single exponential fit to de- 
caying phase; Jilled circles) and time to 
half-peak inward Na current (circles) 
versus nominal step voltage. Intracel- 
lular solution contained 140 mM CsCl. 
Extracellular solution contained 20 mM 
TEA, 20 mM CsCl, 2 CoCI,, with no 
added Ca and NaCl anurouriatelv ad- 
justed. Clamp T was -6.033 f 0.006 
msec. Holding potential was - 80 mV. 
B, Recovery of Na currents from in- 
activation. An initial 3.5 msec voltage 
step to - 10 mV was followed at in- 
creasing time intervals bv the same 
stimulus. Peak inward current magni- 
tude evoked by the second pulse is plot- 
ted relative to the first response. Rest 
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periods of 4 set were given between each 
trail. Average and standard deviations 
are plotted (n = 4). Time constant of 
recovery was 2.16 msec. Holding po- 
tential was -80 mV. Solutions were as 
in Figure 7A. Inset, Example of current 
traces; six trials are superimposed. 
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tion. Variation in Na channel density may reflect differing de- 
grees of Na channel production in the course of normal turnover, 
since spiral ganglion cells vary markedly in length. 

Is the spiral ganglion cell soma simply another internode? 

Because the type I cell soma of the guinea pig spiral ganglion is 
enveloped by a myelin sheath, one may conceive of it as an 
internode inserted along the course of the myelinated eighth- 
nerve fiber. The myelin sheath of the spiral ganglion cell is not 
characteristic of all mammalian species. For example, in the 
human there is typically no sheath (Ota and Kimura, 1980) and 
in the monkey it is very poorly developed (Kimura et al., 1987). 
In fact, the number of lamellae in those species having sheaths 
is considerably lower than that surrounding adjacent internodes 
(Kellerhals et al., 1967; Spoendlin, 1971; Robertson, 1976). 
These are not trivial observations. That is, since the number of 
lamellae is inversely proportional to internode capacity and 
directly proportional to internode resistance, it is not known 
how a partially myelinated soma (-20 pm in diameter) affects 
conduction in auditory nerve fibers. Nevertheless, the concept 
that type I somata function as internodes should be considered 

in understanding the ability of the fiber to transmit impulse 
trains across a potential somal filter. The distribution of ionic 
channels within mammalian myelinated fibers is not random- 
specific ionic conductances are restricted to distinct neurolem- 
ma1 domains (Waxman and Ritchie, 1985). Whereas in mam- 
mals nodal regions possess only Na channels, myelinated in- 
temodal regions possess voltage-dependent K and possibly Na 
channels (Chiu and Schwartz, 1987). What effects might the 
voltage and kinetic characteristics of the spiral ganglion soma 
conductances have on somal impulse throughput? Indeed, if the 
conductances are representative of other internodal regions along 
the eighth-nerve fiber, what general consequences might their 
characteristics have for auditory neural transmission? 

It has been speculated that the K conductance in the inter- 
nodal region of the mammalian nerve fiber maintains the in- 
temodal and nodal resting membrane potential, especially if the 
conductance is active near rest (Chiu and Ritchie, 1984). The 
activation potential (near -70 mV) of the spiral ganglion cell 
K conductance is consistent with this scheme. A consequence 
of K channel activation near rest is a reduced membrane time 
constant, that is, a reduction of the filtering capacity of the 
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Figure 8. The effect of holding poten- 
tial on Na current magnitude. Reducing 
holding potential from -80 mV to -60 
mV inactivates nearly all Na channels 
in spiral ganglion cells. Voltage depen- 
dence remains constant. Holding cur- 
rent at -80 mV was - 124.5 pA. Cor- 
rected for an uncompensated series 
resistance of 4.79 Ma. Clamp r was 
0.03 1 msec. Inset, Current traces digi- 
tally filtered at 3.2 kHz for presentation. 

-80 mV 

-70 mV 

-60 mV 

internode. However, this resting conductance will also limit 
electrotonic spread between nodes, which is requisite for sal- 
tatory conduction. 

A more important issue raised by Chiu and Ritchie (1984) is 
the contribution of internodal K conductances to the repolariza- 
tion of nodal membrane. Following an action potential, the 
nodal membrane must repolarize to permit recovery from Na 
channel inactivation and restoration of excitability. These au- 
thors convincingly argue that electrotonic spread of depolariza- 
tion from nodal to internodal membrane can activate voltage- 
dependent internodal K conductances that effectively repolarize 
nodal membrane. The characteristics of this conductance may 
help limit the duration of action potentials and reduce the pos- 
sibility of repetitive afterspiking (Baker et al., 1987; Black et al., 
1990). Currently, it is thought that discharge of capacitive cur- 
rent through leakage pathways between the myelin sheath and 
axonal membrane promotes an afterdepolarization following 
the action potential (Barrett and Barrett, 1982; Baker et al., 
1987). This afterdepolarization is believed to promote repetitive 
spiking, as it will lower spike threshold. In fact, Black et al. 
(1990) have demonstrated that blockade of internodal K con- 
ductances elicits repetitive afterspiking, and David et al. (1992) 
have shown that action potentials can activate internodal K 
conductances. By evaluating the myelinated axon model of Bar- 
rett and Barrett (1982) it is clear that an increased conductance 
of internodal axonal membrane will limit the duration of this 
afterdepolarization. In fact, the more rapidly the conductances 
are activated, the more quickly the afterdepolarization is dis- 
sipated. For fibers that conduct information in the precise timing 
of action potentials, it is reasonable that K conductances should 
possess rapid activation kinetics, or else slow repolarization will 
distort the timing of later signals. In the eighth nerve, fibers are 
known to phase lock to acoustic frequencies as high as 4 kHz, 

indicating that the temporal resolution must be great. Phase 
locking is known to be important for one mechanism of fre- 
quency discrimination (see Javel, 1986). The kinetics of spiral 
ganglion cell K conductances are faster than those of internodal 
membrane of rabbit myelinated sciatic nerve fibers, whose firing 
rates do not approach that of eighth-nerve fibers [e.g., at -25 
mV, time to half-peak K current is about 5 msec in the sciatic 
nerve (Chiu and Ritchie, 1984) whereas at -43 mV the value 
is 1 msec for the spiral ganglion cell; temperatures are compa- 
rable]. The fast recovery of Na channel inactivation in the spiral 
ganglion cell also indicates that the effects of rapid K channel 
activation will be registered quickly. It appears, then, that even 
with the spiral ganglion cell soma viewed as an internode among 
other internodes, the voltage dependence and kinetics of the 
intrinsic membrane conductances contribute to the temporal 
characteristics of auditory nerve performance. 

Comparison of spiral ganglion cell kinetics with those of other 
primary sensory neurons 
The kinetics of ionic channels are temperature dependent 
(Hodgkin and Huxley, 1952; Frankenhaeuser and Moore, 1963). 
Thus, the results presented in the present report at room tem- 
perature (-23°C) should be interpreted accordingly. The tem- 
perature dependence of channel kinetics typically has a tem- 
perature coefficient (Ql,) of about 3 (Frankenhaeuser and Moore, 
1963; Huguenard et al., 199 1). Measures at higher, in viva, tem- 
peratures will be faster by a factor of 3 for each 10°C increase. 
Keeping temperature effects in mind, it is illuminating to com- 
pare the kinetics of Na and K conductances of the guinea pig 
spiral ganglion cell to comparable results obtained from other 
mammalian primary sensory systems. In addition, a compari- 
son is made to data obtained from a nonmammalian cochlear 
ganglion cell, that of the chick (Yamaguchi and Ohmori, 1990). 
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Figure 9. A, Variability of Na current magnitudes: averages and stan- 
dard deviations of Na current densities versus voltage, for a group of 
cells (n = 6) that were particularly well voltage clamped. Intracellular 
solution contained 140 mM CsCl. Extracellular solution was modified 
Leibovitz with 10 mM TEA. Corrected for an uncompensated series 
resistance of 3.69 f  1.75 Ma; clamp 7, 38.73 + 25 psec; C,, 11.8 k 
1.6 pF, R,,, 480 f  100 MQ. Voltage variations are within the symbol 
widths. Holding potential was - 80 mV, holding current was - 38 k 3 1 
pA. Inset, Current traces in response to - 10 mV steps, and outlines of 
associated cell somata. Scale is 2 nA or 15 Mm. B, Steady state inacti- 
vation of Na currents. Two cells of high and low current densities are 
compared. Cells were held at - 100 mV and prepulsed to various po- 
tentials (nominal) for 200 msec prior to step to -10 mV. Fits were 
made to a Boltzmann function. Inactivation characteristics are similar 
for both cells. Open circles: z, -4.55; V,,, -62.9 mV, clamp 7, 24 psec; 
R,, 6.76 MO. Solid circles: z, - 4.34; V,, -66 mV; clamp r, 24 psec; 
R,, 3.26 MB. Intracellular solution contained 140 CsCl. Extracellular 
was modified Leibovitz with 10 mM TEA and 0.1 mM CdCl. Inset, 
Current traces for each cell. 
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Figure IO. Simultaneous measurement of slow inward current (circles) 
and fast inward Na current (triangles) of spiral ganglion cell loaded with 
140 mM CsCl, and perfused with 10 mM TEA Leibovitz solution. The 
slow inward current activates at a potential more negative than the Na 
current. Note the unusual reversal potential of the slow current (-20 
mV), indicative of charge being carried by multiple ionic species. Also 
note the tail currents activated during return to the holding potential. 
Holding potential was -80 mV for each trace, and the cell was stepped 
to the potential noted on the left of the traces. Corrected for an uncom- 
pensated series resistance of 3.3 MQ. 

In rat retinal ganglion cells at -23°C peak Na currents reach 
half-maximal magnitude in about 500 wsec, and the inactivation 
time constant at -20 mV, for example, is 1.3 msec (Barres et 
al., 1989). These values are somewhat slower than those of the 
spiral ganglion cell (see Fig. 7A). Interestingly, these authors 
found that the kinetics of glial cells were considerably slower 
than retinal ganglion cells. While the K currents of spiral gan- 
glion cells reach half-peak amplitude in 1 msec at -43 mV at 
room temperature, the whole-cell K currents in cat retinal gan- 
glion cells required about 1.5 msec to reach half-peak values at 
-20 mV at 33°C (Lipton and Tauck, 1987). The time constant 
of recovery of Na currents from voltage-induced inactivation 
differs depending upon specific type of rat retinal ganglion cell, 
being less than or equal to 1 set for X-cells and greater than 1 
set for W-cells (Kaneda and Kaneko, 1990). The average time 
constant of recovery for spiral ganglion cells is 2.16 msec. 

Lynch and Barry (199 la) found in rat olfactory neurons that 
the major outward K conductance is a transient type that reaches 
half-maximal peak values within about 4 msec at +20 mV 
(-2 1°C). These same authors also found a smaller, more slowly 
activating K current (Lynch and Barry, 199 1 b). In a study by 
Trombley and Westbrook (1991) however, only a noninacti- 
vating K current was found that reached half-peak amplitude 
at 3.75 msec at a step potential of +40 mV (room temperature). 
These same authors measured fast inward Na currents that 
reached half-maximal peak magnitude at about 160 psec. This 
is extremely fast and may indicate that the scale in their figure 
was mislabeled. In fact, the value is between 400 and 500 psec 
(P. Trombley, personal communication). 

To my knowledge, there are no published voltage-clamp data 
on the conductances of mammalian taste cell primary afferents. 
However, in rat taste cells, some of which possess fast Na cur- 
rents, half-maximal peak Na current is reached in about 450 
psec (room temperature; S. M. Herness, personal communica- 
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Figure Il. Reduction of slow inward currents by inorganic ions. Tri- 
angles and associated trace depict voltage dependence of sustained in- 
ward currents. Following perfusion with an additional 50 PM Cd2+ (solid 
circles) the current magnitudes were decreased and the peak current 
shifted in the depolarizing direction. Treatment with Gd3+ (50 PM; open 
circles) totally abolishes the inward currents. Cell was perfused with 
normal Leibovitz medium; note that reversal potential is near - 30 mV, 
and does not change with Cd treatment. Inset, Traces depict current 
responses to voltage steps at - 50 mV (nominal). Corrected for an un- 
compensated series resistance of 7 MQ. Holding potential -80 mV. 
CsCl pipette. 

tion). Interestingly, recovery of Na currents from voltage in- 
activation is quite slow, having a time constant of about 56 
msec. Delayed-rectifier outward K currents reach half-maximal 
levels at 12.5 msec at 0 mV. 

It is clear from comparisons with spiral ganglion cell data that 
the channel kinetics of the cells from the mammalian visual, 
olfactory, and taste systems are comparatively slow. Kinetic 
differences probably relate to the type of stimulus each sensory 
system is required to detect, and the molecular method of de- 
tection (see Hille, 1992). 

Yamaguchi and Ohmori (1990) studied the conductances of 
chick cochlear ganglion cells and observed outward K currents 
whose voltage dependence (if voltage corrections for series re- 
sistance are made for their data) is somewhat similar to the K 
conductance of the guinea pig. However, at temperatures com- 
parable to that used in the present study, the onset kinetics of 
the chick’s K currents are appreciably slower (see Fig. 4C). For 
example, voltage steps to levels above -50 mV require about 
twice as long to reach half-maximal current levels in the chick 
as compared to the guinea pig. While the extent of frequency 
sensitivity differs markedly in the guinea pig and the chick, the 
observed differences in the kinetics of outward K currents be- 
tween mammalian and nonmammalian species may further re- 
flect differences in maturity of the cells. Yamaguchi and Ohmori 
obtained ganglion cells from chicks between embryonic days 15 
and 19, and it is possible that conductances may not exhibit 
adult characteristics. For example, Fuchs and Sokolowski (1990) 
have shown that chick cochlear hair cells do not acquire a Ca- 
activated K conductance until after embryonic day 19. Thus, 
beyond species differences, it may be difficult to make direct 
comparisons between potentially immature cells of the chick 
and acutely dissociated adult cells of the guinea pig. Neverthe- 
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Figure 12. Effect of TTX and Na removal on fast and slow inward 
currents of a spiral ganglion cell. Cell was held at -80 mV and stepped 
to -40 mV (nominal). Trace a shows response during perfusion of 10 
mM TEA Leibovitz supplemented with 200 nM TTX. Trace b shows 
response with 10 mM TEA Leibovitz. Trace c shows response when Tris 
replaced all external Na. Digitally filtered at 0.1 msec. Note changes in 
magnitudes of tail currents. R,, 2.26 MR. 

less, some characteristics of the studied currents appear similar, 
including voltage dependence of Na and K conductances and 
kinetics of the Na conductance. For example, Yamaguchi and 
Ohmori found that the time to half-peak Na current ranged 
from 0.57 to 0.26 msec within the voltage range of -23 to + 13 
mV, and the present data ranged from 0.43 to 0.26 msec. 

Relevance of spiral ganglion cell conductances to 
eighth-nerve activity 

The electrical properties of auditory neurons help shape their 
response characteristics (Manis and Marx, 199 1; Oertel, 199 1). 
Indeed, the voltage dependence and kinetics of spiral ganglion 
cells conductances are probably highly influential. The rapidly 
activating K conductances of guinea pig spiral ganglion cells, 
occurring near the resting potential, will limit the duration of 
action potentials, and promote the rapid recovery of Na chan- 
nels from inactivation, thereby potentially permitting higher 
average rates, and precise timing-traits that are requisite for 
auditory coding mechanisms such as phase locking. 

Siegel (1992) has recorded spontaneous activity from guinea 
pig afferent terminals at the base of inner hair cells and spec- 
ulated that possible relative refractory effects due to rapidly 
activated K conductances might account for the reduced EPSP 
size immediately following prior neural activity. [No sponta- 
neous activity was found in isolated ganglion cells. Although 
spontaneous activity in eighth-nerve fibers can approach 140 



The Journal of Neuroscience, August 1993, 13(8) 3609 

spikes/set in the absence of sound, it is likely that this activity granule cells (Slesinger and Lansman, 199 1) but only transient 
is transmitter activated, since damage to inner hair cells or Ca currents in NG 108- 15 cells (Docherty, 1988). Nonetheless, 
treatments designed to reduce receptor current decrease or abol- the sustained inward current displays many puzzling features, 
ish spontaneous activity (Kiang et al., 1976; Sewell, 1984).] including its voltage dependence and reversal potential. One 
Indeed, Siegel found that spike initiation and amplitude were difficulty encountered in this study was the incomplete block of 
also reduced. Under current clamp, in the present study, the outward currents by Cs loading, even with the addition of 10 
occurrence of graded depolarizing spikes with increasing current mM TEA extracellularly. While it is known that Cs can permeate 
pulse magnitude reflects the rapid onset and tremendous mag- Ca channels (Fenwick et al., 1982), and while this may be oc- 
nitude of the outward K currents generated in guinea pig spiral cuning to some extent in spiral ganglion cells, it appears that 
ganglion cells- the effect of Na conductance activation is rapidly the use of Cs does not lead to complete isolation of Ca currents, 
curtailed, and afterhyperpolarizations lasting several millisec- as it does in some cell types (e.g., Kinnamon et al., 1989; Fuchs 
onds ensue. Clearly, such rapid activation of K conductances is et al., 1990). Indeed, Dryer et al. (199 1) have documented that 
congruent with Siegel’s findings. Ca currents are not adequately isolated in chick ciliary ganglion 

Investigations of acoustically evoked eighth-nerve adaptation cells when using intracellular Cs and extracellular K channel 
also reveal temporal processes that may directly relate to some blockers. Ca conductances in the spiral ganglion cell of the guin- 
of the intrinsic refractory properties of spiral ganglion cells (Wes- ea pig require further in-depth characterization, utilizing more 
terman and Smith, 1984; Yates et al., 1985; Lutkenhoner and aggressive current isolation techniques. 
Smith, 1986). Peristimulus time histograms (PSTHs) of eighth- It is interesting to note that Wilson et al. (199 1) have described 
nerve activity typically show a very high probability of spiking a TTX-blockable voltage-dependent inward current in bag cell 
within the first few hundred microseconds following the onset 
of an acoustic stimulus. This is followed by a very short period 
of inactivity, probably reflecting the nerve’s absolute refractory 
period. Interspike intervals in auditory nerve fibers can be as 
short as 0.7 msec (Kiang et al., 1965). In the gerbil, Westerman 
and Smith (1984) found two additional temporal components 
of activity decline during sustained acoustic stimulation. The 
rapid component had a time constant of l-10 msec that was 
level dependent (decreasing with intensity), and the slower com- 
ponent, which was not level dependent, had a time constant of 
60 msec. Similarly, Yates et al. (1985) found two temporal 
processes in the guinea pig, one ranging from about 2-25 msec 
that was sound-level dependent and another that had a time 
course greater than 100 msec. The fast form of adaptation may 
correspond to relative refractory periods of the spiral ganglion 
cell, that is, the kinetics of voltage-dependent inactivation and 
recovery of the Na conductance and K conductance-induced 
afterhyperpolarization. Another auditory neural phenomenon, 
forward masking, a paradigm where the response to a second 
tone is diminished by a prior tone, may also reflect the temporal 
characteristics of spiral ganglion cell ionic channel activation 
and inactivation. Harris and Dallos (1979) have shown that for 
short masking tones (2 msec) complete recovery of firing rate 
occurs within 20 msec. This process is also level dependent. 
While it is tempting to make comparisons between these fast 
level-dependent processes and the voltage-dependent charac- 
teristics of Na and K conductances in ganglion cells, the more 
slowly developing decline in fiber rate probably reflects synaptic 
events (transmitter rundown, hair cell calcium current kinetics) 
or discharge history effects (Smith and Brachman, 1982; Lut- 
kenhoner and Smith, 1986; Kidd and Weiss, 1990). For ex- 
ample, it is conceivable that prior neural activity may increase 
extracellular K, thereby inactivating Na channels through de- 
polarizing effects. Perhaps some of the longer adaptation time 
constants reflect the time constants of ionic recovery mecha- 
nisms, for example, pump activities and K sinking through sup- 
porting cells (Santos-Sacchi, 199 1 b). 

neurons of Aplysia that is activated by venom from Conus tex- 
tile. It is carried mainly by Na, activates near -60 mV, and 
reverses near zero potential. This current appears to have some 
similarities with other Ca-activated nonspecific cation currents 
(Partridge and Swandulla, 1988). Despite the observation that 
the slow inward current in spiral ganglion cells is not Na de- 
pendent, it is noteworthy that it shares some of the character- 
istics of the bag cell neuron current; namely, it shares a similar 
TTX sensitivity, activation potential, and reversal potential, 
which indicates permeation by multiple ionic species. 

Summary 
It is becoming increasingly clear that the ability of the auditory 
system to process high-frequency acoustic events reflects the 
underlying rapid kinetics of the system’s constituent cells. With- 
in the sensory epithelium, mechanical events are remarkable. 
The mechanical transduction mechanism in hair cells utilizes 
one of the fastest gating processes known (Corey and Hudspeth, 
1983), and outer hair cell voltage-dependent mechanical re- 
sponses are measurable in the kilohertz range (Santos-Sacchi, 
1992). The K conductance in inner hair cells is appropriately 
very rapid in onset (Santos-Sacchi, 1989b, Kros and Crawford, 
1990), as are those in cells of the cochlear nucleus (Manis and 
Marx, 199 1). It is no wonder that the observed membrane prop- 
erties of the spiral ganglion cells that join peripheral receptors 
to central targets are also fast. 
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Cell coupling in Corti’s organ
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Abstract

The mammalian organ of Corti is responsible for the initial analysis of sound; injury leads to hearing loss. During the last two decades,
the characteristics of cellular coupling in this specialized epithelium have been studied. In this review, data on both electrical and
mechanical coupling are covered. While electrical coupling likely contributes to homeostasis in the organ, this concept is far from proven.
q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The organ of Corti is a specialized, avascular sensory
epithelium that rests on the basilar membrane of mammals.

) Corresponding author. Fax: q1-203-737-2502; e-mail:
joseph.santos-sacchi@yale.edu

Within this organ, mechanical energy is transduced into
electrical activity. A variety of cell types populate the
organ along the whole spiral length of the basilar mem-
brane. The cells can be categorized into two major classes
— hair cells and supporting cells. In order to appreciate
the consequences of cell coupling in the organ, a brief
account of our current concept of mammalian peripheral

0165-0173r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
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Žauditory physiology is presented for additional informa-
w x.tion, see Ruggero and Santos-Sacchi 23 .

2. How the organ works

There are two types of auditory hair cells in mammals
Ž . Ž .— inner hair cells IHCs and outer hair cells OHCs .

Each cell type generates receptor potentials when its stere-
ociliar bundle is deflected by sound-induced basilar mem-

w xbrane vibration 5,24 . While OHCs outnumber IHCs by
about four to one, it is the IHC type that receives up to

w x95% of the afferent innervation of the eighth nerve 38 .
w xOHCs are mechanical effectors as well as receptors 1 ,

and are capable of voltage-driven length changes in the
w xacoustic frequency range 3,31,33 . Through their mechani-

cal activity, OHCs provide a boost to basilar membrane
motion that ultimately results in enhanced sensitivity and
frequency selectivity in the output of IHCs. This physio-
logically labile enhancement has been termed the ‘‘cochlear

w xamplifier’’ 6 .
Hair cells are enveloped by supporting cells. IHCs have

closely opposed supporting cells that provide a restricted
interstitial fluid space. OHCs, on the other hand, lose close
appositions with supporting cells during development; in
the adult, the OHCs’ lateral membranes are exposed to the
large fluid spaces of Nuel. However, the supporting Deit-
ers’ cells retain close apposition at the apical and basal
poles of the OHC.

The mechanism by which hair cells are excited is well
Ž w x.characterized see Pickles and Corey 22 . Bundle deflec-

tion modulates a standing cationic current through
mechano-sensitive channels located in apical stereocilia
tips. The current is predominantly carried by Kq since the
endolymphatic fluid which bathes the bundle is high in

Ž w x.potassium ;140 mM; Ref. 25 . The driving force for
transduction current derives from the voltage drop across
the hair cell’s apical membrane, i.e., the difference be-

Ž .tween the positive endolymphatic potential q80 mV and
the cell’s negative resting potential. An accessory epithe-
lium, the stria vascularis, is responsible for the ionic
content and potential of the endolymphatic space. The
perilymphatic fluid that bathes the basolateral membranes
of hair cells is similar to CSF. As a consequence of
incessant hair cell and synaptic activity, potassium is con-
tinuously released into the extracellular spaces. In the case
of the IHC, whose extracellular space is small, even slight
increases in potassium may seriously impair hair cell and
neural activity. Even though the OHC lateral membrane is
exposed to the fluid spaces of Nuel, this membrane lacks
voltage-dependent conductances that could contribute to

w xpotassium efflux 34 . Instead, voltage-dependent potas-
sium conductances are restricted to the basal pole of the
cell — where tight apposition of Deiters’ cell cups provide
a restricted fluid space with the potential for potassium
accumulation. In either hair cell type, potassium-induced

depolarization will interfere with sound transduction since
the driving force for transducer current will be reduced.
Furthermore, normal transmitter release and afferent activ-
ity will be disrupted. In the OHC, however, additionally
the mechanism responsible for cellular motility is directly

w xsusceptible to membrane potential 35 . Thus, the cochlear
amplifier may be compromised.

3. Coupling between supporting cells

In the mid-1970’s, a few groups characterized the ultra-
structural extent of gap junctional contacts in the organ of

w xCorti 11,12,14 . Based on structure, all supporting cells
were found to potentially contribute to a syncytium of

w xcoupled cells. In 1983, Santos-Sacchi and Dallos 32
electrophysiologically confirmed that functional coupling
was present in the organ of Corti. Using high impedance
electrodes, they determined, both in vitro and in vivo, that
current injection into one supporting cell produced voltage

Ž .drops in adjacent cells Fig. 1 . Subsequently, it was
shown that coupling ratios as high as 0.8 occur between

w xadjacent Hensen cells 26 . Supporting cell coupling is
sensitive to the effects of intracellular Hq and Ca2q,
temperature, membrane tension and other uncoupling

w xagents, such as octanol 27,28,31,41 . The sensitivity to
intracellular pH is greater than that to intracellular cal-
cium; calcium levels in the millimolar range are required

w xto uncouple Hensen cells 36 .
Supporting cells, as evidenced through Hensen cell

studies, are so well coupled that voltage-dependent ionic
conductances are effectively shared among coupled cells
w x31 . Outward K currents and inward rectifier currents
from adjacent coupled cells are measurable under whole

Žcell voltage clamp in one cell of a cell pair or group Fig.
.2 . Uncoupling treatments reduce current magnitudes to

single cell levels. This recruitment is believed to be impor-
tant for the maintenance of the stable supporting cell

Fig. 1. Voltage responses in the Hensen cells of the isolated organ of
Corti as a function of distance from a fixed intracellular current injection

w xelectrode. From Ref. 32 .
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Fig. 2. Whole cell currents obtained under voltage clamp of one cell in a
Ž . Žcoupled triplet of Hensen cells. Before open symbols and after filled

.symbols uncoupling with CO saturated medium. Note the reduction of2
w xcurrents to single cell levels after uncoupling. From Ref. 31 .

Ž .membrane potentials ;y100 mV , since uncoupled sin-
gle cells, which possess few K channels, are depolarized.

Cell coupling in Hensen and Deiters’ cells has been
studied with input capacitance measures and the double

w xvoltage clamp technique 31,36,41 . Because the support-
ing cells are so well coupled, input capacitance reflects the
parallel combination of the coupled cells’ capacitance. For
example, visually confirmed single cells, pairs and triplets
have average input capacitances of 31.0, 64.8 and 104 pF,

w xrespectively 41 . Using capacitance measures, junctional
conductance was estimated to be nearly three orders of
magnitude greater than single Hensen cell resting nonjunc-

w xtional conductance 33 . Indeed, direct measurement under
double voltage clamp provides an average conductance of
about 50 nS, with some pairs exhibiting values above 500

Ž w x.nS Fig. 3; Ref. 41 .
Although it was found in early studies that low tempera-

ture and CO reversibly uncouple the supporting cell2

syncytium, reversible depolarization invariably accompa-
w xnied such effects 27,28 . The direct effects of depolariza-

tion could not be fully evaluated in that type of preparation
since neither the voltage nor the activities of Hq and Ca2q

could be adequately controlled. It is now known that gap
junctional conductance in supporting cells is voltage de-

w xpendent 40,41,43 . In fact, most cell pairs studied with the
double voltage clamp technique exhibit transjunctional
voltage dependence andror nonjunctional membrane volt-

Fig. 3. Double voltage clamp of Deiters’ cell pair. Ten millivolts test
pulse delivered to cell 1. Junctional currents indicate a conductance, G ,j

w xof about 75 nS. From Ref. 40 .

age dependence. This dependence is observable through
capacitance measures as well.

One of the most striking features of the voltage depen-
dence in supporting cell pairs is its diversity. Fig. 4
illustrates two cases of Hensen cell pairs where G rectifiesj

to opposite polarities as V is altered. In fact, cases are alsoj

found that exhibit symmetrical V dependence or an ab-j
w xsence of voltage dependence 43 . Nonjunctional voltage

dependence is just as variable. We have speculated that
this variability is due to heterotypic or heteromeric junc-

w xtional channels 43 , since a variety of connexin subtypes,
including Cx26, Cx30, Cx43, are localized to the organ of

w xCorti 9,17,18 . Such combinatorial effects may give rise to
directional intracellular pathways along the supporting cell
syncytium.

Initial studies on dye coupling in supporting cells
showed little or no spread of intracellularly injected dyes
w x32 . Subsequently, it was determined that junctional
communication in supporting cells is highly sensitive to
photoinactivation occurring during real time viewing of
fluorescent dye injections. By using low light level view-
ing technology, it was possible to demonstrate pronounced

Fig. 4. Double voltage clamp of Hensen cell pairs indicating variability of
Ž .transjunctional voltage dependence. In one case open symbols , positive

V in the voltage-stepped cell, caused a decrease in G , whereas inj j
Ž . w xanother cell pair filled symbols the opposite was found. From Ref. 43 .
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Fig. 5. Double voltage clamp of adjacent OHCs. Voltage steps in one
w xOHC induced transient gating current in the adjacent cell. From Ref. 42 .

w xdye coupling 29 . Recently, very interesting patterns of
dye spread have been observed in the living animal, indi-
cating that dye passage may be limited to preferential

w xpathways 19 .

4. Coupling between hair cells

In the mammal, there is no morphological evidence for
gap junctional communication between hair cells or be-
tween supporting cells and hair cells. It is also clear from
electrophysiological measures of sound-evoked hair cell
activity that coupling is absent in vivo. Dallos and Santos-

w xSacchi 4 found that intracellularly recorded receptor po-
tential cutoff frequencies for IHCs and OHCs were 340
and 1250 Hz, respectively. These equate to time constants
of 0.47 and 0.13 ms, respectively. Considering that the
membrane resistance obtained in vivo for either cell type is
greater than 10 MV, membrane capacitances can be com-
puted to be roughly in the low tens of picofarad range —
single cell values. As we have shown before, a coupled
cellular syncytium would be predicted to have much greater
input capacitance. Additionally, as expected in the absence
of hair cell to supporting cell coupling, receptor potentials
in the guinea pig are larger in the hair cells and extracellu-
lar fluid spaces of the cochlea than in the supporting cells
w x2,5,20,21 . Contrary results have been obtained in the

w xgerbil 44 .
While gap junction-mediated coupling is absent be-

tween hair cells, we have recently found a mechanoelectri-
w xcal coupling between adjacent OHCs 42 . Because of the

voltage-dependent mechanical activity of OHCs, voltage
drops across the lateral membrane of an OHC will addi-
tionally cause deformation of physically adjacent cells.
Since the motility voltage sensor in OHCs is sensitive not
only to voltage but to membrane tension, gating currents

Ž .are evoked in the adjacent cell Fig. 5 . The gating currents
in adjacent OHCs result from a tension-induced shift in the

w xvoltage dependence of gating charge movement 10,13,15 .
Interestingly, the resulting charge-induced transient polar-
ization of the adjacent OHC is opposite in polarity to that
of the voltage in the stimulated cell — indicative of lateral
inhibition. Furthermore, since the voltage dependence of
the charge movement and the mechanical response are
equivalent, the mechanical activity of any one OHC is
directly influenced by that of its neighbors. We believe
that sharpening of the basilar membrane response beyond
that of Bekesy’s passive tuning results from this mechani-
cal coupling.

5. What does it all mean?

Cell coupling in the organ of Corti is pronounced and
diverse. It is likely that both the mechanical and electrical
interactions reviewed here are important for the organ.

As far as gap junction-mediated coupling is concerned,
the truth is that we have no direct indications what func-
tion it plays. Since the discovery of junctional coupling in
the organ of Corti, we have contended that junctional
coupling must be crucial for normal cochlear function
w x26,33 ; however, only recently has this been shown. The
occurrence of nonsyndromic deafness associated with con-
nexin gene mutations, such as in Cx26, indicates the

w xphysiological requirement for these channels 7,8,16,39 .
Yet, while we have argued for a role of coupling in K
sinking and metabolic cooperation within the organ
w x27,29,31,41 , there is no reason to believe that sensorineu-
ral deafness results solely from the disruption of these
homeostatic mechanisms. For example, it is possible that

w xthe stria vascularis may be an important target 37 . These
answers will only be obtained through further in vivo

w xanalysis of junctional coupling within the cochlea 30 .
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Abstract The outer hair cell (OHC) of the mammalian
inner ear is a highly partitioned neuroepithelial cell whose
lateral membrane is devoted to electromotility, a fast
mechanical length change owing to the motor protein,
prestin. Spatially restricted measures of prestin-derived
nonlinear capacitance or gating charge, using either
electrical amputation or discrete membrane mechanical
deformation, were used to determine that functional
variation exists within the extensive lateral membrane
of the cell. This was evidenced by variation in the motor’s
operating voltage range and sensitivity among mi-
crodomains within the lateral membrane. That is, local-
ized regions of the membrane evidenced Boltzmann
distributions of motor charge whose midpoint voltage and
slope differed from those obtained for the whole cell.
These data highlight the functional independence of
microdomains and imply that measured whole cell
characteristics may differ from the microscopic charac-
teristics of elementary motors.

Keywords Motility · Gating charge · Membrane
capacitance

Introduction

The outer hair cell (OHC) underlies the mammal’s
enhanced auditory abilities [5]. It is a cell that is
functionally partitioned [10, 23], possessing regions of
its plasma membrane that are predominantly devoted to
the tasks of forward transduction (apical membrane),
reverse transduction (lateral membrane) and neurotrans-
mission (basal membrane). The lateral membrane houses
the motors of the OHC, recently identified as prestin [16,

25, 30], which are responsible for the cell’s electromotil-
ity [4]. The mechanical response of the cell is mirrored by
a motor-associated gating charge movement (or nonlinear
capacitance) [3, 20]; the voltage dependence of the
nonlinear capacitance is the same as that of electromotil-
ity [14], allowing the former to be used to assess some
aspects of the cell’s mechanical activity.

While the OHC lateral membrane harbors an enormous
number of identical prestin molecules (approx. 7,500/�m2

based on charge estimates [10]), the lateral membrane
itself is composed of structural microdomains [15, 28].
This heterogeneity may underlie similar variability in the
mechanical activity of the lateral membrane. For exam-
ple, Kalinec and Kachar [15] observed local variation in
the direction that microbeads moved along the surface of
the electrically excited OHC. We hypothesize that the
direction of forces arising from electrical stimulation of
the lateral membrane results not only from cellular
structural and mechanical constraints but also from
intrinsic motor properties as well. Utilizing techniques
to gauge motor characteristics from restricted regions
(which we refer to as microdomains) of the OHC lateral
membrane, we show that microdomains of molecular
motors possess voltage characteristics that differ substan-
tially from those obtained through whole cell measures.

Materials and methods

General preparation

Guinea pigs were overdosed with pentobarbital. The temporal
bones were removed and OHCs were isolated from cochleas by
gentle pipetting of the isolated top two turns of organ of Corti in
Ca-free medium with collagenase (0.3 mg/ml). The cell-enriched
supernatant was then transferred to a 700-�l perfusion chamber, and
the cells were permitted to settle onto the coverglass bottom. All
experiments were performed at room temperature (~23�C). A
Nikon Diaphot inverted microscope with Hoffmann optics was used
to observe the cells during electrical recording. A modified
Lebovitz medium (NaCl, 142.2 mM; KCl, 5.37 mM; CaCl2,
1.25 mM; MgCl2, 1.48 mM; HEPES, 10 mM; dextrose, 5 mM;
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adjusted to pH 7.2 with NaOH, and adjusted to 300 mosmol with
dextrose) was used as the standard perfusion solution.

Electrical recordings

Cells were whole cell voltage-clamped with a Dagan 3900 (Dagan
Corp., Minnesota) or Axopatch 200B amplifier (Axon Instruments,
California). Gigohm seals were obtained at the supranuclear region
of the OHC membrane prior to whole cell recording. Pipette
solutions were composed of 140 mM CsCl, 10 mM EGTA, 2 mM
MgCl2, and 10 mM HEPES (buffered to pH 7.2 with CsOH, and
adjusted to 300 mosmol with dextrose). In order to evaluate
nonlinear capacitive gating currents in the absence of confounding
ionic currents, the standard perfusion solution was replaced with an
ionic blocking solution following seal formation (NaCl, 100 mM;
tetraethylammonium, 20 mM; CsCl, 20 mM; CoCl2, 2 mM; MgCl2,
1.48 mM; HEPES, 10 mM; dextrose, 5 mM; adjusted to pH 7.2
with NaOH, and adjusted to 300 mosmol with dextrose [10, 20]).
Data collection and analysis were performed with a Window’s
based whole cell voltage-clamp program, jClamp (Scisoft, Con-
necticut), utilizing a Digidata 1200 board (Axon Instruments).
Series resistance effects on membrane voltage were corrected
offline. All experiments were video taped.

Whole cell membrane capacitance was measured with two
techniques: transient and AC. The former technique entailed the
delivery of a stair-step voltage ranging from –160 to 120 mV, in
14 mV increments. Capacitive transients were integrated to obtain
cell capacitance (Cm) measures as previously described [10]. The
latter technique utilized a continuous high-resolution (2.56 ms
sampling) two-sine voltage stimulus protocol (10 mV peak at both
390.6 and 781.2 Hz), with subsequent fast Fourier transform-based
admittance analysis [24]. These high frequency sinusoids were
superimposed on voltage ramp, step or sinusoidal stimuli. Capac-
itance data were fitted to the first derivative of a two-state
Boltzmann function [20].

Cm ¼ Qmax
ze b

kTð1� bÞ2
þ Clin

b ¼ exp
�zeðVm � Vpkcm

kT

� � ð1Þ

where Qmax is the maximum nonlinear charge moved, Vpkcm is
voltage at peak capacitance or half-maximal nonlinear charge
transfer, Vm is membrane potential, Clin is linear capacitance, z is
valence, e is electron charge, k is Boltzmann’s constant, and T is
absolute temperature.

Two methods to measure motor characteristics
in restricted regions of the OHC

A double voltage-clamp technique, fully described elsewhere [10,
23], was used to electrically amputate portions of the OHC
membrane. Briefly, the OHC was placed in a tight-fitting glass
microchamber and simultaneously whole cell voltage-clamped (see
Fig. 1, inset). The voltages within the microchamber were either the
same as those delivered to the whole cell or set to ground. When set
to ground, the system functions as a simple whole cell voltage
clamp, where the entire cell membrane’s voltage-dependent activity
is evaluated. However, when the microchamber voltage command
is the same as that delivered to the whole cell, only that portion of
the OHC membrane outside the microchamber experiences a
voltage drop, thus permitting the inspection of a restricted region of
the OHC. Changing between configurations was performed
instantaneously by manually switching the microchamber to ground
or to the whole cell command voltage. During these experiments
C-V functions were obtained with the transient capacitance
measurement technique.

A micropipette aspiration technique was used to stress restricted
regions of the OHC lateral membrane, as fully described elsewhere
[26]. Briefly, patches of lateral membrane were deformed with a

solution-filled glass pipette (2.5 �m diameter) fitted to a computer
controlled piezoelectric driver (PZL, Burleigh Instruments, N.Y.,
USA). Membrane deformation near the middle of the cell was
induced by movements of the driver’s piston stepped in the
negative direction (producing suction) of about 800 nm, controlled
by the voltage magnitude delivered to the piezoelectric. Step
stimuli produced motor-evoked currents that were measured as an
rms response. Whole cell holding voltage was varied to obtain the
current’s voltage dependence. The data were fitted to Eq. 1 only to
determine the voltage at peak current (Vpkig). During these
experiments C–V functions were obtained with the AC capacitance
measurement technique.

Results

For the double voltage-clamp technique, the nonlinear
capacitance measured when the micro-chamber is ground-
ed to the bath derives from all motor containing regions of
the cell, since the voltage drop is impressed across the
entire membrane of the cell. The capacitance measures
are thus typical of whole cell conditions (Fig. 1A) and
have characteristics similar to those of past reports [20].

Fig. 1 A Membrane capacitance of outer hair cells (OHCs) before
(open circles) and after (closed circles) electrical amputation in a
microchamber. Parallel dashed lines indicate Vpkcm for each trace.
B Comparison of Vpkcm for whole cell and amputated regions for 10
cells. Dashed diagonal line indicates equality. Solid line is linear fit
to data. C z values for the same 10 cells. Note variability in whole
cell z value
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Upon switching to amputation mode, the measured
capacitance derives only from that portion of the cell
that is outside the microchamber. The magnitude of linear
as well as nonlinear capacitance is reduced (Fig. 1A), and
there is an apparent shift in the Vpkcm to depolarized levels
relative to whole cell Vpkcm. Figure 1B and C present
Vpkcm data from ten cells. Vpkcm, which is the midpoint of
the voltage range over which the motors work, differs
between whole cell and the amputated region. The
difference may be in the hyperpolarizing or depolarizing
direction (Fig. 1B). Additionally, z, an indicator of
voltage sensitivity, differs from whole cell estimates and
z values can be greater or less than whole cell measures,
as expected since they will sum to produce intermediate
whole cell values (Fig. 1C). Pre- and post-amputation
recordings were made within a few seconds of each other,
in order to ensure both stationary conditions and that any
experimentally induced forces, such as membrane tension
imposed by the microchamber, would remain constant
under each condition. Accordingly, the correlation be-
tween absolute DVpkcm and degree of amputation was poor
(r2=0.015).

For the data just presented, the OHCs were inserted
into the microchamber and remained unperturbed during
the collection of pre- and post-amputation data. However,
it is possible to reposition the OHC within the mi-
crochamber to obtain progressive amputations. In two
cells where three successive amputations of differing
magnitude were made, it was clear that whole cell Vpkcm
changed during the repositioning (possibly due to changes
in membrane tension or intracellular chloride), but that of
the amputated portion tracked neither the amplitude nor
the polarity of those changes (Fig. 2). For example, in one
cell the initial pair of values (whole cell vs amputation)
was –57.2, -43.9 mV; after repositioning for the next

amputation the pair was –55.2, –64.2 mV; and after
repositioning for the final amputation, the pair was –61.9,
-57.5 mV. This is very strong evidence for the indepen-
dent nature of OHC motor domains.

Mechanical stress of the lateral plasma membrane
evokes a motor-generated displacement current (Ig) whose
voltage dependence is bell-shaped like that of the cell’s
nonlinear capacitance (Fig. 3A). Vpkig is expected to be
shifted to the right (in the depolarizing direction) of Vpkcm,
since membrane stress shifts the underlying charge–
voltage (Q–V) function to the right. That is, the evoked
I–V function results from the difference between the
shifted Q–V functions under the stressed and nonstressed
conditions [9,29]. Figure 3B shows for nine cells that this
expectation is met, as the data points fall to the right of
the plot’s dashed line of equivalence. However, the Vpkig
of individually stressed microdomains varies widely
relative to their respective whole cell Vpkcm. If the Vpkcm
of the microdomains were the same as whole cell values
then the two should be strictly correlated as Vpkig is

Fig. 2 Same as Fig. 1 except for two OHCs where three successive
amputations were made (in the sequence of the arrows) following
repositioning of the cell in the microchamber. Note that even
though Vpkcm of the whole cell has shifted following repositioning,
the region after amputation does not shift in parallel (neither in
magnitude nor polarity), indicating its independence. The numbers
indicate the degree of amputation at each measurement

Fig. 3 A Whole cell capacitance (open circles) and microdomain
stretch-induced gating currents. Note difference in voltage at peak
response. B Comparison of voltage at peak response for 9 cells.
Dashed diagonal line indicates equality. Solid line is linear fit to
data. Note wide variability of Vpkig relative to Vpkcm
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predicted to be midway between pre- and post-tension
Vpkcm. Additionally, the variability is not due to differ-
ences in the degree of shift caused by the stimulus, since
the correlation between peak Ig and shift magnitude was
poor (r2= 0.05). This same poor correlation also indicates
that any possible variability of d.c. tension introduced by
sealing the loose pipette to the membrane was not
influential, since we have previously shown that steady-
state tension is directly related to the magnitude of Ig [26].
If steady-state membrane tension were responsible for the
variability in the shift, we might have expected a good
correlation between Ig and shift. The simplest explanation
is that such wide variability reflects an underlying Vpkcm
of the stressed microdomains that differs from that of the
whole cell.

Discussion

The data presented here indicate that the mechanically
active lateral membrane is functionally heterogeneous,
showing variability in the voltage dependence of nonlin-
ear capacitance or motor charge movement. The gain of
the OHC’s electrically evoked mechanical response
depends on the position of its sigmoidal displacement
voltage (or corresponding bell-shaped capacitance volt-
age) function along the voltage axis vis-�-vis the cell’s
resting potential [19]. Vpkcm, which defines the midpoint
of these functions, and therefore the OHC’s voltage of
maximum piezoelectric-like sensitivity, is susceptible to a
variety of agents including membrane tension [9, 12, 14],
resting membrane potential [24], temperature [21], phos-
phorylation [8, 11] and intracellular [18, 22] or extracel-
lular [22] chloride concentration. In many cases, it has
been demonstrated that these effects arise from direct
action on the OHC motor protein, prestin [16, 17, 18, 25].
It should be noted that efforts were made to avoid
experimentally induced changes in the parameters that
describe OHC charge movement; for example, measure-
ments of whole cell Vpkcm and microdomain Vpkcm or Vpkig
were obtained without perturbation of the preparation and
within seconds of each other, thus ensuring stationary
conditions. Additionally, unequivocal evidence of mi-
crodomain independence was found when multiple am-
putations were made; that is, in the face of whole cell
Vpkcm changes during repositioning cells within the
microchamber, nonparallel changes (in magnitude and
polarity) of microdomain Vpkcm were found. This could
not occur if the forces that changed whole cell measures
during repositioning, e.g., membrane tension or chloride
concentration, were acting on a uniform population of
lateral membrane motors. We conclude that while
molecular sensor/motors are restricted to the expansive
lateral plasma membrane, this membrane actually harbors
populations of sensor/motor microdomains whose char-
acteristics are set by local forces. Independent mi-
crodomain characteristics sum to contribute to whole
cell characterizations of OHC mechanical and electrical
activity.

The existence of functionally distinct microdomains,
whose voltage- and tension-dependent characteristics are
locally set, may have important consequences for under-
standing the mechanism of OHC motility. Such diversity
could promote differential activation of OHC motor
elements resulting in mechanical forces other than in a
predominantly axial direction. For example, at a given
resting membrane potential, adjacent microdomains may
be contracted to different extents because mechanical
gains may be different; bending or twisting movements of
the OHC might be expected. Indeed, Frolenkov et al. [7]
have observed bending of the OHC in an external field,
but provided an explanation based on differential stimulus
distributions. Whether the causes of those nonaxial
motions were due to motor or stimulus characteristics is
arguable; however, the likelihood that even in the face of
uniform lateral membrane stimulation nonaxial forces
will be evoked is strengthened by evidence from these
same authors who showed lateral membrane substructure
and function [15]. In addition to observing local variation
in the direction that microbeads moved on the surface of
the OHC, they showed by freeze etch electron microscopy
that the lateral membrane presented a mosaic of mi-
crodomains with differing orientations. The mechanism
that produces this mosaic is unknown, but it is possible
that forces derived from the variable motor characteristics
that we observed result in structural correlates. It is well
known that extrinsic, local membrane forces can initiate
substantial rearrangement of membrane and submem-
brane structure over extended time periods [27]. Alterna-
tively, the structural differences themselves could affect
motor characteristics, for example, by inducing local
membrane tensions.

Our data may also relate to theories on OHC motor
function, since until now it has been tacitly assumed that
elementary characteristics derived from whole cell mea-
sures of motility and/or gating charge apply to all motors
in the lateral membrane. Under this assumption, it has
been difficult to explain the observation that a decrease in
membrane tension under whole cell conditions causes a
negative shift in Vpkcm accompanied by an increase in
peak Cm [9, 14]. It has been argued that changes in peak
Cm arise from membrane tension working through an
anisotropic cytoskeleton or working on an anisotropic
motor [9, 13]; indeed, isolated patch recordings, where
tension can be applied isotropically, show only a shift in
Vpkcm [9, 16]. Nevertheless, even in OHCs that have
become spherical due to intracellular trypsin treatment,
and where applied tension should be isotropic, peak Cm is
altered by turgor pressure [1, 14]. We noted that motor
sensitivity to membrane stress appeared greater after
cortical cytoskeleton destruction with trypsin [14]. Adachi
and Iwasa [1] quantified this sensitivity change by degree
of Vpkcm shift, and found that sensitivity was about six
times greater than normal, i.e., 155 mV/kPa compared to
normal whole cell values of 25 mV/kPa [2, 14], which
may account for their observed step-like Cm decrease [1].
Our present data may provide an alternative explanation
for the effects of stress on the whole cell as opposed to
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patch nonlinear capacitance. First, we note that the
negative shift of Vpkcm and increase in peak Cm during
reduction of turgor pressure is asymptotic, each reaching
fixed values when the OHC begins to collapse, despite
continued reduction of turgor pressure [14]. The limiting
negative potential is near –70 mV, close to the OHC’s
normal resting potential [6]. Because of this brick-wall
effect, we suggest that microdomains that may have
unchanging peak capacitance but variable Vpkcm will all
shift to a single common Vpkcm as turgor pressure is
reduced. As a result, at positive turgor pressure peak Cm
will be depressed compared to negative pressure, but with
increasingly negative pressures peak Cm will increase
asymptotically as summation of the parallel microdomain
capacitances occurs (Fig. 4). In this model we used a
constant z of 0.66 across microdomains, yet fits of these
model data to a single Boltzmann function indicate that
apparent z is less than 0.66 initially, but increases to this
level as turgor pressure is reduced. We have observed this
behavior experimentally [14]. Nevertheless, the present
observation that Vpkcm and z of microdomains are variable
about whole cell values (Fig. 1 c) emphasizes that other
forces besides tension influence the distribution of these
parameters. Consequently, tension-induced changes in the
form of the whole cell capacitance function may not
necessarily provide insight into the microscopic charac-
teristics of motor function. Spatially restricted patch
capacitance measures, on the other hand, may provide a
better sampling of microdomain characteristics.
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New tunes from Corti’s organ: the outer hair cell boogie rules
Joseph Santos-Sacchi

The amplification of acoustic stimuli is a feature of hair cells that

evolved early on in vertebrates. Though standard stereocilia

mechanisms to promote such amplification may persist in the

mammal, an additional mechanism evolved to enhance high

frequency sensation. Only in mammals, a special cell type, the

outer hair cell, arose that possesses a remarkably fast somatic

mechanical response, which probably endows the passive

cochlea with a boost in sensitivity by a factor of 100 (40 dB), at

least. Experiments conducted over the past few years have shed

light on many aspects of outer hair cell electromotility, including

the molecular identification of the motor, the effects of a

knockout, and underlying mechanisms of action. A review of this

remarkable progress is attempted.
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Abbreviations
BM basilar membrane
IHC inner hair cell

NLC non-linear capacitance

OHC outer hair cell

RC resistor x capacitor

TH thyroid hormone

TM tectorial membrane

Introduction
The organ of Corti, the auditory sensory epithelium of the

mammal, houses two types of hair cells, the inner (IHC)

and outer (OHC) hair cell. Both cell types transduce

mechanical stimuli into electrical signals by modulating

a standing cationic current in response to stereocilia dis-

placement (forward transduction). This current induces a

receptor potential across the basolateral membrane of the

cell, the depolarizing phase of which may promote the

release of neurotransmitter [1,2]. Evidence accumulated

that an interaction between OHCs and IHCs promoted

the highly selective and sensitive responses of the mam-

malian auditory system to high frequency acoustic stim-

ulation [3–5]. However, a potential mechanism for such

an interaction remained obscure until Brownell [6]

observed the twitching of outer hair cells in response to

electrical stimulation. Following his discovery of reverse

transduction [6], a re-evaluation of the classical concepts

of mammalian hearing has been underway. Current the-

ories that are concerned with the basis of the cochlear

amplifier envision an acoustically evoked cycle by cycle

feedback process between the OHCs and the basilar

membrane (BM) [7–10]. That is, in vivo, the acoustically

evoked electrical responses of the OHCs (receptor poten-

tials) are assumed to effect rapid mechanical responses

(length changes) by these cells, which boost the mechan-

ical input to the IHC — the receptor cell that receives up

to 95% of the afferent innervation [11].

Just three years ago, Dallos and colleagues identified the

OHC lateral membrane motor, a protein of 744 amino

acid residues that they called prestin, its primary struc-

ture classifying it as one of the newer anion transporter

family members (SLC26A5) [12]. Subsequently, a flurry

of manuscripts have appeared (most of which are review

articles! — mea culpa) attesting to prestin’s significant

role in cochlear physiology. So many questions remain

regarding the protein’s workings; however, the recent

production of a prestin knockout and the demonstration

of a human non-syndromic deafness that is linked to a

prestin mutation demonstrate the protein’s requirement

for OHC electromotility, and the devastating effects of

its absence on the cochlea amplifier [13��,14�]. The

knockout work also raised several more questions,

including what proportional contribution does the cel-

lular collection of motors make to the overall cochlea

amplifier, and what other cellular and acellular structures

direct its force into the organ? For example, in homo-

zygotes, in which prestin was absent, threshold eleva-

tions ranged from 40 to 60 dB, but in heterozygotes,

roughly a halving of the cellular motor number and

activity (3.4 versus 2.3% cell length change) resulted

in an apparent proportional (around 6 dB) decline in

auditory performance. How might half the motor com-

plement in the OHCs provide only for linear response

(e.g. 8th nerve spike rate, BM displacement) growth near

threshold, yet the full complement promote non-linear

amplificatory growth above that? There are hints in the

data that something more than a reduction in the motor

number may be occurring. For example, the voltage-

displacement function, which can be derived from their

figure 3a [13��], seems to show, in addition to the

decrease in magnitude, a change in the voltage depen-

dence between wild type and heterozygote. Such a shift

denotes an adjustment in the gain of the remaining motor

activity, that is, an alteration in the sensitivity of the

remaining motors to voltage change. Additionally, could

1
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the change in cell length that accompanied the knockout

have compromised normal interactions of OHCs with

themselves [15] or the tectorial membrane (TM) super-

structure [16]? Indeed, a knockout of a major TM pro-

tein, a-tectorin, which resulted in disruption of such

interactions, proved detrimental to cochlea amplification

[16]. Certainly, a molecular biological trick that could

turn on and off prestin, or diminish its activity in a graded

way, rather than removing it outright, could help to

clarify matters. There is no doubt, however, that under-

standing the molecular aspects of the cells which form

the basis of the cochlea amplifier will be far easier than

putting together the whole picture. Here, I first review

some basic properties of the OHC lateral membrane

motor, and then look at some recent data that relate to

the mechanism of OHC electromotility and its effects on

cochlear performance.

Biophysical characterization of the outer
hair cell lateral membrane motor
The steady-state behavior of the OHC lateral mem-

brane motor is routinely evaluated by fitting a two state

Boltzmann function, a sigmoidal function typically used

to relate charge displacement and voltage across a mem-

brane, to measures of OHC length change (you can see a

video of this length change evoked by a charming voltage

stimulus delivered through a patch pipette at the Yale Ear

lab website [17]) or non-linear charge movement of the

motor’s voltage sensor [18,19]. Alternatively, the charge

movement is evaluated by fitting the cell’s voltage-

dependent or non-linear capacitance (NLC; Figure 1)

with the first derivative of the same Boltzmann function.

In each case, the parameters obtained are Vh (or Vpkcm,

the voltage at half maximal charge transfer or peak

capacitance), z (the unitary charge moved through some

portion of the membrane field; otherwise interpreted as

the motor’s voltage sensitivity) and Qmax (the total charge

moved across the membrane, indicative of the number of

motors possessing unitary charge within the membrane).

Typical values for an OHC isolated from the low fre-

quency region of the cochlea are �40 mV, 0.75, and

2.5 pC, respectively. Motor density, derived from non-

linear charge density within the cell’s lateral membrane

has been estimated to be near 8000/mm2 [20,21]. Although

Figure 1
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The OHC has a highly compartmentalized membrane. Apical, lateral and basal membranes possess characteristic integral membrane constituents

with measurable electrical correlates. Of interest for the present review is the non-linear capacitance (NLC) that characterizes the lateral membrane

motor. The voltage-dependent capacitance, which rides atop the linear (membrane surface area-dependent) capacitance, peaks at a voltage (Vh)

near �40 mV that is modulated by a variety of biophysical forces. In addition to information on the state probability of the motor (contracted versus

expanded) provided by Vh, measures of NLC also provide estimates of the motor’s unitary charge or voltage sensitivity (z), and the total charge moved

across the membrane (Qmax).
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there is a consensus that non-linear charge movement and

OHC mechanical activity are inextricably related, con-

trary to some claims [22], we do not know if charge

movements or displacement currents mirror mechanical

responses in time, as simultaneous mechanical and charge

measures have not yet been made with sufficient time

resolution [23–25]. Such measures could provide valuable

information on the link between charge movement and

OHC mechanical activity, the latter having been mea-

sured beyond 70 kHz [26].

Prior to the identification of prestin as the OHC motor

[12], several biophysical attributes of the motor had

been characterized. These included the effects of mem-

brane tension (turgor pressure), preconditioning voltage,

and temperature [27–34]. The main action of these

biophysical forces is to set the steady state energy profile

of the motor, perturbation effectively and reversibly

shifting the operating voltage range over which the

motors work in a time-dependent manner. Each of

the following perturbations induces a 20–25 mV right-

ward (depolarizing) shift in Vh: an increase in OHC

turgor pressure of 1 kPa (or circumferential membrane

tension of 1 mN/m), a step in resting potential from þ40

to �120 mV, and a 108C increase in temperature. The

sensitivity of the motor to these biophysical forces

is likely to reflect as yet unraveled mysteries of the

motor and underscores the susceptibility to insult of

the cochlear amplifier. Recently, these same biophysical

attributes have been identified in non-auditory cells

transfected with prestin [35,36�,37�], confirming the

identity of the lateral membrane motor. However, we

did note that the effects were smaller in magnitude than

those found in the native OHC [36�], and thus, it is

possible that prestin requires additional subunit inter-

actions to achieve the desired amplification. Indeed,

estimates of the unit magnitude of the motor stroke

(area change) are also smaller in prestin transfected cells

[38]. One possible interacting species is GLUT-5, an

initial motor protein candidate [39].

A motor complex?
Although GLUT-5, a fructose transporter, presented

some characteristics that indicated its similarity to the

OHC motor [39], this hexose transporter took a back seat

following the identification of prestin. GLUT-5 has a

different time course of developmental expression than

that of electromotility, whereas prestin expression corre-

lates well [40]; indeed, the co-expression of GLUT-5

with prestin apparently has no effect on the activity of

prestin [37�]. Whether these observations mean that

GLUT-5 is out of the picture or not is debatable, as

preliminary indications are that in prestin knockout mice

GLUT-5 is absent [41], and expression of prestin may

promote fructose transport [42]. Could GLUT-5 and

prestin expression be under some common control

mechanism? Are they members of a motor complex?

At present we do not know if prestin functions alone or as

multimers, or whether additional subunits are required for

its activity or not. The initial subtractive screen between

IHCs and OHCs that was used to identify prestin pro-

duced a large number of unique OHC proteins [12,43].

Presumably, some of these may interact with prestin.

There has been one preliminary report of an interacting

protein (termed couplin), which links prestin to structural

members (pillars) of the OHC sub-membranous cytoskel-

eton [44]. However, on the basis of estimates of prestin

density in the OHC, there are far too few pillars to sug-

gest a one-to-one interaction of couplin with prestin.

Couplin’s function is unknown, but it is similar to the

calponin homology (CH) domain, a superfamily of actin-

binding domains. Interestingly, couplin is expressed in

several tissues, indicating that potential interacting pro-

teins of prestin may extend well beyond the number of

unique OHC proteins identified in the initial differential

screen. Indeed, interacting proteins may naturally exist

in cell lines used for prestin transfections, possibly con-

founding our supposed view of prestin in isolation.

Prestin structure
The primary structure of prestin places it in a newly

identified anion transporter family, SLC26. Prestin is the

fifth identified member, SCL26A5. The nine members

identified thus far [45] possess good sequence homology

within the probable transmembrane region, but poor

homology in the extreme carboxy and amino termini.

Most of the SCL26 family members have a clear anion

transport function [45–48], but prestin has yet to be fully

evaluated, although preliminary evidence indicates that

it may transport Cl� and bicarbonate [42]. The topology

of prestin, that is, the number of transmembrane regions

and the location of carboxy and amino termini, has

received some attention. The carboxy and amino termini

are both located intracellularly as determined by anti-

body staining [37�,49�], indicating that the number of

transmembrane domains is even. More detailed topology

mapping is lacking, and the results of topology prediction

programs are divided among 10 to 12 transmembrane

domains. Nevertheless, the favored opinion is that pres-

tin and SCL26A6, arguably prestin’s closest relative [46],

have 12 transmembrane domains [49�]. This opinion is

formed on the basis of the placement of conserved

potential N-glycosylation sites within a putative second

extracellular loop. The confirmation of prestin topology

is important as site directed mutation studies have

already been conducted that have observed effects on

prestin activity.

Playing with prestin
The first structural manipulations of prestin were

designed to modify the polarity of non-conserved (among

SLC26 members) charged amino acid residues that pre-

sumably reside within the voltage sensing transmem-

brane domain [50��]. Such manipulation failed to
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abolish non-linear charge movement under voltage stim-

ulation, but shifted the value of Vh. Subsequently, it was

found that full truncation of the carboxy terminus, distal

to residue 590, results in absent voltage sensitivity, that

is, immeasurable NLC [51]. However, in the absence of

a functional protein it is difficult to prove correct plasma

membrane targeting and/or folding; thus, it is imperative

to also identify similar, yet active truncations. Recently,

we [52] were able to produce highly restricted trunca-

tions of both carboxy and amino termini at their extreme

ends (within 20 residues) that abolished NLC in a graded

manner. Additionally, charge reversals of carboxy-

terminal charged clusters produced marked shifts in Vh.

Therefore, it is clear that the non-conserved (among

SLC26 members) carboxy and amino termini of prestin,

which are unable to sense the membrane field, are never-

theless important for its sensor function. This importance

may relate to allosteric actions that these termini could

have on prestin’s voltage sensor through prestin–protein

or prestin–anion interactions (see below). One other

observation that is of interest in light of these data is

the resistance of the motor to proteolytic destruction

despite the presence of many potential cleavage sites

[31,53,54]. Evidently, in the native OHC, the carboxy and

amino termini are protected by either their own structural

features or interactions with other proteins (or lipids).

Anion effects on prestin’s voltage sensor
Two years ago, Oliver et al. [50��] made the key discovery

that prestin requires anions to function, notably Cl� and

bicarbonate, but not sulfate. They used membrane

patches from prestin-transfected chinese hamster ovary

(CHO) cells and rat OHCs to determine that NLC

requires either of these physiologically abundant anions.

The K1/2 (concentration at half maximal response) for

chloride and bicarbonate’s ability to generate NLC was

6 and 44 mM, respectively. Additionally, they found that

salicylate, a known ototoxic agent that modulates NLC on

the inner aspect of the OHC plasma membrane [55,56],

increased chloride’s K1/2. It was suggested that these

anions function as prestin’s extrinsic voltage sensor, in

which an incomplete anion transport cycle moves neg-

ative charge through the membrane field, causing prestin

to reside in the expanded state. Some of these data are

consistent with previous work showing that only neg-

atively charged lipophilic ions influenced motility and

NLC in intact OHCs [57], and that furosemide, a chloride

transporter antagonist, interfered with NLC [58]. Never-

theless, the outcome of more recent studies on the effects

of mono and divalent anions on intact OHCs [59��] offers

an alternative to the extrinsic voltage sensor hypothesis.

Notably, in intact OHCs, sulfate and other sulfonate-

containing anions can promote significant non-linear

charge movement in the absence of bicarbonate and

chloride. Moreover, if sulfates were simply able to sub-

stitute for monovalent anions as prestin’s extrinsic voltage

sensor, the unit charge of the motor and Qmax would have

doubled, as sulfate is divalent. However, the motor’s

valence, z, remained the same. Another issue that com-

plicated the simple voltage sensor scheme of Oliver et al.
[50��] was the identification of large shifts in Vh as a

function of chloride concentration, that is, an increase in

intracellular chloride shifting Vh to negative potentials

[59��,60]. Thus, chloride strongly influences the prob-

ability that prestin will reside in the compact or expanded

state. In view of these observations, we proposed [59��]
that anions serve not as extrinsic voltage sensors but as

allosteric modulators of prestin that upon binding shift

prestin’s voltage dependence into the physiological

range, where intrinsic charge senses voltage perturbation

(Figure 2). Thus, at any given voltage, the binding of

chloride to prestin increases the likelihood of the motor

being in the contracted state, which corresponds to cell

shortening. Recently, chloride’s effect on prestin’s oper-

ational voltage range has been confirmed [61].

Targeting the lateral plasma membrane
The OHC motor is clearly restricted to the cell’s lateral

plasma membrane, which possesses a surface area of

Figure 2
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Effect of anions on OHC motor. Boltzmann functions describe the

voltage-dependent probability of the motor being in the contracted

state (Pcon). At the fixed resting voltage (Vrest, blue line) and in the

absence of bound anions (green Boltzmann), a small proportion of

motors are in the contracted state. With the delivery and possible

binding of Cl� to a site (or sites) on the intracellular aspect of the

membrane motor, the steady state energy profile is altered, resulting in

a leftward shift in the probability function along the voltage axis (cyan

Boltzmann). Consequently, at Vrest, an increased number of motors

reside in the contracted state (inset, motors in cyan, membrane in

yellow). A hyperpolarizing step to Vhyper (red line) restores the original
distribution of motor states. Whether chloride or sulfate is bound, the

slope (z), which is indicative of the voltage sensor’s unit charge,

remains the same, showing that the extrinsic anion does not serve as

the voltage sensor [60].
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greater than 2,000 mm2 in low frequency OHCs. This

layout has been revealed through physiological tests of

the motor’s electro-mechanical activity [53,54,62] as well

as its mechano-electrical activity [31]. Indeed, prestin has

been mapped exactly to the location identified by those

physiological measures by antibody labeling [40]. How-

ever, the lateral membrane is not uniform, but instead

composed of structural and functional microdomains, in

which local forces may impose on motor activity [63,64].

That is, the voltage range over which the motors work,

and the sensitivity of the motors may not be uniform

along the cell surface [64]. These microdomains can have

an impact on the overall mechanical activity of the OHC.

For example, movements of the cell along an axis other

than the longitudinal one, as has been observed in vitro
[65] and in vivo (in situ) [66], could arise from local

characteristics of motor microdomains that provide for

anisotropic (on the level of the whole cell) electromechan-

ical properties. Thus, the evolving concept that the organ

of Corti or parts of it deform in a non-rigid manner

[66,67,68�,69] may be substantially derived from the

mosaicism of the OHC lateral membrane.

The distribution of prestin along the lateral membrane,

spanning from nuclear to sub-cuticular regions of the

cylindrical cell, is apparently under thyroid hormone

(TH) control. In TH deficient rats, prestin expression is

delayed and the protein is distributed along the whole

basolateral extent of the cell, never attaining restricted

membrane targeting to the lateral membrane [70��]. Motor

function, however, appears unaffected, as the absence of

TH in in vitro explants of Corti’s organ is not required for

the development of electromotility [71]. The correct local-

ization may not only depend upon targeting per se, possibly

with helper proteins, but also on the limitation of lateral

diffusion. In the normal OHC, the diffusion of lateral

membrane motors into adjacent basal regions of the

OHC membrane, in which ion channels are restricted

[72], does not occur, even after cytoskeletal destruction

with proteolytic enzymes [31]. The membrane-based bar-

riers to diffusion across these membrane domains are

unknown. However, within the lateral membrane proper,

lateral diffusion of motors appears to occur at rates typical

for untethered integral membrane proteins, namely at

around 0.08 mm2/s [73]. The diffusion coefficient of the

lipid permeable dye di-8-ANNEPS within the OHC

lateral membrane is faster, as expected for lipids, but

interestingly, it is voltage-dependent and tension-depen-

dent [74,75]. This may relate to the voltage and tension-

dependence of the major protein prestin that is located in

that membrane. However, another lipid soluble dye, SP-

DiIC18, is relatively immobile but can redistribute within

the membrane in a voltage-dependent manner, and this

redistribution probably depends on prestin activity [63].

In light of these data, it is possible that the diffusion of

prestin itself depends on the protein’s voltage-dependent

area state, an area that has yet to be explored.

Molecular motions
The whole cell mechanical response of the OHC (which

can be seen at the Yale ear lab website [17]) is truly

amazing. Movements as large as 30 nm/mV have been

measured [76]. One of the perplexing questions about

prestin or its complex is how the voltage dependent

conformational change, which we are able to observe

microscopically through displacement current measures,

results in cell movements? A variety of hypotheses have

been tested, but two putative mechanisms remain enter-

tained in the field. Following the observation that OHC

membrane patches change surface area in response to

membrane voltage change [53], molecular motor models

incorporating two-state area changes appeared. These

mechanical models naturally arose from the two-state

Boltzmann models of non-linear charge transfer that

preceded them [18,19], and suggested that unitary motors

fluctuate among area states with an area difference rang-

ing from 0.4 to 8 nm2 [27,28,34,77–79]. Given the con-

straints imposed by a cylindrical shape, caused by the

cortical cytoskeleton [80] and the fixed volume (espe-

cially expected at high acoustic frequencies), surface area

changes are predicted to alter OHC length and diameter

in line with physiological observations [77]. Of course, an

alteration in surface area should cause a change in the

cell’s linear (specific) capacitance, which correlates with

the number of motors that occupy each state, hyperpo-

larization favoring an increase in specific capacitance

(expanded state). Indeed, such a phenomenon appears

to occur [81].

The other motor mechanism currently favored is formed

on the basis of membrane curvature and interfacial

tension. Proponents of this mechanism maintain that pres-

tin functions not as a motor but simply as an entity that

provides the membrane with an enhanced capacitance

(charge), which in turn amplifies a basic biophysical

process that drives membrane motion [82�]. It has been

argued that this flexoelectric property of membranes

accounts for such phenomena as salicylate and chlorpro-

mazine’s (both amphipaths, which affect membrane cur-

vature) actions on the magnitude and voltage dependence

of OHC motility and NLC [83–86]. The theory appears

solid, but there is disparity between the ‘area motor’ and

‘membrane bending motor’ camps over magnitude effects,

polarity, and the precise requirements for helper charge

that may point to the superiority of one hypothesis over

the other. It is likely that each camp will fight until an

experiment unequivocally reveals the truth [22,86]! We

should not hold our breath, however, as it took nearly a

decade to dissuade supporters of an electro-osmotic

mechanism for OHC motility [87].

Another property of the OHC that may account for

mechanical responses or help to modify them is its voltage

dependent stiffness [88]. Two models have been pro-

posed whereby mechanical activity could accompany a
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stiffness change [89]; one invokes intrinsic and simulta-

neous changes in stiffness and the conformation of a

motor unit, whereas the other derives from the conse-

quences of a pure stiffness change under constant cellular

preload (steady state application of cellular deformation).

The results of preload effect (induced by turgor pressure)

on OHC motility are contradictory [19,33]. Nevertheless,

the conformational changes embodied in the area model

of motility are predicted to evoke a voltage dependent

compliance that peaks at Vh (corresponding to the voltage

at maximal electrical compliance [capacitance], or mechan-

ical voltage sensitivity), much as the stereociliar transduc-

tion channels sponsor a maximum bundle compliance

when half the channels are open [90]. Iwasa [91] modeled

this molecular inevitability and confirmed that motor

activity should affect global OHC stiffness. However,

as expected, at Vh stiffness is at a minimum, whereas

neither the stiffness data nor the models of He and Dallos

[88,89] show a minimum at Vh, but instead, a simple

(sigmoidal) correspondence between stiffness and motil-

ity magnitude. In light of this, it is likely that the

modulation of OHC stiffness additionally arises from

mechanisms other than direct motor activity. Indeed, it

is understandable that global OHC stiffness should derive

from the combined structure of the OHC lateral wall

(plasma membrane, cortical cytoskeleton, and subsurface

cisternae) [92]. Thus, another means to alter global OHC

stiffness would be through cytoskeletal effects of second

messengers (e.g. cGMP [93], or calcium ions [94–97]) and

other signaling pathways (e.g. those employing the small

GTPases [98,99]). Neural efferent effects on cochlea

mechanics may be mediated partly by modulation of

OHC stiffness [100].

The consequences of direct motor effects (viewed

through NLC measures) of chemical modifiers (e.g. phos-

phorylation) have been considered for some time

[94,101]. Indeed, there are several sites identified within

prestin that could be important targets for functional

modification [12,49�], including N-glycosylation and

phosphorylation sites. There are some preliminary data

of interest with regards to these sites. Mutation of two

N-glycosylation sites at residues 163 and 166 produced no

changes in NLC [102]. On the other hand, the PKC

inhibitors, RO31-8220 and bisindolylmaleimide (BIM),

shifted Vh in the depolarizing direction in prestin-trans-

fected cells [103], although the PKC activator phorbol

12-myristate 13-acetate (PMA) had previously been

shown to lack effect on OHC motility [93]. The compel-

ling story of prestin’s modulation by second messengers

and the like is not yet available.

Hop or Hopf?
One of the raging controversies that concerns mammalian

cochlea function is the relative importance of stereocilia

versus somatic mechanics, each viewed as potential

powerhouses for amplification [10,104,105]. The stereo-

cilia bundle may very well sit at or near a point of

instability, at a Hopf bifurcation, where oscillation and

amplification struggle to prevail [106]; but whether or not

it rules in the mammalian system is difficult to reconcile

with the obvious need for such a momentous evolutionary

stride as the OHC lateral membrane. Certainly, the

prestin knockout mouse has strengthened the case for

the dominating role of OHC electromotility [13��]. Yet

reasonable issues with this experiment remain, as noted

above. To highlight one concern, could the structural

changes (e.g. shortening) in the OHC that result from a

reduction in prestin numbers have modified the interac-

tion of the stereocilia with the TM, ultimately interfering

with stereocilia feedback into the organ? That is, could

stereocilia mechanics have been altered because, for

example, of bundle biasing? Could this possible biasing

have also altered their resting potentials? In addition,

what is the consequence of missing GLUT-5? In any

case, whether or not a Hopf bifurcation underlies the

sensitivity, tuning and non-linearity of the mammalian

auditory system may not necessarily point to one mech-

anism over another, as such an instability could conceiv-

ably reside within the soma, as well as the stereocilia (see

annotation to Julicher et al. [107]). As far as the bifurcation

concept itself goes, there is some quite heated debate

[108��]! However, beyond the underlying principles of

amplification, questions of speed persist and may ulti-

mately help to decide which amplificatory mechanism

will win. Clearly, stereocilia work at frequencies across

the mammalian acoustic spectrum, indicating that the

bundle’s driving force for amplification is truly wideband;

however, can the effector arm follow the input? Using

realistic parameters, bundle amplificatory abilities have

been modeled up to 5 kHz [105], still far short of mam-

malian needs. Unfortunately, the lateral membrane

mechanism also faces difficulty.

How fast can fast be?
There is no doubt that the OHC motor is fast; as already

noted, mechanical activity is measurable above 70 kHz

[26], and in some mammals, such as bats, in which the

cochlear amplifier presumably works, frequency sensa-

tion can extend well beyond 100 kHz. However, in all

evaluations of the motor’s frequency response, external

voltage commands under the frequency and level control

of the experimenter were used, thus avoiding one of the

enigmatic problems facing the realization of voltage-

driven cochlear amplification at high frequencies, the

RC (resistor � capacitor) membrane filter [24,109]. The

OHC membrane’s low pass filter is expected to seriously

limit high frequency electromotility, and this difficulty is

one of the key arguments employed by proponents of

stereocilia-based cochlea amplification in the mammal

[105]. The problem arises when one considers that

because of the non-linear nature of the OHC electromo-

tility function, the mechanical gain of the OHC is about

one-tenth of its maximum (max: around 20 nm/mV) at the
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cell’s normal resting potential of �70 mV [109]. At this

gain, receptor potentials near threshold would result in

mechanical responses that fall short of threshold BM

movements, making it unlikely that BM motion can be

boosted. Since its identification, a few solutions for the

apparent RC filter problem have been proposed. Dallos

and Evans [110] suggested a mechanism that relies on

stimulation of motor activity by wide-band extracellular

voltages evoked by remote OHCs within the organ of

Corti. Alternatively, we have suggested two cellular-

based mechanisms whereby the problem could be alle-

viated. First, we found that the mechanical gain of the cell

at its resting potential could be increased through reduc-

tions in turgor pressure [29]. Second, as we found that

motor charge density is greater in higher frequency

OHCs, we reasoned that the resultant electrical energy

(Q � V) delivered to the lateral membrane of high fre-

quency OHCs could render the filter-induced drop in

receptor potentials less detrimental [111]. The latest

suggestions are based on modeling, one positing that the

piezoelectric-like properties, that is, reciprocal electro-

mechanical properties, of the OHC lateral membrane can

provide for an enhanced receptor potential in high fre-

quency OHCs [112], whereas the other suggests that the

apparent inductance of ionic channels may enhance the

cell’s frequency response [113]. All of these arguments

presuppose the existence of an RC filter problem due to

prestin’s voltage dependence. What if prestin were driven

by something other than voltage?

The recent identification of a stretch-activated chloride

conductance (termed GmetL; [59��]) in the OHC lateral

membrane may indicate that the motor can react to cur-

rents evoked by mechanical perturbations of the lateral

membrane accompanying acoustic stimulation in vivo.

Indeed, sound induced deformations of the OHC have

been observed in the intact cochlea [68�]. In this model,

intracellular Cl� oscillations located near prestin, driven

by stretch-activated ac and/or dc Cl� currents, would

directly drive prestin transitions. Because the current

or its integral, not the resultant voltage, directly modu-

lates prestin, the mechanism is unencumbered by the RC

membrane filter. If this model proves true, then the OHC

soma has adopted a mechanism similar to that which

stereocilia use to provide cochlea amplification in lower

vertebrates. In that case, calcium ion entry through

the mechanically-gated forward transduction channels

modulates the channels themselves and thus stereocilia

bundle mechanics, leading to amplification [104,105].

Nature’s capitalization on such a primitive yet well-

designed system may possibly have usurped the stereo-

cilia’s rule by elevating the OHC lateral membrane to

function as both a forward and a reverse transducer.

Conclusions
Despite the advances made in understanding OHC func-

tion and its role in cochlear amplification, so many more

unknowns remain. In a way, OHC aficionados are faced

with the excitement that ion channel biophysicists felt

when molecular identifications of their sweetheart pro-

teins were first made. A host of investigations that employ

the now well-developed fields of molecular biology, pro-

tein biophysics, and the like, which have been success-

fully employed in other fields, are beginning to surface in

our small field. This can be clearly observed when perus-

ing the abstracts of international meetings, some of which

have been highlighted here. Although the information

gleaned in the past few years has truly been remarkable, I

would bet that the next timely review of OHC electro-

motility will be astonishing by comparison.

Update
Two manuscripts of significant interest have appeared

since this review was completed. In a follow-up to the

published abstract [42] on sugar transport by prestin,

Chambard and Ashmore [114] provide evidence that

prestin and another SLC26 family member, Pendrin,

can transport fructose. The ability to transport fructose

was not assessed in other family members but conceivably

could be a general trait. The full significance of the

transport is not clear, but certainly it could influence

turgor pressure regulation in OHCs.

Weber et al. [115] identify a few new SLC26 family

members that are homologous to prestin in species that

are distant from mammals, namely fish and insects.

Nevertheless, the best homology is around 50% (or less)

with prestin. It would not be considered unusual to find

solute transporters in these species. Furthermore, it is

unlikely that motor activity would arise from such homo-

logues, as other members of the SLC26 family that have

substantial homology to prestin lack this capacity. Never-

theless, investigation of motor activity (e.g. NLC) is

certainly warranted.
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Determination of Cell Capacitance Using the Exact Empirical Solution
of @Y/@Cm and Its Phase Angle

Joseph Santos-Sacchi
Otolaryngology and Neurobiology, Yale University School of Medicine, New Haven, Connecticut 06510

ABSTRACT Measures of membrane capacitance offer insight into a variety of cellular processes. Unfortunately, popular
methodologies rely on model simplifications that sensitize them to interference from inevitable changes in resistive components
of the traditional cell-clamp model. Here I report on a novel method to measure membrane capacitance that disposes of the
usual simplifications and assumptions, yet is immune to such interference and works on the millisecond timescale. It is based
on the exact empirical determination of the elusive partial derivative, @Y/@Cm, which heretofore had been approximated.
Furthermore, I illustrate how this method extends to the vesicle fusion problem by permitting the determination of @Yv/@Cv,
thereby providing estimates of fusion pore conductance and vesicle capacitance. Finally, I provide simulation examples and
physiological examples of how the method can be used to study processes that are routinely interrogated by measures of
membrane capacitance.

INTRODUCTION

Biological cells are typically modeled as simple parallel

combinations of an electrical resistance and capacitance.

Measures of membrane capacitance (Cm) based on this

model under voltage clamp provide an informative view of

such varied processes as fertilization (Jaffe and Schlichter,

1985), ionic channel gating (Fernandez et al., 1982), synaptic

vesicle fusion (Neher and Marty, 1982), gap junctional

coupling (Santos-Sacchi, 1991a), and receptor cell activity

(Zhao and Santos-Sacchi, 1999).

A powerful feature of capacitance measures is the ability

to monitor interactions between membrane-bound compart-

ments, e.g., fusion of vesicles with the plasma membrane or

cell coupling via gap junctions (Neher and Marty, 1982;

Joshi and Fernandez, 1988; Santos-Sacchi, 1991a; Zhao and

Santos-Sacchi, 1998), because these measures provide an

estimate of membrane surface area (Fricke, 1925; Cole,

1971). Indeed, electrical measures of vesicular fusion

(Alvarez De Toledo et al., 1993) have played a significant

role in the development of one of the most controversial

issues facing neurobiology today, namely, the occurrence of

kiss-and-run synaptic vesicle transmitter release (Gandhi and

Stevens, 2003; Aravanis et al., 2003). Single-frequency

admittance analysis of membrane fusion, pioneered by

Neher and Marty (1982), has been used by a number of

investigators to gauge the time course of vesicular membrane

fusion by monitoring the changes in the conductance of the

fusion pore that initiates membrane fusion (Breckenridge

and Almers, 1987; Alvarez De Toledo et al., 1993; Debus

and Lindau, 2000; Klyachko and Jackson, 2002). Estimates

of the pore’s initial conductance hover near single-channel

conductance values (Breckenridge and Almers, 1987; Lol-

like et al., 1995).

Arguably the most widely used method to measure

membrane capacitance (Cm) is the phase-angle method,

variously termed, but all employing approaches to extract the

current at a particular phase angle arising from small changes

in Cm (Neher and Marty, 1982; Gillis, 1995). Such AC

methods ostensibly provide excellent time resolution and

sensitivity. Multifrequency approaches, which we and others

have used (Fernandez et al., 1982; Santos-Sacchi, 1989;

Zhao and Santos-Sacchi, 1999), are less in vogue, but offer

potential protection from changes in admittance that can

plague single-sine methods. Implementations of step, single-,

and dual-sine techniques are available in a few software

packages (jClamp, www.SciSoftCo.com; pClamp, www.

Axon.com; Pulse Control, www.Instrutech.com, chroma.

med.miami.edu/cap).

One of the key problems that challenges the validity of

Cm measures, and thus our understanding of those cellular

processes that are interrogated by Cm measurements, is the

interference of those measures by changes in either patch

electrode resistance (Rs) or cell membrane resistance (Rm),

the latter often a natural corollary of those cellular processes

(Gillis, 1995; Debus et al., 1995). An extensively discussed

topic of the single-sine camp concerns the determination of

the proper phase angle to utilize in measuring small changes

in membrane capacitance. There are various mechanisms

to determine an appropriate phase angle, but all estimates of

capacitance employ simplifying assumptions and require-

ments, usually devised to limit the effects of uncontrollable

Rs and Rm changes on Cm measures. Indeed, the traditional

methodology of single-sine admittance analysis suffers from

a number of assumptions and simplifications, especially

those methods used to extract vesicle capacitance and

conductance, and the fusion pore conductance. These
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assumptions cannot be met in all cases, and this quandary is

clearly indicated by the posthoc manipulations of data that

are often required (Lindau, 1991; Ratinov et al., 1998). In

detailing these assumptions, I refer to the traditional elec-

trical circuit models that are used to evaluate admittance

data (Fig. 1). A nearly universal assumption is that Rm � Rs;

additionally, for fusion vesicle analysis, Rv � Rp, and in

some cases Rv ¼ N. Below I illustrate through circuit

analysis and modeling how these assumptions can lead to

errors, and provide a method, based on the exact empirical

identification of the partial derivatives @Y/@Cm and @Yv/

@Cv, that offers solutions without compromising assump-

tions. The approach is referred to as the eCm method.

Theory

The phase of the capacitive current components evoked by

a sinusoidal command voltage (V) across the simple models

presented in Fig. 1 can be used to arrive at measures of

the capacitive components themselves. Once the capacitive

component values are obtained, the resistive component

values are easily deduced. This can be appreciated from the

following evaluation, which first deals with the model

without a fusion vesicle and without capacitance compen-

sation components (Fig. 1 A).

Two standard conditions must be met for successful use

of the methods detailed here: 1), the patch-clamp system

transfer function (which derives from all equipment that

contributes to shaping the output current) must be corrected

for. This is a trivial matter, where a pure resistor, say 1 MV,

is used at the input of the headstage to determine the

correction phase and magnitude at each frequency (see

Gillis, 1995 for details); and 2), the pipette stray capacitance

must be neutralized before establishing whole-cell configu-

ration.

Absent vesicle fusion

The current measurable under voltage clamp (Fig. 1) is that

through Rs, namely, IRs. According to Ohm’s law, IRs is

defined as the product of the clamp voltage (V) and input

admittance (Y) of the circuit,

IRs ¼ YV ¼ ðAY 1 jBYÞV; (1)

where AY and BY are the real and imaginary components of

the admittance. Closer inspection of the circuit reveals that

IRs is the sum of a resistive and a capacitive component

induced by only that portion (Vm) of the clamp voltage (V),

which drops across the cell membrane (Rm k Cm),

IRs ¼ IRm 1 ICm ¼ Vm

Rm

1 jvCmVm: (2)

These equations show that IRs can be represented as

a frequency (v ¼ 2pf ) dependent complex number,

Ym ¼ ðAIRs
1 jBIRs

Þ
Vm

; (3)

where Ym is the membrane admittance, AIrs is the real com-

ponent, and BIrs is the imaginary component of IRs. Plainly,

this signifies that the phase relationship between capacitive

(ICm) and resistive (IRm) membrane current components is

90�. It is important to realize that the magnitude of the series

resistance (Rs), or its existence (i.e., Rs ¼ 0), is irrelevant, and

will not affect the phase relationship between ICm and IRm.

Of course, for Rs . 0, the phase of IRs, relative to that of V,

will vary as a result of any circuit parameter change, because

the phase of IRs is dependent on that of Vm,

:Vm ¼ �tan
�1ðvtclampÞ; (4)

where tclamp, the actual clamp time constant, is

tclamp ¼ RkCm ¼ RsRm

Rs 1 Rm

Cm ¼ RsRm

Rin

Cm: (5)

FIGURE 1 Circuit models. (A) The standard patch-clamp-cell model.

Voltage (V) is set across the electrode (Rs) and cell membrane resistance

(Rm)—capacitance (Cm). The series components between headstage and

ground, Rd and Cd, model the whole-cell capacitance compensation circuitry

when connected. (B) A vesicle is fused with the plasma membrane. Cv is

vesicle capacitance, Rp is fusion pore resistance, and Rv is vesicle resistance.
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Viewed relative to the phase of the command voltage (V ),

the capacitive current phase angle, F, will always reside at

F ¼ :Vm 1 90� ¼ :IRm 1 90�

¼ �tan
�1ðvtclampÞ1 90�: (6)

Thus, in the absence of Rs (Rs ¼ 0), the angles of Vm and V
are identical, and F will be orthogonal to the angle of V.

However, as pointed out by Neher and Marty (1982), the

introduction of Rs causes F to shift away from orthogonality

with respect to the applied command voltage (V ). The phase

shift, u, in the angle of IRs that accompanies changes in the

circuit parameters is defined as

u ¼ :Vm �:IRs ¼ :IRm �:IRs

¼ �tan
�1ðvRmCmÞ; (7)

and thus

F ¼ :IRs 1 u 1 90�: (8)

Although it is apparent from Eq. 2 that the magnitude of

the current at F, namely, ICm, can be used to extract Cm

jICmj ¼ ReðIRse
�jFÞ (9)

Cm ¼ ICm

jvVm

¼ jICmj
vjVmj

; (10)

neither absolute angle, u nor F, can be determined from

direct manipulation of the empirically obtained input

admittance at any one frequency. Thus, in the face of

changing circuit parameters, estimating Cm by directly

measuring raw current at F appears unfeasible. Nevertheless,

inspection of the current at F can be achieved by operating on

the imaginary component of IRs, whose phase follows those

phase shifts that result from parameter changes.

ICm ¼ conj
BIRs

V

j Vm

� �
: (11)

Thus, the imaginary component of Y (or IRs) can be used to

find Cm. To obtain direct estimates of Cm from BY, one needs

to correct BY with a noncomplex gain factor (Hc) that

accounts for the relationship between inevitable changes in Rs,

Rm, and Cm that occur during the course of an experiment.

Cm ¼ HcBY; (12)

where, after substitution and rearrangement,

Hc ¼
ð1 1 v

2
t

2

clampÞ

v 1 � tclamp

tcell

� �2; (13)

and

tcell ¼ RmCm: (14)

Note that tcell is the membrane time constant, and most

importantly,

H
�1

c ¼ absð@Y=@CmÞ: (15)

Thus, to extract Cm from BY, we must precisely evaluate

the partial derivative, @Y/@Cm. This is one of the enigmas

facing cell capacitance aficionados.

There are two methods that are routinely used to provide

estimates of @Y/@Cm and its phase angle; both involve

dithering of circuit parameters, and typically require hardware

modifications and/or manipulations (Fidler and Fernandez,

1989; Joshi and Fernandez, 1988; Neher and Marty, 1982).

Series resistance dithering and capacitance compensation

dithering each have shortcomings that have been discussed in

detail (Joshi and Fernandez, 1988). Ultimately, these short-

comings stem from the untoward effects of series resistance,

because as Rm=Rin/1, the circuit of Fig. 1 A approaches

a simple parallel Rm Cm configuration, and the estimates

ultimately provide precise solutions. Regrettably, we are

rarely so lucky during our experimental manipulations of cells

to guarantee such relationships (Debus et al., 1995). Can this

problem be resolved? That is, can the true magnitude and

phase angle of @Y/@Cm be obtained, so that estimates of Cm

are impervious to cell and clamp parameter changes?

Furthermore, can this be accomplished without hardware

additions and manipulations? Actually, it is a simple task,

requiring, in addition to measures of BY, the determination of

the partial derivative, @Y/@v or correspondingly, @IRs/@v. As

we shall see, such a determination ensures accurate measures

of membrane capacitance.

@Y=@v ¼ ave
jbv ; (16)

where the magnitude (av) and phase (bv) are

av ¼ BY

v
(17)

bv ¼ �tan
�1 v

2
t

2

clamp � 1

2vtclamp

" #

: (18)

Significantly, bv, the phase angle of @IRs/@v and @Y/@v,
is identical to that of @Y/@Cm, and also to the angle of
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@Y/@Rm 1 90�. This can be appreciated immediately by

inspection of the partial derivatives.

@Y=@v ¼ Y2

Y2

m

jCm (19)

@Y=@Cm ¼ Y2

Y2

m

jv (20)

@Y=@Rm ¼ �Y2

Y2

m

1

R
2

m

; (21)

where

1

Ym

¼ 1

Y
� 1

Gs

¼ 1

Y
� Rs: (22)

It is this equivalence between the angles of @Y/@v and

@Y/@Cm that forms the basis of the new eCm method of

capacitance measurement that I report here. Given the angle,

bv, and the real and imaginary components of Y, the two

time constants, tclamp and tcell, can be found. Each has two

solutions, one of which will be realizable (positive) depend-

ing on the circuit parameters. For subsequent calculations the

positive values must be used.

tclamp ¼ �tanðbvÞ6
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 1 tanðbvÞ

2

q� �
v

�1
(23)

tcell ¼
1 � v

2
t

2

clamp � 2hvtclamp6c

vð�h 1 hv
2
t

2

clamp � 2vtclampÞ
(24)

where

c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 1 h

2

q
1

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 1 h

2

q
v

2
t

2

clamp

� �
ð25aÞ

h ¼ tan 2 tan
�1 BY

AY

� �� �
¼ tanð:@Y=@GsÞ: (25b)

Finally, with tclamp and tcell in hand, Hc (Eqs. 13 and 15)

can be obtained, thus revealing the exact solution for all

clamp parameters, Rs, Rm, and Cm.

Cm ¼ BYHc ¼
BY

j@Y=@Cmj
¼ BY

ð1 1 v
2
t

2

clampÞ

v 1 � tclamp

tcell

� �2 (26)

Rm ¼ tcell

Cm

(27)

Rs ¼
�tclamptcell

Cmðtclamp � tcellÞ
: (28)

For completeness, the pertinent partial derivatives are

provided in polar form (all parameters obtainable through

a combination of measurement (that of Y and bv; see

following) and calculation (as above)),

@Y=@Cm ¼ H�1

c ejbv ¼
v 1 � tclamp

tcell

� �2

ð1 1 v
2
t

2

clampÞ
e jbv : (29)

@Y=@v ¼ BY

v
e

jbv : (30)

The exact determination of bv

Several practical approaches to obtain bv via frequency

manipulations are available. Ordinarily, the empirical de-

termination of an angle of a partial derivative with respect to

angular frequency, such as bv, is found by introducing

a second voltage sinusoid (v1), in addition to the primary, v0,

at an infinitesimal interval of dv, which must be approximated

with Dv. The angle of the resulting difference current will

closely approximate bv. However, the determination of bv

using digital techniques necessitates that the two frequencies

be no closer than the minimum frequency interval, vmin. This

interval is determined by the number of points (npts) of the

stimulus (vmin ¼ 1/(dt npts), where dt ¼ sample clock) (see

Oppenheim and Schafer, 1975). Unfortunately, the rather

large size of vmin offered by a stimulus composed of, say, 128

points at 4 ms clock, will provide for a poor approximation of

dv by Dv ( fmin would be 1953.1 Hz). Of course, npts can be

increased such that vmin would be very small and permit

a reasonable approximation of bv, but time resolution suffers.

If high time resolution is not an issue, or if discrete

determinations (as in ‘‘pause and dither’’ approaches) are

acceptable, then determining the angle of the difference

current at the primary frequency (v0) and secondary fre-

quency (v1) at a very small interval will give bv.

Alternatively, a nondiscrete hardware implementation of

this technique could easily allow dv to be approached;

furthermore, the magnitude of the second frequency could be

quite small, because only the phase would be required. In

fact, the stimulus could very well resemble a single sinusoid,

thus limiting the cell’s stimulus exposure.

Notwithstanding these approaches to the determination of

bv, our overriding intent is to obtain a method for Cm

measurement without additional hardware or hardware

manipulations, and to correct for parameter changes on

a point-by-point (real time) basis. To this end, it is fortuitous

that the need for an infinitesimal interval, dv, can be cir-

cumvented by acknowledging that for the linear component
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model of Fig. 1 a, Rs or Rm may be considered frequency

independent. That is, we may use either of the derivations of

Rs or Rm provided by Pusch and Neher, 1988 (their Eqs. 5

and 6 reproduced below); also see Lindau and Neher (1988)

to obtain an exact solution of bv at v0.

Rs ¼
Avn � b

A2

vn 1 B2

vn � Avnb
(31)

Rm ¼ 1

b

ðAvn � bÞ2
1 B2

vn

A2

vn 1 B2

vn � Avnb
; (32)

where b ¼ 1 / (Rs 1 Rm) and n ¼ 0,1.

Equating Rs (or Rm, either of which produce the exact

same result) determined at two angular frequencies, v0 and

v1, provides two solutions for b (b0, b1; solutions not

shown), and therefore two solutions for tclamp at v0 (obtained

by utilizing Pusch and Neher’s (1988) solution for Cm; their

Eq. 7),

tclampn
¼ A0 � bn

B0v0

: (33)

Notably, however, either solution of tclamp; tclamp0
; or

tclamp1
, when used to derive the angle of @Y/@v, i.e., bv0,

from Eq. 18 produces only one, unique result, namely

bv0 ¼ tan
�1 1

2

A2

1 � 2A1A0 1 A2

0 � B2

0 1 B2

1

B0ðA1 � A0Þ

� �
; (34)

where the subscripts denote the real (A) and imaginary (B)

admittance components at any two angular frequencies,

v0 and v1. It should be pointed out that whereas two

frequencies are required to obtain bv, the value itself is

derived from @Y/@v0, whose location is exactly at v0.

dvY=dv0 ¼ lim
Dv/0

Yw01Dv � Yw0
(35)

@Y=@v0 b dvY=dv0; (36)

that is, all three pieces of information, BY, AY, and bv that

are used to measure Cm theoretically derive from single (v0),

not dual, frequency inspection.

Present vesicle fusion

The fusion of independent membrane-bound compartments

(vesicle to the plasma membrane or gap junctional coupling

between two cells) can be evaluated with input capacitance

measures, and modeled to obtain component values of the

applicable circuit (Fig. 1 B) (Zhao and Santos-Sacchi, 1998;

Bigiani and Roper, 1995; Santos-Sacchi, 1991a). Below, I

focus on vesicular fusion. If experiments are performed

using the cell-attached mode it must be determined that

the cell’s input admittance is far greater than the patch

admittance. Additionally, data must be corrected posthoc

after determination of stray pipette capacitance (perhaps

using the Sylgard bead-sealing technique (Sakmann and

Neher, 1995)), which may be greater than patch capacitance.

Thus, the application of this method under cell-attached

mode is not straightforward. Nevertheless, in that case, or

if vesicle fusion is monitored under whole-cell mode, the

following applies; the subscript m denotes either patch or

whole-cell characteristics. The input admittance before (Yb)

and after (Ya) vesicle fusion differs.

Yb ¼ ½Rs 1 Y�1

m ��1
(37)

Ya ¼ ½Rs 1 ðYm 1 YvÞ�1��1
; (38)

where

Yv ¼ Rp 1
Rv

1 1 jvRvCv

� ��1

: (39)

Typically, access to the circuit parameters defining the

vesicle admittance (Yv: Rp, Rv, and Cv; see Fig. 1 B) is

obtained experimentally by making an inescapable assump-

tion – that at the onset of fusion Rs, Rm, and Cm remain

unchanged. Given the model, without this assumption

estimates cannot be obtained with confidence.

The original and still common method to calculate vesicle

parameters, including fusion pore conductance, employs

capacitance compensation to estimate vesicle admittance

(Breckenridge and Almers, 1987; Lindau, 1991; Ales et al.,

1999). In this case, membrane admittance before fusion is

removed by subtracting the Ym baseline determined by

capacitance compensation dithering (Neher and Marty,

1982); the subsequent change in admittance after vesicle

fusion is used to calculate vesicle components based on

a simplified vesicle circuit model of Cv in series with Rp

(Breckenridge and Almers, 1987). We can employ the eCm
method to arrive at Yv, in a similar manner. First, Ym is

extracted from Yb, the exact value of Rs having been

obtained by analysis (see above) before fusion.

Ym ¼ � Yb

YbRs � 1

� �
: (40)

Consequently, the vesicle admittance, Yv, which includes

the fusion pore, can be calculated (by substitution of Eq. 40

into Eq. 38) as a function of admittances measured before

and after fusion,
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Yv ¼
R
�2

s ðYb � YaÞ
ðR�1

s � YbÞðR�1

s � YaÞ
: (41)

From inspection of the vesicle circuit (Fig. 1 B), it is clear

that

IRp ¼ IRv 1 ICv; (42)

that is, we have the analogous circuit conditions that we

analyzed above in the absence of fusion. The parameters Rp,
Rv, and Cv simply and, respectively, replace Rs, Rm, and Cm.

Using the same analysis logic as above, the magnitude and

angle of @Yv/@Cv is obtained, thus enabling the solution of

all vesicle circuit parameters. The following equations detail

fusion event analysis.

Cv ¼ HcvBYv ¼
BYv

j@Yv=@Cvj
¼ BYv

ð1 1 v
2
t

2

f Þ

v 1 � tf

tv

� �2 (43)

Rv ¼
tv

Cv

(44)

Rp ¼
�tftv

Cvðtf � tvÞ
; (45)

where

tf ¼ ½�tanðbvvÞ 6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 1 tanðbvvÞ

2

q
�v�1

(46)

tv ¼
1 � v

2
t

2

f � 2hvtf 6

� ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 1 h

2
q

1

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 1 h

2
q

v
2
t

2

f

�

vð�h 1 hv
2
t

2

f � 2vtfÞ
;

(47)

and

h ¼ tan 2 tan
�1 BYv

AYv

� �� �
: (48)

Simulations and biological cell examples

I provide several approaches to evaluate the eCm method of

parameter estimation, including mathematical modeling,

physical modeling, and tests on biological cells. It is im-

portant to realize that tests on biological cells may provide

important information on real-world capabilities, but cannot

be used to truly verify the validity of an approach. For

example, it is impossible to know if a certain time course of

Cm change is truly occurring in cells, unless, of course,

confirmation is obtained through other measures. However,

physical and mathematical model evaluations can confirm

validity of an approach, and do provide confidence that the

results from biological cells are sound. In the first set of

evaluations, MatLab (Natick, MA) was used to model the

circuit admittance and implement eCm strictly in the fre-

quency domain. In the following mathematical and phys-

ical simulations, measures were made at an f0 of 390.6

Hz and f1 of twice that, delivered simultaneously, unless

otherwise noted. Amplitudes at each frequency were set

equal, at 10–20 mV peak. Fig. 2 presents a simple whole-cell

mathematical model simulation where the circuit parameters

are stepped to evaluate component interactions on Cm

measures; comparisons are made of calculated component

values using either the eCm method or other approaches that

contain approximations. Clearly, eCm is superior, and is

impervious to fluctuations in circuit component values. Fig.

3 presents another mathematical simulation in Matlab where

vesicle fusion under whole-cell mode is evaluated, and com-

pared with the standard methodology (Breckenridge and

Almers, 1987; Lollike et al., 1995). Both methods are ex-

cellent even in the face of substantial Rs changes, but even

with changes in vesicle resistance the eCm method produces

an exact reconstruction of the model parameter changes.

Although these model data highlight the exact nature of the

eCm method, more demanding modeling efforts show the

method’s strengths. For the tests that follow, capacitance

measures were obtained with eCm as implemented in the

software package jClamp using a time resolution of 2.56 ms

(i.e., f0 of 390.6 Hz), unless otherwise noted.

Fig. 4 shows the results of a physical implementation of

the simple model in Fig. 1 A under voltage clamp during

a large step in capacitance, that was evoked by physically

dislodging an additional capacitor that was placed parallel

with Cm. Simultaneous measures of Rs and Rm remain

essentially unperturbed. To evaluate large changes in Rm,

this parallel approach did not work because of associated

parasitic capacitances of the large resistances involved.

Instead, Fig. 5 shows two separate measures where all circuit

and measurement details remained exactly the same except

that either a 50-MV or 800-MV Rm resistor was soldered

into place. Again, there are minimal changes in Cm measures.

Fig. 6 shows the effects of maladjustments of the amplifier’s

fast capacitive compensation on parameter estimates. The

model cell was measured over 10 seconds at a resolution of

2.56 ms while changes in compensation were made. Stray Rs

capacitance of 60.15 pF had little effect on Cm (60.4%) or

Rm (,60.01%) parameter estimation. Rs estimates varied

61.8%.

Finally, in Figs. 7 and 8 biological cells are investigated.

Fig. 7 shows measures of outer hair cell (OHC) capacitance

obtained with jClamp using a time resolution of 512 ms.

Detrending of data before analysis was performed (Santos-

Sacchi, 2002). The rapid relaxation in capacitance during

a step voltage change is due to the shift of the cell’s nonlinear

Q-V function along the voltage axis (Santos-Sacchi et al.,
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1998). In that article, we confirmed through alternative

measures that the time course of Cm relaxation corresponded

to the shift. The shift signifies the very rapid change in the

gain of OHC electromotility, a process that likely drives the

mammalian cochlear amplifier (Santos-Sacchi, 2003). The

solid shaded line is a triple exponential fit to the data. The

three time constants are 1.04, 5.96, and 36 ms. This time

course is over an order of magnitude faster than has been

previously reported (Santos-Sacchi et al., 1998). The

substantial noise levels in this trace derive from the huge

nonlinear capacitance (.20 pF) and low input resistance

(,300 MV) of the OHC. For comparison, Fig. 8 shows

capacitance measures in a HEK cell transfected with prestin

(Meltzer and Santos-Sacchi, 2001), where Cm noise was 5.5

fF (rms; 0.256 ms time resolution ( f0: 390.6 Hz); see

discussion on noise effects below). This cell possesses

a nonlinear Qmax (by fitting the Q-V curve with a two-state

Boltzmann function (Santos-Sacchi, 1991b)) of 63.7 fC,

giving rise to a peak voltage-dependent capacitance at

�101 mV of 420 fF. The figure shows a 30-fF step in capaci-

tance when voltage was stepped from 150 mV to 130 mV.

These data indicate that the sensitivity of the eCm method is

well within the range required for fusion event analysis.

FIGURE 2 Simulation of capacitance changes in whole-cell mode. The

component values of the model (Rs: 10 MV, Rm: 1 GV, and Cm: 6.5 pF) in

Fig. 1 A were modulated out of phase with each other, with a Cm jump of

0.05 pF accompanied by either a 600-MV drop in Rm, or a 10-MV increase

in Rs or all changes occurring simultaneously (see panels G–I). The

stimulating frequency f0 was the same for single-sine and eCm methods,

with f0 at 390.6 Hz and f1 at twice that. In panels A–C, calculations are based

on setting the PSD angle to an estimate (denoted by the prime) of bv, the

angle of @Y/@Gs � 90�, bv# ¼ ð2 tan�1ðBY=AYÞ � 90�Þ, to mimic Rs

dithering. (A) A true piecewise linear approach was employed using this

angle bv# in place of bv in Eq. 52. Whole-cell capacitance compensation was

modeled by connecting and supplying the circuit components Rd and Cd

(Fig. 1) with corresponding values of Rs and Cm, but with an overall negative

admittance. PSD angle and gain corrections (1/abs(@Y/@Cm) were de-

termined from whole-cell conditions at the zero time point and remained

fixed throughout. It can be seen that when cell components are changed

(G–I) the phase angle changes causing errors in Cm estimation (A). Even

though the PSD angle is set to guard against Rs changes, a change from 10 to

20 MV (I) is too large to counter; such overpowering effects of parameter

changes are well known (Lindau, 1991). However, if capacitance compensa-

tion is not employed and point-by-point resetting of new angle and gain

factors are made and applied, absolute Cm is obtained without any errors (B).

To make point-by-point corrections experimentally, the raw admittance (Y)

at each point was taken and the angle of bv# was calculated according to

Zierler (1992), namely, bv# ¼ ð2 tan�1ðBY=AYÞ � 90�Þ. The true gain factor,

Hc, at each data point was calculated as 1/abs(@Y/@Cm). With each new gain

and angle, circuit parameters were calculated as in Eq. 52, by extracting the

component of Y at that phase angle and multiplying by that gain factor. Each

admittance point was so treated to obtain circuit parameters. The reason this

procedure works so well is that the value returned by this modified PSD

analysis is the imaginary component of Y; thus, this method produces the

same results as the eCm method as shown in panel G. This useful single-sine

approach, employing the estimate of Hc provided by Gillis (1995),

Hc# ¼ v=1 1 tanðp=2 � ByÞ2
, is implemented in jClamp. However, because

this is an estimate of the true gain, 1/abs(@Y/@Cm), relying on circuit

approximations, Cm estimates are not fully immune from circuit parameter

changes. In panels D–F, calculations are based on setting the PSD angle to

the angle of @Y/@Cm, namely bv, to mimic capacitance compensation

dithering. (D) The true piecewise linear approach was employed as above in

panel A. In this case, using bv, the large change in Rm does not affect the

phase angle substantially (F), so Cm estimates are accurate and robust.

However, Rs changes do interfere with angle and estimate, as expected

(Joshi and Fernandez, 1988). Unlike the treatment above (B), panel E shows

that applying a point-by-point correction as detailed above to the

uncompensated admittance fails to provide error free Cm estimation,

because the imaginary component of Y is not returned in this case. Panels

G–I show the results of the eCm method, where the calculated absolute

values are depicted by the circles. Note an exact correspondence between

actual parameter values (solid lines) and calculated estimates (s), with no

parameter interactions. Simulation in MatLab.
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DISCUSSION

Three pieces of information are required to determine the

circuit parameters, Rs, Rm, and Cm of the traditional patch-

clamp-cell model circuit (Fig. 1 A). The typical information

obtained in a one-frequency (v0) measurement, namely,

the real and imaginary components of the admittance, is

insufficient. A third piece of information is required, and is

usually obtained by exploring beyond v0, that is, by utilizing

information obtained at frequencies other than v0. One

popular solution is the ‘‘sine1dc’’ method (Pusch and Neher,

1988; Gillis, 2000), where a third piece of information, the

input resistance (Rin ¼Rs 1 Rm), is extracted based on a priori

knowledge of membrane reversal potential. This is basically

a measurement at v1 ¼ 0. Alternatively, another non-dc piece

of information, the admittance at v1 . 0ðv1 6¼ v0Þ can be

used to extract Rin (Santos-Sacchi et al., 1998; Santos-Sacchi,

2002). The latter approach benefits from statistical modeling

to obtain an optimal result (Barnett and Misler, 1997). In this

report, I have uncovered an additional piece of information at

v0, namely, bv, which can be used to determine all circuit

parameters. Despite the location of bv precisely at v0, the

method does require two-frequency stimulation, and there-

fore analogous to the standard dual-sine method, it is

FIGURE 3 Simulation and analysis of vesicle fusion event. Whole-cell

conditions remained constant throughout simulation at Rm: 1 GV, and Cm:

6.5 pF, with Rs: 1, 10, and 20 MV for dark traces (vesicle resistance, Rv, held

constant at 1 pV (1e15V)). For the shaded trace, Rs was 1 MV and vesicle

resistance, Rv, was stepped transiently from 1 pV to 10 GV as shown in

panel G. (A, B) Imaginary and real components of admittance determined

according to Breckenridge and Almers (1987). (C, D) Vesicle pore

conductance and capacitance extracted from admittance using standard

methodology (Breckenridge and Almers, 1987; Lollike et al., 1995). Note

very good correspondence between components of model even when Rs

changes substantially (solid lines in panels E, F), but not when Rv is altered

(shaded line). This discrepancy is not unanticipated because the standard

methodology sets Rv as infinite (Breckenridge and Almers, 1987; Lollike

et al., 1995). (E, F) Vesicle model parameters (solid lines) and estimates

made with the eCm method (s). Correspondence is exact under all

conditions. At time .5, vesicular fusion was simulated by linearly ramping

the fusion pore resistance (Rp; initially infinite) from 9 GV (111 pS) to 1 GV

(1000 pS); the resulting pore conductance is shown in panel F (solid line).

Fusion event analysis was implemented at that time.

FIGURE 4 Effects of large Cm changes on parameter estimates with the

eCm method. Nominal initial component values of Rs: 10 MV, Rm: 100 MV,

and Cm: 33 pF k 15 pF. A step decrease in capacitance was accomplished by

suddenly removing the parallel 15 pF component. The three panels show the

calculated values of the parameters using the eCm method at a sampling rate

of 2.56 ms. Note large abrupt drop in capacitance (top) with virtually no effect

on measures of Rs and Rm (middle and bottom). Model was voltage clamped

with a PC clone, Axon 200 amplifier (Union City, CA) in resistive feedback

mode (b ¼ 0.1), 10-kHz Bessel filter, and Axon 1322A A/D D/A board.
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reasonable to expect that optimal results could arise from

further refinement (Barnett and Misler, 1997). I should also

note that because bv depends on tclamp, an alternative

approach would be fitting of current transients induced by

step voltage commands. Of course, any method that does not

measure bv synchronously with the primary frequency

component will be unable to correct for changes in cell

parameters on a point-by-point basis. This will limit the

utility of the technique, and this limitation is inherent in all

‘‘pause and dither’’ techniques. The eCm method benefits

from point-by-point correction because gain and angle are

redetermined and applied point-by-point at the f0 rate.

Relation of the eCm method to traditional
phase-tracking methods

The eCm method that I have developed here simply

estimates absolute Cm by dividing the imaginary component

of the input admittance (BY) at a single frequency by the

FIGURE 5 Effects of large Rm changes on parameter estimates with the

eCm method. Nominal component values of Rs: 10 MV, Rm: 50 or 800 MV,

and Cm: 15 pF. Note minimal interference with Cm and Rs estimates when

a 50-MV resistor replaced the 800-MV resistor, other than changes in noise

levels. PC clone, Axon 200 amplifier in capacitive feedback mode, 10-kHz

Bessel filter, and Axon 1322A A/D D/A board were used.

FIGURE 6 Effects of uncompensated stray capacitance on Cm measures

with the eCm method. (A) Capacitive currents evoked by voltage step.

Model Rs was in headstage but ungrounded. (Top) Fully compensated,

(middle) undercompensated, and (bottom) overcompensated. The effect of

these extremes was evaluated during parameter estimations after reassembly

of the model circuit. (B) The three panels show model cell parameter

estimates during manual under- and overcompensation of fast capacitance

compensation. Cm was modulated 60.3%; Rs, 61.8%; and Rm, , 60.01%.

The increase in Cm occurred during under compensation. Nominal

component values of Rs: 10 MV, Rm: 300 MV, and Cm: 18 pF. Cm noise:

14.6 fF rms; system noise with model 3.75 pA rms, 10-kHz Bessel filter, PC

clone, Axon 200 amplifier in capacitive feedback mode, and Axon 1322A

A/D D/A board.
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absolute value of the partial derivative @Y/@Cm at that

same frequency. This method has an unforeseen relation to

traditional phase-tracking techniques. The original phase-

tracking method was devised to account for and limit the

effects of resistive components on Cm measures (Neher and

Marty, 1982; Joshi and Fernandez, 1988). It is a method that

theoretically strives to determine Cm changes through

measurement of changes in input admittance (DY) as

a function of changes in the circuit parameter, Cm.

DICm � @Y=@Cm DCm V (49)

DCm � 1

@Y=@Cm

DICm

V
(50)

DCm � 1

j@Y=@Cmj
Re

DY

e
jbv

� �
(51)

DCm � Hc ReðDY e
�jbvÞ: (52)

The latter equation is related to the nonsimplified form of

Eq. 43 in Gillis (1995) and is addressed in a subsequent

article of his (Gillis, 2000). However, heretofore, approx-

imations of both bv and Hc have only been possible. The

benefits and drawbacks of using particular parameter

approximations have been discussed in detail (Joshi and

Fernandez, 1988). Thus, phase-tracking paradigms that use

estimates of the magnitude and angle of @Y/@Cm are

recognized as better suited to systems where Rs is stable

and Rm may fluctuate (Joshi and Fernandez, 1988).

However, where the resistive components have the converse

behavior, the angle of @Y/@Gs � 90�, namely, 2 tan�1 (BY/

AY) � 90� as nicely provided by Zierler (1992), may be

a better choice (Joshi and Fernandez, 1988). Unfortunately,

where both resistive components simultaneously fluctuate,

phase tracking is problematic. Despite these caveats, and

even with the correct quantities I now provide, implementa-

tion of the phase tracking either by feeding the raw current

output of the patch clamp into a hardware lock-in amplifier

or a software phase detector (PSD) appears to be an

inappropriate implementation of the phase analysis concept

(Joshi and Fernandez, 1988; Neher and Marty, 1982; Fidler

and Fernandez, 1989). That is, if the analyzed signal is Y,

then in contradistinction to Eq. 52,

DCm 6¼ Hc ReðY e
�jbvÞ: (53)

Consequently, the result of evaluating Y (or IRs) directly

should not provide an accurate picture of changes in Cm (i.e.,

DCm).

The surprising fact is, however, that implementations

using direct evaluations of Y can, under certain conditions,

provide very good estimates of absolute Cm.

It should be noted that applying capacitance and series

resistance compensation at the onset of an experiment cannot

be construed as providing a DIRs (i.e., DY V ) output from the

FIGURE 7 Measurement of outer hair cell nonlinear capacitance with the

eCm method. The rapid relaxation in capacitance during a step voltage

change is due to the shift of the cell’s nonlinear Q-V function along the

voltage axis (Santos-Sacchi et al., 1998), and was confirmed through

alternative measures. Cell was clamped with a PC clone, Axon 200B

amplifier, 10-kHz Bessel filter, and Axon 1321A A/D D/A board with

conditions described previously (Santos-Sacchi et al., 1998). See text for

further details.

FIGURE 8 Measurement of capacitance step in prestin transfected HEK

cell. Under voltage clamp a step voltage from 150 mV to 130 mV evoked

a step increase in capacitance of 30 fF. Cm noise: 5.5 fF rms. PC clone, Axon

200B amplifier in resistive feedback mode, 10-kHz Bessel filter, and

National Instruments (Austin, TX) PCI-6052E A/D D/A board were used.

Cm Measures 723

Biophysical Journal 87(1) 714–727



amplifier. This is simply a one-time subtraction that would

have to be repeated, along with a new angle determination,

every time a data point is collected. Additionally, only a two-

element model is used by amplifiers for such compensation.

One reason for success with this direct approach would

be if Rs were very small, i.e., as Rs approaches zero,

bv � F ¼ 90�, and absolute values of ICm will be evaluated.

Unfortunately, it is unlikely that Rs will be so low (and

maintained so low) so as to approach this condition.

Notwithstanding this apparent quandary, it is possible to

implement phase-tracking paradigms with direct evaluations

of Y and still obtain excellent estimates of Cm in the face of

very large changes in Rs and Rm. Surprising, the angle

returned by series resistance dithering works better than that

returned by capacitance compensation dithering.

Series resistance dithering

Dithering of the series resistance, championed by Joshi and

Fernandez (1988), is used to return a close approximation of

bv, namely :@Y/@Gs � 90�. This approximation, however,

when used with a direct analysis of Y, rather than DY, and

point-by-point (i.e., real time) gain and angle correction is

surprisingly exact (see the simulations in Fig. 2 B). The

outcome of such an implementation does not suffer from the

caveats normally expected with the phase-tracking approach

(Joshi and Fernandez, 1988)—namely, large changes in Rm

(or Rs) have no effect on the measure of Cm. The reason for this

is because the angle of @Y/@Gs is twice the angle of Y (Zierler,

1992), and the PSD measurements are simply returning BY,

BY ¼ ImðYÞ (54)

BY ¼ Re½Y e�jð:@Y=@Gs�p=2Þ� ¼ Re½Y e�jð2:Y�p=2Þ�: (55)

Thus, whereas Eq. 53 fails to provide DCm estimates,

simply replacing the angle :@Y=@Cm with :@Y=@Gs�
90� results in an exact solution for absolute Cm, as shown

previously in Eq. 26,

Cm ¼ Hc BY ¼ Hc Re½Y e
�jð:@Y=@Gs�p=2Þ�: (56)

Any complex number can be evaluated at twice its angle to

return its real component and at twice its angle �90� to

return its imaginary component. Thus, in this case, it turns

out that the eCm method is simply being employed.

Capacitance compensation dithering

The initial work of Neher and Marty (1982) utilized

capacitance compensation dithering to obtain an angle at

which to evaluate, via PSD, changes in Cm. The angle

provides an excellent approximation of bv when capacitance

compensation is in effect. This is shown by inspection of @Y/

@Cd and its angle, based on the model of Fig. 1 A, now

including the capacitance compensation components Cd and

Rd (in series with each other, from headstage to ground).

@Y=@Cd ¼
�jv

ðRdCdv � jÞ2 (57)

:@Y=@Cd ¼ �tan
�1 v

2
t

2

d � 1

2vtd

� �
; (58)

where td ¼ RdCd.

bv, the angle of @Y/@Cm, remains unaffected by the

addition of the capacitance compensation circuitry,

bv ¼ �tan
�1 v

2
t

2

clamp � 1

2vtclamp

" #

; (59)

thus indicating that when the clamp time constant (tclamp)

and compensation time constant (td) are equal, i.e., when

compensation is in effect, the angle returned by dithering

equals bv. Unlike the use of the angle returned by series

resistance dithering, the use of this angle to measure Cm with

direct evaluations of Y is not as accurate (Fig. 2 E). It should

be noted that these analyses only apply to direct measures of

Y that are corrected on a point-by-point basis for phase and

gain changes, and not necessarily to the traditional use of the

angle (Neher and Marty, 1982).

Validity, accuracy, and sensitivity of Cm

measurement methods

There are several factors, including model validity, ap-

proximations, and noise that contribute to errors in the

measurement of capacitance with sinusoidal analysis. Obvi-

ously, approximations lead to errors only if they fail; how-

ever, because approximations often remove a particular

component, e.g., Rs or Rv, from the system of equations, it

is impossible to gauge failure during an experiment. Thus, it is

prudent to make as few simplifications and approximations as

possible. The mathematical and physical modeling that I have

presented clearly indicate that the eCm method benefits from

this rule.

Noise, on the other hand, is an issue that affects all electrical

measures of cell activity regardless of the method’s validity.

Even for a method that provides a valid measure of some

electrical quantity in the absence of noise, the introduction of

noise can prove devastating, or at least render it useless for

a given task. Not surprisingly, some methods may be able to

deal with system noise better than others.

The design of sinusoidal stimulus protocols has enormous

impact on Cm measurement sensitivity in the face of real-

world noise. Important issues such as stimulus frequency,
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stimulus magnitude, stray capacitance, and unexpected

conductance changes have been discussed in detail (Gillis,

1995; Barnett and Misler, 1997; Thompson et al., 2001;

Debus et al., 1995). Careful attention to these issues can lead

to incredible sensitivity; for example, with very high-

frequency stimulation and very large voltages, very good

signal/noise ratios can be obtained, providing noise floors

well below 1 fF (Klyachko and Jackson, 2002). One of the

consequences of the equivalency between the eCm method

and the phase-tracking method as typically employed, is that

effects of noise on performance might be expected to be

similar for each method. To evaluate issues like this,

comparisons were made under varying noise conditions in

model simulations.

In Fig. 9, a modeling approach is used to compare the

effects of Gaussian noise levels on Cm estimate noise among

a few common methods of Cm estimation. In this approach,

the simple circuit of Fig. 1 A was modeled in the time domain

using the RK4 method hardcoded in C within jClamp; the

results were then independently analyzed by transient step

analysis, single-sine analysis, dual-sine analysis, or the eCm
method. Step analysis follows the method outlined in a prior

publication (see appendix in Huang and Santos-Sacchi,

1993). Such an analysis is multifrequency, providing

extended information similar to that obtained from ‘‘chirp’’

stimuli (Santos-Sacchi, 1991b; Santos-Sacchi, 1989), and

wideband noise stimuli (Fernandez et al., 1982). Features of

our step method included automatic clocking to reach steady

state and utilization of exponential fitting after the initial

onset transient, methodology recently reemphasized as

important for the robust use of transient analysis for Cm

measurement (Thompson et al., 2001). In our original

implementation and in jClamp, a correction for errors

introduced by the Rs/Rm voltage divider on Q, namely that

Cm ¼ ðRm 1 RsÞ2=R2
m Q=Vm, is employed (Huang and

Santos-Sacchi, 1993). To my knowledge, no other imple-

mentation accounts for this potential error. Single-sine

analysis follows the approximation (for bv and Hc) method

outlined in the Fig. 2 legend. The dual-sine method (Santos-

Sacchi, 1992; Santos-Sacchi et al., 1998), follows the same

fast Fourier transform-based determination of the real and

imaginary components employed by the eCm method. In

both cases estimates derived from both v0 and v1 are

averaged ( f0: 390.6 Hz; f1: 781.2 Hz). This averaging benefit

must be kept in mind when comparing single-sine estimates.

All methodologies are standard features in jClamp. In Fig. 9

the relation between measured Cm noise and imposed current

noise is examined for each of the methodologies with either

a 100-MV or 500-MV Rm. All methods work well under

low-noise conditions, and this simply indicates that the true

limitation for Cm estimation is the noise of the system at

those frequencies used by the method. Indeed, under real-

world conditions where system noise levels are well

minimized, step, single-sine and dual-sine techniques can

provide roughly equivalent Cm estimate noise levels (within

610–30%) close to theoretical limits (Gillis, 1995; Barnett

and Misler, 1997; Thompson et al., 2001). However, under

forced noise levels as in Fig. 9 the eCm and single-sine

techniques appear better able to deal with higher noise levels

than this step implementation. Because of the exact same

implementation of frequency analysis and the absence of

approximations for eCm and dual-sine approaches, sensitiv-

ities turn out to be essentially equivalent. Had bv been

determined in another manner, e.g., by the dv approach, the

results may have differed. Given the relation between the

single-sine phase-tracking approach and the eCm method

detailed above, it is not surprising that these two methods are

roughly equivalent in handling noise. For each method,

slightly better noise levels are achieved when bv is fixed

during analysis to simulate a ‘‘pause and dither’’ approach;

thus, recalculating bv for each sample introduces additional

noise in the analysis that must be balanced with the increased

validity afforded by point-by-point correction. The step

analysis is particularly prone to high noise levels; this is

especially obvious when low frequency (e.g., 60 Hz)

interference is included, and is in marked contrast to

sinusoidal approaches that can avoid extraneous spectral

interference. The conclusions based on this mathematical

FIGURE 9 Effect of system noise on Cm estimate noise. Results from

either mathematical modeling (lines) or physical modeling (symbols). Three

methodologies, step (dashed line, ;), eCm (dash-dotted line, :), and

single-sine phase tracking (solid line, n) are presented. For the software

model, forced Gaussian noise levels were imposed, and the noise of Cm

estimates calculated. For the physical model, system noise levels were 3.8

pA rms when the model was attached to the headstage. To obtain lower

system noise levels, averaging was performed to produce the plotted noise

levels. For the electrical model, a 10-kHz Bessel filter was used, and the

frequency components of the remaining noise were likely different from the

wideband noise used for the math model. This likely accounts for differences

in math and electrical model results. In any case, the data from each model

indicate that as system noise decreases, all of the methods become

comparable. Nominal component values of Rs: 10 MV, Rm: 300 MV, and

Cm: 18 pF. IBM T40 laptop in battery mode (Armonk, NY), Axon 200

amplifier in capacitive feedback mode, 10-kHz Bessel filter, and Quatech

(Hudson, OH) DAQP 308 PCMCIA PC card A/D D/A board were used.
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modeling effort were essentially confirmed with a physical

implementation (see Fig. 9). From these results, it is clear

that given a sufficiently low system noise or actually

a sufficiently high signal/noise level, the eCm method will

have the sensitivity to analyze fusion events, as clearly

suggested by the physiological results shown in Fig. 8.

SUMMARY

The new eCm method that I outlined here provides another

tool for analysis of cellular processes that can be interrogated

by Cm measures. It is a method that works in the absence of

usual simplifying assumptions and approximations of the

traditional patch-clamp-cell model circuit. In detailing the

approach, several new observations have been made. They

include: 1), the imaginary component of the input admittance

Y, namely, BY, can be worked on by @Y/@Cm to obtain

absolute values of Cm; 2), the angle of @Y/@Cm, namely, bv,

is the same as that of @Y/@v and therefore can be ob-

tained from frequency manipulation alone; 3), given bv, the

absolute value of @Y/@Cm can be determined; 4), frequency

manipulation need not require an infinitesimal dv to extract

bv; and 5), the traditional phase-tracking technique that

evaluates raw amplifier currents, rather than difference

currents, at the angle provided by series resistance dithering,

works similar to the eCm method by simply returning

estimates of BY, not DICm, and ultimately provides absolute,

not delta, Cm estimates. Finally, it might be expected that

enhancements of the eCm technique may arise from future

implementations in hardware and by statistical optimizations.

I thank Peter Dallos, Fred Sigworth, and Alan Segal for looking at early

drafts. I especially thank Peter Dallos for confirming some of the concepts

presented in the manuscript, and identifying others that needed rethinking.

Finally, I thank the reviewers for many helpful suggestions.

This work was supported in part by the National Institutes of Health

(National Institute on Deafness and Other Communication Disorders grant

no. DC00273).

REFERENCES

Ales, E., L. Tabares, J. M. Poyato, V. Valero, M. Lindau, and D. T.
Alvarez. 1999. High calcium concentrations shift the mode of exocytosis
to the kiss-and-run mechanism. Nat. Cell Biol. 1:40–44.

Alvarez De Toledo, G. A., R. Fernandez-Chacon, and J. M. Fernandez.
1993. Release of secretory products during transient vesicle fusion.
Nature. 363:554–558.

Aravanis, A. M., J. L. Pyle, and R. W. Tsien. 2003. Single synaptic vesicles
fusing transiently and successively without loss of identity. Nature.
423:643–647.

Barnett, D. W., and S. Misler. 1997. An optimized approach to membrane
capacitance estimation using dual-frequency excitation. Biophys. J. 72:
1641–1658.

Bigiani, A., and S. D. Roper. 1995. Estimation of the junctional resistance
between electrically coupled receptor cells in Necturus taste buds. J. Gen.
Physiol. 106:705–725.

Breckenridge, L. J., and W. Almers. 1987. Currents through the fusion pore
that forms during exocytosis of a secretory vesicle. Nature. 328:814–817.

Cole, K. S. 1971. Some aspects of electrical studies of the squid giant axon
membrane. In Biophysics and Physiology of Excitable Membranes. W. J.
Adelman, editor. Van Nostrand Reinhold Co., New York. 125–42.

Debus, K., J. Hartmann, G. Kilic, and M. Lindau. 1995. Influence of
conductance changes on patch clamp capacitance measurements using
a lock-in amplifier and limitations of the phase tracking technique.
Biophys. J. 69:2808–2822.

Debus, K., and M. Lindau. 2000. Resolution of patch capacitance re-
cordings and of fusion pore conductances in small vesicles. Biophys. J.
78:2983–2997.

Fernandez, J. M., F. Bezanilla, and R. E. Taylor. 1982. Distribution and
kinetics of membrane dielectric polarization. II. Frequency domain
studies of gating currents. J. Gen. Physiol. 79:41–67.

Fidler, N., and J. M. Fernandez. 1989. Phase tracking: an improved phase
detection technique for cell membrane capacitance measurements.
Biophys. J. 56:1153–1162.

Fricke, H. 1925. The electric capacity of suspensions with special reference
to blood. J. Gen. Physiol. 9:137–152.

Gandhi, S. P., and C. F. Stevens. 2003. Three modes of synaptic vesicular
recycling revealed by single-vesicle imaging. Nature. 423:607–613.

Gillis, K. D. 1995. Techniques for membrane capacitance measurements. In
Single-Channel Recording. B. Sakmann and E. Neher, editors. Plenum
Press, New York. 155–98.

Gillis, K. D. 2000. Admittance-based measurement of membrane capacitance
using the EPC-9 patch-clamp amplifier. Pflugers Arch. 439:655–664.

Huang, G., and J. Santos-Sacchi. 1993. Mapping the distribution of the
outer hair cell motility voltage sensor by electrical amputation. Biophys.
J. 65:2228–2236.

Jaffe, L. A., and L. C. Schlichter. 1985. Fertilization-induced ionic
conductances in eggs of the frog, Rana pipiens. J. Physiol. 358:299–319.

Joshi, C., and J. M. Fernandez. 1988. Capacitance measurements. An
analysis of the phase detector technique used to study exocytosis and
endocytosis. Biophys. J. 53:885–892.

Klyachko, V. A., and M. B. Jackson. 2002. Capacitance steps and fusion
pores of small and large-dense-core vesicles in nerve terminals. Nature.
418:89–92.

Lindau, M. 1991. Time-resolved capacitance measurements: monitoring
exocytosis in single cells. Q. Rev. Biophys. 24:75–101.

Lindau, M., and E. Neher. 1988. Patch-clamp techniques for time-resolved
capacitance measurements in single cells. Pflugers Arch. 411:137–146.

Lollike, K., N. Borregaard, and M. Lindau. 1995. The exocytotic fusion
pore of small granules has a conductance similar to an ion channel. J. Cell
Biol. 129:99–104.

Meltzer, J., and J. Santos-Sacchi. 2001. Temperature dependence of non-
linear capacitance in human embryonic kidney cells transfected with
prestin, the outer hair cell motor protein. Neurosci. Lett. 313:141–144.

Neher, E., and A. Marty. 1982. Discrete changes of cell membrane
capacitance observed under conditions of enhanced secretion in bovine
adrenal chromaffin cells. Proc. Natl. Acad. Sci. USA. 79:6712–6716.

Oppenheim, A., and R. Schafer. 1975. Digital Signal Processing. Prentice-
Hall, Englewood Cliffs, NJ

Pusch, M., and E. Neher. 1988. Rates of diffusional exchange between
small cells and a measuring patch pipette. Pflugers Arch. 411:204–211.

Ratinov, V., I. Plonsky, and J. Zimmerberg. 1998. Fusion pore
conductance: experimental approaches and theoretical algorithms.
Biophys. J. 74:2374–2387.

Sakmann, B., and E. Neher. 1995. Geometric parameters of pipettes and
membrane patches. In Single-Channel Recording. B. Sakmann and
E. Neher, editors. Plenum Press, New York. 637–50.

Santos-Sacchi, J. 1989. Asymmetry in voltage-dependent movements of
isolated outer hair cells from the organ of Corti. J. Neurosci. 9:2954–
2962.

Santos-Sacchi, J. 1991a. Isolated supporting cells from the organ of Corti:
some whole cell electrical characteristics and estimates of gap junctional
conductance. Hear. Res. 52:89–98.

726 Santos-Sacchi

Biophysical Journal 87(1) 714–727



Santos-Sacchi, J. 1991b. Reversible inhibition of voltage-dependent outer
hair cell motility and capacitance. J. Neurosci. 11:3096–3110.

Santos-Sacchi, J. 1992. On calculating series resistance: step and two-sine
approaches. Poster presentation at the Yale Neuroscience Retreat,
Feburary 21–23. Marine Biological Laboratory, Woods Hole, MA.

Santos-Sacchi, J. 2002. Scisoft Technical Note. http://www.scisoftco.com/
detrending_for_2_sine_cm_measures.pdf.

Santos-Sacchi, J. 2003. New tunes from Corti’s organ: the outer hair cell
boogie rules! Curr. Opin. Neurobiol. 13:459–468.

Santos-Sacchi, J., S. Kakehata, and S. Takahashi. 1998. Effects of
membrane potential on the voltage dependence of motility-related charge
in outer hair cells of the guinea-pig. J. Physiol. 510:225–235.

Thompson, R. E., M. Lindau, and W. W. Webb. 2001. Robust, high-
resolution, whole cell patch-clamp capacitance measurements using
square wave stimulation. Biophys. J. 81:937–948.

Zhao, H. B., and J. Santos-Sacchi. 1998. Effect of membrane tension on
gap junctional conductance of supporting cells in Corti’s organ. J. Gen.
Physiol. 112:447–455.

Zhao, H. B., and J. Santos-Sacchi. 1999. Auditory collusion and a coupled
couple of outer hair cells. Nature. 399:359–362.

Zierler, K. 1992. Simplified method for setting the phase angle used
in capacitance measurements in studies of exocytosis. Biophys. J. 63:
854–856.

Cm Measures 727

Biophysical Journal 87(1) 714–727



Membranes and Their Interacting Partners in Peripheral Auditory Function

J. Santos-Sacchi, Guest Editor

Foreword: Let�s Hear It for the Membranes!

Joseph Santos-Sacchi
Otolaryngology, Neurobiology and Cellular and Molecular Physiology, Yale University School of Medicine, 333 Cedar St., New Haven, CT

06510, USA

Received: 20 February 2006

Membranes have always held a special place in
my heart, having been entranced by their magic when
I was a freshman at Columbia College in New York
City in 1969. Of course not much was known about
them then, and even less was known about how these
organelles help us hear. During the next 35 years,
auditory researchers worked hard to elucidate the
role of membranes in inner ear function. Indeed,
during that time, scores of (now) senior auditory
biophysicists have shaped our knowledge of how the
inner ear works. In this special issue of the Journal of
Membrane Biology, I have broken from tradition,
and chosen to enlist a large group of young (except
for me, of course) independent investigators to col-
laborate in telling us about the importance of mem-
branes and associated molecules in a variety of cell
types within the auditory periphery. Seven review
articles are presented which span the molecular
workings of cells ranging from hair cells to primary
afferents. We begin by looking at the first step in
auditory processing, the stereocilia transduction
apparatus housed in the apical stereocilia of hair
cells. This unique organelle not only can convert
sound-evoked mechanical stimuli into electrical sig-
nals (receptor potentials) that permit us to perceive
sound, but, as well, may play an important role in a
feedback mechanism that can amplify those incoming
stimuli. Drs. Ricci, Kachar, Gale, and Van Netten
provide us with a detailed description of these events.
The hair cell does not simply cable the resultant
receptor potentials to afferents, but instead shapes its

own responsiveness with the multitude of channel
types within its apical and basolateral membranes.
The next article in our special issue by Drs. Housley,
Marcotti, Navaratnam, and Yamoah details what we
know about these membrane constituents. In mam-
mals, two hair cell types have evolved to aid in high-
frequency discrimination, the inner and outer hair
cells. The outer hair cell is both sensory receptor
and mechanical effector, working to augment the
mechanical responsiveness of the cochlea partition –
cochlear amplification, as it is commonly called. Two
reviews are devoted to this marvelous outer hair cell.
In the first, Drs. He, Zheng, Kalinec, Kakehata, and
Santos-Sacchi tell us about the experimental
approaches which have lead to understanding the
so called electromotility of this cell and the electro-
mechanical characteristics of the cell�s lateral mem-
brane, which houses the unique voltage-dependent
motor protein, prestin (SLC26A5). The following
review of OHC models by Drs. Spector, Deo, Grosh,
Ratnanather and Raphael explains to the physiolo-
gists what their experiments mean! In fact, by mod-
eling the OHC�s electromechanical activity we can
also glean things which experimentalists cannot yet
appraise. Inner hair cells provide up to 95% of the
afferent input to the CNS. The cell type that begins
the transit of acoustic information to the CNS, the
spiral ganglion cell, must reliably capture the activity
of inner hair cells, and the synaptic events that lead to
AP generation are of prime import in this process.
Drs. Nouvian, Beutner, Parsons and Moser provide
us with our current understanding of synaptic trans-
mission between hair cells and eighth nerve. Of
course, it is the spiral ganglion cell soma and pro-
cesses that ultimately must pass this information
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centrally, and their membrane plays the most critical
role in determining timing characteristics required
for high frequency transmission. Drs. Dulon, Jagger,
Lin, and Davis detail the unique characteristics of
these important links to the CNS. Finally, the hair
cells and nerve fibers that reside within the organ of
Corti cannot stand alone. A variety of supporting-
cells provide structural and metabolic support for the
organ, and without them our mechanoreceptors
would be useless. One of the most important aspects
of supporting-cell physiology is the syncitial network
provided by gap junctional communication. Muta-

tions of gap junctions account for a leading cause of
deafness. Drs. Zhao, Kikuchi, Ngezahayo, and White
review what we know about the role of gap junctions
in cochlear homeostasis and pathology.

I think that this compilation of reviews under-
scores why membranes are important for peripheral
auditory function. The wealth of information that
these young investigators display in their reviews and
the energy that these scientists bring to our field
indicate that understanding membranes will remain
an important goal for our community — for many
years to come. Let�s hear it for the membranes!

70 J. Santos-Sacchi: Let�s Hear It for the Membranes!



translocating from the ER to CpG DNA in the
lysosome. Nat. Immunol. 5, 190–198.

11. Brint, E.K., Xu, D., Liu, H., Dunne, A.,
McKenzie, A.N., O’Neill, L.A., and Liew, F.Y.
(2004). ST2 is an inhibitor of interleukin 1
receptor and Toll-like receptor 4 signaling and

maintains endotoxin tolerance. Nat. Immunol. 5,
373–379.

12. DeYoung, B.J., and Innes, R.W. (2006).
Plant NBS-LRR proteins in pathogen
sensing and host defense. Nat. Immunol.
7, 1243–1249.

School of Biochemistry and Immunology,
Trinity College Dublin, Ireland.
E-mail: laoneill@tcd.ie

DOI: 10.1016/j.cub.2008.02.021

Current Biology Vol 18 No 7
R304
Cochlear Mechanics: No Shout but
a Twist in the Absence of Prestin

Mammalian hearing is boosted by mechanically active auditory receptor cells,
the outer hair cells which amplify the actions of incoming sounds. Recent
evidence indicates that the molecular motor that drives this amplification,
prestin, may do more than boogie.
Joseph Santos-Sacchi

About a half century ago, in
experiments on the mammalian inner
ear, Bekesy [1] observed acoustically
driven, frequency-tuned responses
of the basilar membrane, the
cochlear structure which bears the
sound-detecting organ of Corti. These
tuned responses underlie tonotopicity,
the mapping of characteristic
frequency onto anatomical space
throughout the auditory system.
Modern measurements have shown
that the peripheral auditory system
response — involving sequentially the
basilar membrane, hair cell and eighth
nerve fiber — is nonlinear with intensity,
at least at low intensities. Measures
of basilar membrane motion near
threshold are thus several orders of
magnitude larger than Bekesy’s atomic
scale estimates [2]. This nonlinear
response is the hallmark of cochlear
amplification, and is vulnerable to
metabolic insult. Metabolic lability
issues from the fragile outer hair cell,
one of two receptor cell types in the
inner ear.

The outer hair cell employs, as Gold’s
‘negative resistance’ hypothesis
predicted [3], voltage-driven
mechanical activity which helps
counter cochlear fluid viscosity, thus
enabling sharply tuned mechanical
responses [4–6]. The identification of
a unique motor protein [7], termed
prestin, which is found exclusively in
the outer hair cell, shed light on the
molecular basis of this amplificatory
process (Figure 1). As expected,
elimination of prestin by knocking out
its gene produced mice that were deaf,
despite having normal stereociliar
mechanisms [8,9], attesting to the
dominant role of prestin in mammalian
cochlear amplification.

In all experiments to date in which
normal outer hair cell function or
specifically prestin function has been
compromised, physiological measures
have shown broadened frequency
tuning, shifts in characteristic
frequency to lower frequencies, and
loss in auditory sensitivity. These
experiments include studies that have
also measured basilar membrane
motion [10–12]. But the first
measurements of basilar membrane
tuning in prestin knockout mice,
reported recently in Current Biology
[13], have shown the story is more
complex than suspected.

Mellado Lagarde et al. [13] observed
that the effect on the peripheral
auditory system was different when
prestin was silenced by interfering with
its function, for example with salicylate
or anoxia, compared to when it was
molecularly absent from the outer hair
cell, as in the knockout mouse. In the
former case, the sensitivity of both
basilar membrane motion and eighth
nerve activity are compromised,
whereas in the latter case basilar
membrane sensitivity is maintained,
albeit at a shifted characteristic
frequency with poor tuning, but eighth
nerve activity is devastated. This is
an interesting finding, as basilar
membrane motions and eighth nerve
fiber activity are expected to show
a tight correspondence, at least in the
characteristic frequency region [14].
The authors rightly point out that the
dichotomy in response sensitivities
between nerve and basilar membrane
in the knockout mouse highlights the
critical link between basilar membrane
motion and inner hair cell stereociliar
shear, the drive for forward
transduction and auditory sensation
[15]. The inner hair cell is the other
purely sensory cell that synapses with
the majority of eighth nerve afferents.
The paper [13] thus presents two
interesting findings on the knockout
mouse: first, that basilar membrane
responses appear as acoustically
sensitive as normal; and second, that
despite the high sensitivity, coupling
between basilar membrane and inner
hair cell is lost. How can the absence of
prestin do this?

We must revisit the effects of the
prestin knockout on the outer hair cell
itself. It is well know that prestin
influences the static and dynamic
mechanical properties of the outer
hair cell [5,16–18]. There are several
million prestin molecules within an
outer hair cell membrane [19], and
the absence of molecules reduces
the membrane surface area and
produces shorter cells [9]. This, in
turn, affects the cell’s mechanical
properties. Cell stiffness also relies
directly on the activity of prestin in
the membrane ([17], but see [20]),
possibly through cytoskeletal
interactions. Collectively, these
changes could alter cochlear partition
impedance and account for the
observed shifts in best frequency
in the passive basilar membrane of
the knockout mice; but can they
account for the apparent increase in
basilar membrane motion over
that found in anoxic animals with
normal prestin? Can a simple change
in basilar membrane impedance
and resonance overcome viscous
damping effects? Or perhaps
prestin did not evolve to overcome
viscous damping.

Consider this evolutionary scenario
that might help us understand the
data. A passive cochlear with outer hair
cells lacking prestin will have basilar
membrane motion that we consider
sensitive, but really it is just how things
work in the presence of normal viscous
damping. In this case, tuning at the
passive characteristic frequency and
coupling between basilar membrane
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Figure 1. Prestin and outer hair cell function.

The outer hair cell soma is schematized in the fully elongated (A) and partially contracted (B) condition, corresponding to hyperpolarization and
depolarization, respectively. (The abbreviations refer to a popular Boltzmann model of motility where motors fluctuate between two states: dp,
diameter of motor; d dp, change in diameter when motor contracts; Lo, normal length of the lateral membrane; d L, change in length when
motors contract; ro, normal radius of the cylindrical cell; dr, change when motors contract; Va and Vb, constant volume of apex and base,
respectively; Vpo and Vpn, volumes of motor-containing cell region during elongation and contraction, respectively.) The outer hair cell motor,
prestin, is embedded within the lateral membrane of the cell, forming a dense array. Motors (dark and light circles in the blowup) are depicted in
compact or expanded states, corresponding to the two-state model of their activity. Electrical measures of the motor’s voltage sensor provide
estimates of millions of motor molecules per cell. The lateral membrane (C) when viewed with freeze fracture electron microscopy, displays
a dense array of 10 nm particles, which are believed to represent multimers of prestin. The dense packing must have substantial structural
consequences beyond the dynamic activity of the protein. (Reproduced with permission from [19].)
and inner hair cell stereociliar shear are
normally poor. Now, for mammals,
there was a need for auditory sensitivity
at higher frequencies. Prestin evolved
to improve the coupling of basilar
membrane motion to inner hair cell
stereociliar shear and simultaneously
shift characteristic frequency to
higher frequencies, but in the process,
the tightened mechanical coupling
caused a reduction in the sensitivity
of basilar membrane motion, thus
necessitating an amplificatory
mechanism to reestablish high
sensitivity at the new higher
characteristic frequency. In this
scenario the passive presence
of prestin enhances coupling, but
is detrimental to basilar membrane
motion, and the electrical activity
of prestin amplifies the movements
of the well coupled basilar
membrane.

How could a protein within the lateral
membrane of the outer hair cell work
to couple basilar membrane motion
into inner hair cell stereociliar shear?
The organ of Corti is a mass of
supporting cells and hair cells bounded
apically by the reticular lamina/tectorial
membrane and basally by the basilar
membrane. Displacements of the
basilar membrane, induced
acoustically, must be sensed at the
apical region where stereocilia of
inner hair cells and outer hair cells
reside. It is possible that the increase
in stiffness provided to the outer hair
cells by the immense numbers of
prestin protein in the lateral membrane
reinforces or stiffens the cellular link
between basilar membrane and
reticular lamina.

If this is true, we might predict that
a knock-in of a nonfunctional prestin
into the knock-out mouse would
produce a basilar membrane response
at lower characteristic frequency, as
we see in the knock-out, but with
a reduced sensitivity that would
reflect an enhanced coupling

between basilar membrane and inner
hair cell stereocilia. We know how
long it takes to get a new mutant
mouse. So it may be a while before
we get at the deeper significance of
the new data reported by Mellado
Lagarde et al. [13].

References
1. von Bekesy, G. (1960). Experiments in Hearing

(New York: McGraw-Hill Book Company).
2. Rhode, W.S. (1971). Observations of the

vibration of the basilar membrane in squirrel
monkeys using the Mossbauer technique. J.
Acoust. Soc. Am. Suppl. 49, 1218–1231.

3. Gold, T. (1948). Hearing. II. The physical basis
of the action of the cochlea. Proc. R. Soc. Lond.
B 135, 492–498.

4. Brownell, W.E., Bader, C.R., Bertrand, D., and
de Ribaupierre, Y. (1985). Evoked mechanical
responses of isolated cochlear outer hair cells.
Science 227, 194–196.

5. He, D.Z., Zheng, J., Kalinec, F., Kakehata, S.,
and Santos-Sacchi, J. (2006). Tuning in to the
amazing outer hair cell: membrane wizardry
with a twist and shout. J. Membr. Biol. 209,
119–134.

6. Ashmore, J. (2008). Cochlear outer hair cell
motility. Physiol. Rev. 88, 173–210.

7. Zheng, J., Shen, W., He, D.Z., Long, K.B.,
Madison, L.D., and Dallos, P. (2000). Prestin is
the motor protein of cochlear outer hair cells.
Nature 405, 149–155.

8. Cheatham, M.A., Huynh, K.H., Gao, J., Zuo, J.,
and Dallos, P. (2004). Cochlear function in
Prestin knockout mice. J. Physiol. 560,
821–830.

9. Liberman, M.C., Gao, J., He, D.Z., Wu, X.,
Jia, S., and Zuo, J. (2002). Prestin is required
for electromotility of the outer hair cell and
for the cochlear amplifier. Nature 419,
300–304.

10. Ruggero, M.A., and Rich, N.C. (1991).
Furosemide alters organ of corti mechanics:
evidence for feedback of outer hair cells upon
the basilar membrane. J. Neurosci. 11,
1057–1067.

11. Murugasu, E., and Russell, I.J. (1995).
Salicylate ototoxicity: the effects on basilar
membrane displacement, cochlear
microphonics, and neural responses in the
basal turn of the guinea pig cochlea. Auditory
Neurosci. 1, 139–150.

12. Santos-Sacchi, J., Song, L., Zheng, J., and
Nuttall, A.L. (2006). Control of mammalian
cochlear amplification by chloride anions.
J. Neurosci. 26, 3992–3998.



Current Biology Vol 18 No 7
R306
13. Mellado Lagarde, M.M., Drexl, M.,
Lukashkin, A.N., Zuo, J., and Russell, I.J.
(2008). Prestin’s role in cochlear frequency
tuning and transmission of mechanical
responses to neural excitation. Curr. Biol. 18,
200–202.

14. Narayan, S.S., Temchin, A.N., Recio, A., and
Ruggero, M.A. (1998). Frequency tuning of
basilar membrane and auditory nerve fibers
in the same cochleae. Science 282,
1882–1884.

15. Nowotny, M., and Gummer, A.W. (2006).
Nanomechanics of the subtectorial space
caused by electromechanics of cochlear outer
hair cells. Proc. Natl. Acad. Sci. USA 103,
2120–2125.

16. Spector, A.A., Deo, N., Grosh, K.,
Ratnanather, J.T., and Raphael, R.M. (2006).
Chemical Coevolut
Arms Race Runs Ho

Coevolution is a major process operati
at a range of spatial scales. Rapid ecol
we understand how coevolution procee
diversity, combat disease and predict t

Duncan E. Jackson

Coevolution is a reciprocal evolutionary
change in the genetic composition
of one species in response to change
in another interacting species. We
can only invoke coevolution as an
explanation when the observed traits
of two species have evolved through
ongoing interaction between the two
species. Research has shown that
coevolution is a dynamic process that
can continually change the nature of
inter-specific interactions over broad
geographic ranges [1]. The current rapid
environmental change makes
it essential that we understand
coevolutionary processes if we are
to predict the changing dynamics
of biological communities, conserve
biodiversity and combat disease [2].
Some of the best examples of
coevolution are found in mutualisms,
especially flowers and their pollinators,
but several ‘coevolutionary arms races’
are well-documented in the context
of predator–prey and host–parasite
relationships. Nash et al. [3] have
recently shed fresh light on dynamic
coevolutionary processes with
a long-term study of the relationship
between the parasitic Alcon blue
butterfly (Maculinea alcon) and its
Myrmica ant host.They have shown that
Alcon blue caterpillars adopt a chemical
disguise, matching that of ant larvae, to
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mediate their ‘adoption’ into Myrmica
nests, and that local variations in ant
chemistry are closely matched by their
caterpillar parasites.

Unlike the familiar examples of
mutualistic coevolution seen in
flowering plants and their pollinators,
coevolving parasites and their
hosts are engaged in an antagonistic
process. The most important property
of a parasite that is attributed to
coevolution is its virulence. A more
virulent parasite will reduce a host’s
fitness more quickly, relative to an
unparasitised host. Clearly selection
must favour highly virulent parasites,
those which more quickly exploit host
resources, but this process might lead
to the death of all potential hosts.
However, if a parasite is so virulent that
it kills its host before transmission
of the parasite’s offspring then this
will select for a reduction in parasitic
virulence, as well as more resistant
hosts. The best-cited example of how
parasitic virulence can decline is that
of myxomatosis among European and
Australian rabbits during the 1950s.
An initially maximally virulent myxoma
virus (100% kill) declined rapidly,
accompanied by sharp increases in
host resistance, such that the disease
was seldom seen after less than
20 years. The myxoma virus still
persists in populations in an attenuated
form, although on occasions more
20. Hallworth, R. (2007). Absence of voltage-
dependent compliance in high-frequency
cochlear outer hair cells. J. Assoc. Res.
Otolaryngol. 8, 464–473.
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virulent strains appear causing short-
lived, localised outbreaks.

Antagonistic coevolution can lead
to static equilibria where an optimal
situation is reached, such as may be
the case with the myxoma virus, but
also dynamic equilibria where adaptive
improvement is always possible.
Dynamic equilibria are known as the
‘Red Queen hypothesis’ because, as

Figure 1. An Alcon blue butterfly (Maculinea
alcon) lays her eggs on marsh gentian (Genti-
ana pneumonanthe) flower heads.

After 2–3 weeks of feeding on flower heads
the caterpillar lowers itself to the ground
using a silken thread and awaits discovery
by foraging Myrmica ants. Alcon blue cater-
pillars are chemical mimics of Myrmica ant
larvae, an attribute which tricks ants into car-
rying caterpillars back to their nest (‘adop-
tion’) where they become social parasites.
(Photo: David Nash.)
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The speed limit of outer hair cell
electromechanical activity

Introduction

The outer hair cell (OHC) is one of two
receptor cell types within the organ of
Corti, the other being the inner hair cell
(IHC). Since Corti’s description of the
cellular components of the mammalian
inner ear in 1851 ([5]; . Fig. 1), the role
of the cylindrical OHCs he observed has
been debated. For example, why are there
three times as many OHCs as IHCs? We
now know that the IHC functions as the
primary sensor of acoustic stimulation,
centrally relaying its activity via 95% of
the eight nerve fibers [30]. The OHC is
supportive, in a sense, in that it basically
modulates gain of cochlear output via
the IHCs. That modulation, however, is
quite significant and amounts to a sen-
sitivity gain of 40–60 dB (× 100–1000).
Of course, in their absence this trans-
lates to a hearing loss of equal magni-
tude. These cells, thus, provide cochlear
amplification that arises from their elec-
tromechanical activity, the OHC being
electromotile [4, 14], and the mechan-
ics driven by receptor voltages across the
OHC lateral membrane [12, 22].

» Prestin is the molecular
motor of OHCs

Giventheirrole, it is likely thatOHCsout-
number IHCs in order to provide a more
powerful feedback into the cochlear par-
tition. The voltage-dependence of this
mechanical activity necessarily involves
gating charge movements (or nonlinear
capacitance [NLC]) that arise during
displacement of charged voltage sensors
of the OHC lateral membrane molecular
motors [2, 19, 21]. NLC is a bell-shaped

function of voltage, with its peak occur-
ring at a characteristic voltage (Vh). The
molecular motor has been identified as
prestin [31]. One of the early issues that
captivated auditory scientists follow-
ing the discovery of electromotilty was
its frequency cut-off; since mammals
have very high frequency hearing, it
was expected that cochlear amplification
would require OHCs to work at equiv-
alent high speeds. This short review
(readers are expected to seek original
referenced articles for more detail, or
email me with questions!) will focus
on the historical quest to determine
the OHC Geschwindigkeitsbegrenzung
(speed
limit).

Early history

The early observation on OHC elec-
tromotility by Brownell [3] was merely
descriptive, and subject to initial skepti-
cism from the research community. Only
when the alternating length changes
induced by sinusoidal currents were

Fig. 19 Corti’s
original drawing of
the three rows (s)
of outer hair cells in
surfacemount view.
Cat anddog used as
specimens. (From
original Fig. 5)

captured on video and analyzed was
it clear that these cells were remark-
ably mechanically active for electrical
stimulation frequencies of 1–30 Hz [14].
Of course, those early video studies
were made at very low frequency video
frame rates (~60 Hz), so that no esti-
mate of the cell’s frequency response
could be made (. Fig. 2). The earlier
demonstration of otoacoustic emis-
sions at acoustic frequencies [15] fore-
told that the OHC would move much
faster.

In 1987, Ashmore measured the fre-
quency response of OHC electromotility
under whole-cell voltage clamp using
a photodiode technique allowing for
high-frequency observations [1]. As
shown in . Fig. 3, the measured fre-
quency response was low pass with dual
Lorentzian cut-offs of 67 and 664 Hz;
nevertheless, the cell response could be
measured into the kilohertz range, albeit
at low magnitudes. It was likely that
the voltage clamp time constant was
a limiting factor, since it will impose
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limitations to the delivery of voltages to
the OHC at high frequencies.

Into the 1990s

In 1992, also using the whole-cell volt-
age clamp and a photodiode approach,
Santos-Sacchi [20] was able to overcome
to some extent the clamp time constant
and extend the frequency response of
voltage delivery to the cell. Given a wider
stimulation bandwidth, OHC electro-
motility frequency cut-offs near 1 kHz

were obtained (. Fig. 4). Still, the voltage
clamp time constant was a limiting fac-
tor. In 1993, Zenner and colleagues [18]
extended the study of electromotility
by utilizing stroboscopic techniques to
enhance video analysis of movements
evoked by high-frequency transcellular
current stimulations across the organ
of Corti in situ. They showed reticular
laminar movements into the kilohertz
range, with reported roll-offs of 40 dB at
15 kHz, not unlike Ashmore’s results in
the voltage-clamped single cell [1]. Of

course, current stimulation will involve
substantial voltage stimulation roll-off
across the OHC membranes owing to
the membrane resistor x capacitor (RC)
filter. In any case, at this point in time,
it was clear that the OHC responded
to electric stimuli well into the audio-
frequency range, but better estimates of
the isolated OHC cut-off frequency were
essential.

With a technical advancement de-
signed to extend the frequency response
of voltage delivery to the OHC, Dallos
and Evans [6] measured the OHC fre-
quency response out to at least 10 kHz
(. Fig. 5). They utilized a large mi-
crochamber glass pipette into which an
OHC was inserted to deliver currents
across the cell; this approach provides
a capacitive divider that limits the neg-
ative effect of the OHC capacitance on
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voltage delivery. Nevertheless, even this
approach has limitations that arise from
the series resistance of the microcham-
ber, which in combination with the cell
capacitance controls frequency delivery
bandwidth just as in the whole-cell volt-
age clamp technique. Furthermore, in
that study a voltage clamp configura-
tion was not used, but instead the cell
was driven by a low-output impedance
waveform generator. With that config-
uration, it was impossible to monitor
membrane currents to directly estimate
the fidelity of voltage delivery, as can
be done under voltage clamp. In 1999,
Frank et al. [8] used the microchamber
technique under voltage clamp to obtain
a ground-breaking result. Outer hair
cell electromotility was measured using
an interferometer and found to be flat
to beyond 50 kHz for short portions
(≤25 µm) of the OHC that extruded
from the microchamber! Of course, this
was the frequency response following
corrections for the estimated frequency
roll-off of voltage delivery (. Fig. 6). In
their in-house-developed voltage clamp,
no capacitance compensation circuitry
was included to remove stray capaci-
tance (e. g., from the amplifier, electrode
holder, and glass microchamber), so that
this stray capacitance may have inter-
fered with estimates, based on measured
currents, of voltage delivery across the
OHC membranes. That is, stray capaci-
tance does not influence the bandwidth
of voltage delivery under voltage clamp,
but it will interfere with measures of
membrane currents that are used to
estimate voltage delivery. For nearly
two decades, these data have driven our
concepts of cochlear amplification.

Present day

In 2018, Santos-Sacchi and Tan [28] re-
visited this issue. This was instigated
by a series of previous studies show-
ing that prestin possesses slow kinetics
that were influenced by chloride anions
[24–26, 29]. These data led to a ki-
netic model—the meno presto model—of
prestin that includes slow intermediary
transitions between chloride binding and
a voltage-enabled configuration. What
this meant was that sensor charge move-
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The speed limit of outer hair cell electromechanical activity

Abstract
The outer hair cell of Corti’s organ provides
mechanical feedback into the organ to boost
auditory perception. The fidelity of voltage-
dependent motility has been estimated
to extend beyond 50kHz, where its force
generation is deemed a requirement for
sensitive high-frequencymammalianhearing.
Recent investigations have shown, however,
that the frequency response is substantially
more low pass at physiological membrane

potentials where the kinetics of prestin
impose their speed limit. Nevertheless, it
is likely that the reduced magnitude of
electromotility is sufficient to drive cochlear
amplification at high frequencies.

Keywords
Organ of Corti · Auditory perception · Cochlea ·
Membrane potentials · Feedback

Geschwindigkeitsbegrenzung der elektromechanischen Aktivität
der äußeren Haarzellen

Zusammenfassung
Von der äußeren Haarzelle des Corti-Organs
gibt es zur Verstärkung der Hörwahrnehmung
eine mechanische Rückkopplung. Die
Genauigkeit der spannungsabhängigen
Motilität wurde auf über 50kHz geschätzt,
wobei ihre Krafterzeugung als Voraussetzung
für das empfindliche Hochfrequenzhören
der Säugetiere angesehen wird. Neuere
Untersuchungen haben jedoch gezeigt, dass
die Frequenzantwort bei physiologischen
Membranpotenzialen, bei denen sich die

Geschwindigkeitsgrenze der Kinetik von
Prestin auswirkt, wesentlich niedriger ist. Es ist
jedoch wahrscheinlich, dass das verringerte
Ausmaß der Elektromotilität ausreicht, um die
Cochleaverstärkung bei hohen Frequenzen zu
steuern.

Schlüsselwörter
Corti-Organ · Auditorische Wahrnehmung ·
Cochlea ·Membranpotenziale · Rückkopplung

ments were low pass in nature. Since
sensor charge movements correspond to
conformational changes in prestin, it was
expected that electromotility would like-
wise demonstrate this low-pass behavior.

» Sensor charge movements
are low pass in nature

The study by Santos-Sacchi and Tan [28]
confirmed this. In their experiments,
electromotility was measured using a mi-
crochamber under voltage clamp with
high-speed video at frame rates of 50 kHz
(. Fig. 7). The Phantom camera (Vision
Research, Berwyn, PA, USA) can actually
record at frame rates exceeding 400 kHz
(with its smallest pixel resolution), but
becauseelectromotilitywasmeasuredout
to 12.5 kHz, that frame rate was sufficient.
Stray capacitance was removed with am-
plifier compensation circuitry, so that

measured membrane current relaxations
could be used to estimate the clamp time
constant. It was found, after corrections
for voltage delivery roll-off, that electro-
motility frequency response depends on
OHC restingmembrane potential relative
to NLC Vh. When the OHC resting mem-
brane potential isheld atVh, electromotil-
ity shows dual Lorentzian behavior with
a large roll-off at frequencies below 1 kHz.
Away from Vh, the response is relatively
flat, but quite reduced in magnitude. The
frequencycut-offof the fastestLorentzian
component was about 8.7 kHz. This com-
pares with a 33-kHz cut-off obtained by
Frank et al. [8] with a similar experi-
mental configuration, namely, degree of
OHC extrusion. Thus, it is likely that dif-
ferences between the work of Frank et al.
[8] and Santos-Sacchi and Tan [28] arise
from experimental differences, possibly
including how stray capacitance is dealt
with, and certainly the OHC holdingvolt-
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age at which electromotility measures are
made—both Frank et al. [8] and Dallos
and Evans [6] had OHC holding voltage
set far away from Vh (we estimate about
68 mV awayfrom NLC Vh). Aftercorrect-
ing for effects of experimental tempera-
ture (from 25 to 37 °C), the fastest cut-off
component of electromotility from San-
tos-SacchiandTan[28]wasabout20 kHz,
and interestingly is similar to the tem-
perature-corrected NLC cut-off of Gale
and Ashmore [10]. That the two should
correspond makes sense since NLC de-
fines the speed of prestin conformational
change, the basis of electromotility.

Summary

The remarkable ability of the OHC to
respond mechanically to voltage (i. e.,
sound-induced receptor potentials), re-
lying on prestin and in a manner dis-
tinct from usual mechanisms of cellular
motility, forms the basis of cochlear
amplification [7, 27]. Consequently, the
frequency response of electromotility is
pertinent, and over the years its assess-
ment has benefitted from technological
refinements, providing estimates of cut-
off frequencies that have incrementally
grown. However, prior to the work of
Santos-Sacchi and Tan [28], these assess-
ments had not taken into account the
possible influence of prestin’s voltage-
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Fig. 78 Outer hair cell (OHC) electromotility evokedwith themicrochamber technique.Average
data fromeightOHCspositionedmidway in themicrochamber are shown. Ina theDCmovements are
shownfordifferentoffsetholdingvoltages. Inb the frequency responseatVh(blue line) shows low-and
high-passbehavior, but away fromVh (red line) the response is fasterwithaflatter frequency response.
See original paper for detailed description. (Adapted from [28])

dependent kinetics on the frequency
response. Thus, at a resting membrane
potential near Vh (which itself is suscep-
tible to a variety of biophysical influences
[9, 11, 13, 16, 17, 23, 26]), electromotility
is predominantly low pass, with a faster
component extending to about 20 kHz.
Clearly, the magnitude of electromotil-
ity will be a fraction of its response at
very low frequencies. Nevertheless, it is
obvious that this is sufficient to provide
amplification in the high-frequency re-
gions of mammalian audition. How this
might be accomplished requires new
cochlear models incorporating these
new observations.

Practical conclusion

4 The outer hair cells of Corti’s organ
provide mechanical feedback to the
organ to boost auditory perception.

4 Voltage-dependentmotility has been
measured beyond 50kHz, where
its force generation is needed for
sensitive high-frequency mammalian
hearing.

4 Recent studies report that the fre-
quency response is substantially
more low pass at physiological mem-
brane potentials where the kinetics
of prestin enforce their speed limit.

4 The reduced magnitude of electro-
motility is likely sufficient to drive
cochlear amplification at high fre-
quencies.
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THE QUEENS OF AUDITION 
BY JOSEPH SANTOS-SACCHI, PH.D. , YALE SCHOOL OF MEDICINE

When I was a teenager I damaged my 
right ear by standing too close to fire-
works on the 4th of July. Tinnitus and 
hearing loss persist to this day, only 
enhanced by an additional 45 years of 
auditory abuse. The culprit of my prob-
lem is the hair cell, probably the outer 
hair cell (OHC). Hair cells that enable us 
to perceive sound are fragile, and when 
lost do not regenerate, causing per-
manent hearing loss (and sometimes 
ringing in the ear). They are amazing 
machines, and the whole of the ear—
outer ear, middle ear, inner ear and the 
auditory brain—is devastated without 
their sustenance. They are the Queens 
of Audition!

PRE-AMPLIFICATION
My Ph.D. thesis was concerned with 
blood capillary function in the inner ear, 
an attempt to understand how, at the 
electron microscopic level, blood-borne 
molecules enter the inner ear (Santos-
Sacchi & Marovitz, 1980). The inner 
ear is a privileged site that blocks most 
molecular entry, just as the brain does. 
I convinced myself (and my doctoral 
committee) that this was good for the 
inner ear—namely that the ear protects 
its hair cells.

Two years later I pursued a postdoc 
in Peter Dallos’ lab at Northwest-

ern University. I was able to directly 
investigate what the OHCs were doing 
by recording electrical activity from 
them through microelectrodes in liv-
ing guinea pigs. Research at that time 
showed that OHCs are sharply tuned to 
particular frequencies based on the lo-
cation along the cochlea ( Dallos, 1985; 
Dallos, Santos-Sacchi, & Flock, 1982; 
Russell & Sellick, 1983). Hair cells in the 
basal part of the cochlea respond best 
to high frequency sounds and those in 
the apex of the cochlear respond best 
to low frequency sounds. The frequen-
cy selectivity and sensitivity of hair 
cells along the cochlea were predicted 
based on basilar membrane and eighth 
nerve fiber measurements (Ruggero & 
Santos-Sacchi, 1997).

Also during my postdoc research, Dallos 
and I showed that the supporting cells 
were electrically coupled by gap junc-
tions (Santos-Sacchi & Dallos, 1983), 
presaging subsequent independent 
studies that suggested connexon-based 
communication among supporting cells 
was important for potassium sinking 
and metabolic maintenance within 
the organ of Corti—two phenomenon 
that are required for hair cell survival 
and proper functioning (Santos-Sacchi, 
1985). Not surprisingly, connexon 
mutations are now known to underlie 

a major proportion of genetically based 
hearing loss (Kelsell et al., 1997).

POST-AMPLIFICATION
Something special happens in the in-
ner ear to provide such fine frequency 
tuning and sensitivity. The momentous 
identification of otoacoustic emissions 
(OAE; emissions of sound from the ear 
canal) by Kemp (1978) did not subdue 
Brownell’s amazing discovery of OHC 
electromotility (Brownell, Bader, Ber-
trand, & de Ribaupierre, 1985). Indeed, 
the observation that OHCs are not only 
receptors of sound, but can respond 
mechanically, and the identification 
of OAEs prompted a paradigm change 
in auditory research. I joined the 
electromotility club early on, provid-
ing evidence that electromotility was 
driven by the voltage across the OHC 
membrane (Santos-Sacchi & Dilger, 
1988). Since then I have focused on the 
biophysical and molecular aspects of 
OHC motility.

THE AMAZING OHC
The OHC is more specialized than its 
neighbor, the inner hair cell (IHC). Simi-
lar to the IHC, however, OHCs have an 
apical region of the cell that houses the 
sound transduction apparatus, a collec-
tion of yet-to-be-identified mechani-
cally activated (MET) channels that 

Alexander Graham Bell would have been amazed to find out how the ear uses the outer hair cell (OHC) 

to boost our sensitivity to sounds. The OHC does this by providing mechanical feedback into the organ 

of Corti, thus enhancing the input to the inner hair cells, which predominantly send information to the 

central nervous system. Prestin is the protein that drives the OHC mechanical response, and we have 

learned much since its discovery in the year 2000. Notably, we now know that the cochlear amplifier is 

controlled by anions interacting with prestin. The upshot is that the OHC evolved to use very primitive 

constituents to do exquisite things. There is still more to learn.
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reside in the membrane tips of ste-
reocilia. Stereocilia are tall membrane 
extrusions that are stiff because they 
contain a tightly packed core of actin 
filaments. Movement of the stereociliar 
bundle permits MET channels to allow 
potassium to enter the cell, and the 
resulting receptor potential depolarizes 
the cell’s membrane. For the IHC, the 
main purpose of this depolarization is 
to evoke neurotransmitter release at 
the bottom part of the cell where audi-
tory eighth nerve fibers synapse. OHCs 
also have synapses with the eighth 

nerve but are dwarfed in number by 
those of the IHC. Thus, the main job of 
sending acoustic information to the 
brain centrally falls to the IHC. 

It’s the middle part of the OHC, which 
IHCs do not have, that piqued my 
interest. Research has shown that the 
membrane in this region houses the 
molecular motors responsible for elec-
tromotility (Figure 1). One of the ways 
to study the activity of the motors is 
to measure its conformational change 
(shape change) within the membrane 

when voltage across the membrane is 
altered, as might occur when receptor 
potentials are generated. The confor-
mational change is associated with the 
restricted movement of motor-bound 
charges within the membrane that can 
be measured as a nonlinear capaci-
tance (NLC). 

Capacitance is the ability to store 
charge, and normally a membrane will 
have a capacitance proportional to its 
area, just like an electrical capacitor 
component. The membrane capaci-
tance, defined as the change in charge 
divided by the change in membrane 
voltage (dQ/dVm), is the same at any 
membrane potential in IHCs, i.e., it 
is linear because this cell lacks the 
charged molecular motors found in 
the OHC. The OHCs, however, have a 
voltage-dependent capacitance that 
is bell-shaped riding atop a flat linear 
capacitance (Figure 2). The peak of the 
NLC occurs at a membrane voltage 
where the voltage sensitivity of motor 
conformational activity, and conse-
quently, electromotility, is greatest 
(called V

h
). The range over which NLC 

extends across Vm is the operational 
range of the motor. Research in the 
previous two decades has established 
that NLC and electromotility share such 
common characteristics.

In 2000, Dallos and colleagues discov-
ered the motor protein responsible for 
electromotility (Zheng et al., 2000). 
They called it prestin because it is 
fast. When artificially expressed in 
non-auditory cells, it displays all the 
characteristics that the native OHC 
displays, including a NLC with a voltage 
dependent mechanical response of the 
membrane. Prestin has been shown to 
display additional qualities that were 
previously identified in the native OHC 
(reviewed in Santos-Sacchi, 2003). 
Shared qualities include 1) a piezo-
electric-like phenomenon, where not 

Figure 1. The OHC is a highly partitioned cell. The apical portion houses the stereocilia 
where receptor potentials are generated, and the base houses synaptic machinery and 
voltage-dependent ionic channels that allow information to be sent to the brain. The 
middle of the cell is the most interesting part! Here there are molecular motors embedded 
in the lateral membrane that underlie electromotility, a voltage dependent length change 
that can occur at acoustic rates. The mechanical response is sigmoidal versus voltage, and 
its maximum sensitivity is at voltage V

h
, which is at the mid-point of the sigmoid or at its 

maximum first derivative with voltage. Notice that the sensitivity curve looks like the NLC 
curve in Figure 2.

FIGURE 1
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FIGURE 2

Figure 2. The molecular motors in the OHC 
lateral membrane produce a restricted 
charge movement in the membrane that can 
be measured as a NLC. The curve can shift 
along the voltage axis in the hyperpolarizing 
or depolarizing direction in response to a va-
riety of biophysical forces, indicating that the 
operational voltage range is not stable for 
electromotility. V

h
 of NLC generally coincides 

with V
h
 of electromotility; however, see text 

for new observations

ing chloride levels bathing the OHCs 
(Santos-Sacchi, Song, Zheng, & Nuttall, 
2006). The defeat of cochlear amplifi-
cation was reversible upon restoring 
normal chloride levels (Figure 3). 

One of the characteristic properties 
of chloride on prestin is to shift the mo-
tor’s operating voltage range; should 
intracellular chloride levels decrease 
from normal, a shift of the electro-
motility function in the depolarizing 
direction will follow, effectively making 
the receptor potential incapable of 
generating mechanical responses. In 
another demonstration of the impor-
tance of prestin’s operating voltage 
range, Dallos and colleagues (Dallos et 
al., 2008) were able to knock-in geneti-
cally modified prestin molecules into 
the OHCs of the living mouse. The new 
prestin was engineered to have its op-

erating range shifted in the depolariz-
ing direction, thus preventing the OHC 
receptor potential from evoking me-
chanical responses. Of course, in this 
case, the hearing loss was irreversible. 
Experiments such as these support the 
notion that, in mammals, cochlear am-
plification results from prestin activity, 
and not other mechanisms. 

While we know the effects of anions 
on the NLC of OHCs and predict their 
effects on electromotility in vivo, little 
work has been done on OHC mechanics 
directly. Our predictions assume that 
NLC exactly characterizes electromotil-
ity. Could chloride be working in ways 
other than changing the OHC operat-
ing range? Lately, we have been rein-
vestigating the coupling between pres-
tin motor conformational change and 
electromotility. It turns out that the 

only does voltage induce a mechanical 
response, but reciprocally membrane 
deformation induces an electrical 
response; 2) marked temperature  
sensitivity; 3) a dependence of the 
protein’s operational voltage ranges on 
resting potential; and 4) a dependence 
on intracellular chloride. 

The latter characteristic, chloride 
dependence of the motor, has been 
a topic of focus for 12 years now. The 
anion appears to work by binding to 
prestin and affecting the protein’s 
ability to change conformation within 
the membrane when voltage is modu-
lated. This chloride sensitivity is not 
totally unexpected since prestin is part 
of a family of proteins that transports 
anions across the membrane. What is 
surprising is that the protein, unlike its 
family members, has evolved to aid in 
cochlear amplification. This was very ap-
parent when, in collaboration with Fred 
Nuttall’s research group, we were able 
to reversibly reduce basilar membrane 
motion in the guinea pig by manipulat-

FIGURE 3

Figure 3. Basilar membrane measures are considered the classic assessment of cochlear 
amplification. Here we show that sharp tuning (dark solid line) under normal 140 mM 
chloride bathing solution is severely reduced by replacement with 5 mM chloride solution 
(light solid line). Return to 140 mM chloride solution restores hearing and basilar mem-
brane motion (light dotted line). 
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two are variably uncoupled depend-
ing on concentration of intracellular 
chloride; that is, the operating voltage 
ranges appear to be separately modifi-
able (Song & Santos-Sacchi, 2012). 

To further explain, within the organ of 
Corti, in order for OHCs to effectively 
promote enhanced basilar membrane 
motion, they must exert their forces 
at the proper moment during sound 
induced basilar membrane vibration. 
This is akin to pushing with your child’s 
movements on a swing, not against 
her. That is, the timing, or phase of, 
energy injection must be appropriate. 
In the past, cochlear modelers have re-
sorted to various strategies to generate 
enough phase delay between receptor 
potentials and OHC forces for their 
models to reasonably describe experi-
mental data. The physiological basis for 
such delays was always removed from 
the OHC. We think that the variable 
couplings between conformational 
changes of prestin (NLC) and elec-
tromotility results from a time delay 
between the two, and we suggest that 
the mechanical forces of the OHC can 
be tuned to the requirements of the 
cochlea by chloride homeostasis. Thus, 
we believe that anions have a preemi-
nent role in how we hear.

SUMMARY
Over the years that I have been work-
ing on the mechanics of hearing, I have 
learned about many things that the 
supporting cells and hair cells do right. 
Unfortunately, these are the same 
things that can be disturbed and have, 
I’m sure, contributed to my own hear-
ing problems. But I am convinced that 
with a better understanding of how 
things work, we will ultimately know 
what and how to repair. So tell me 
more Queens of Audition, I’m listening!
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INTRODUCTION
Existing clinical methods for diagnos-
ing speech disorders in individuals with 
damaged inner ears seem fundamen-
tally broken. Today when patients go 
to an audiology clinic, their pure-tone 
hearing thresholds are first measured. 
Based on the degree of tonal hearing 
loss, a hearing aid may be prescribed, 
which is subsequently adjusted to 
partially compensate for the pure-tone 
loss. This may or may not improve the 
ear’s speech loss (Walden & Montgom-
ery, 1975). But since the speech loss is 
infrequently measured (or worse, the 
method of measurement is ineffective), 
the change is not quantified. 

Based on the evidence available, it has 
been shown that speech testing has 
not been successful in fitting hearing 
aids (Walden & Montgomery, 1975). 
This seems counterintuitive since the 
main purpose of wearing a hearing aid 
is to improve speech understanding. 
Due to historically poor understanding 

of the fundamentals of speech percep-
tion, it has proven difficult to resolve 
this inconsistency. First, researchers may 
not understand the process of learning 
speech, which typically takes place in 
the first one to two years of life. Second, 
due to middle ear infections, young 
children can temporary lose their hear-
ing, which can interfere with learning 
spoken language. It is not until the first 
year of school when the child is learning 
how to read that the child’s ability to 
hear consonants is first fully tested. 

Children who cannot accurately decode 
consonants may have increased difficul-
ty with orthography. For example, if an 
ear cannot hear the distinction between 
/b/ and /d/ or between /t/ and /f/, the 
child is likely to misunderstand the im-
portance of the shape of the letter [loop 
at bottom, closing to the left (d) or right 
(b), and curl at top (f) or bottom (t)]. The 
classroom teacher assumes that if a 
child’s hearing is normal, then the child 
can hear the consonant distinctions. 

However, this assumption can be wrong 
and if so, the child’s consonant decoding 
deficiency will go undetected (it will not 
show up in a pure-tone hearing test). 
When the child passes a hearing screen 
it is assumed, incorrectly, that they can 
decode syllables. What is needed is a 
targeted consonant discrimination test 
to predict these reading disorders.  

Clinical audiologists can also make the 
same assumptions about adult speech 
perception, and research has shown 
that many of these assumptions can be 
wrong. The most serious assumption 
has been that consonants are homo-
geneous. Research has shown that for 
“normal ears,” confusions systemati-
cally depend on the consonant (Phatak 
& Allen, 2007; Phatak, Lovitt, & Allen, 
2008; Singh & Allen, 2012). For “non-
normal ears,” the errors dramatically 
increase, again depending on the ear, 
the noise-level, and, most significantly, 
the utterance. 
If consonants were homogeneous, the 

SPEECH PERCEPTION 
AND HEARING LOSS 
BY JONT B. ALLEN, PH.D., ANDREA TREVINO, AND WOOJAE HAN, PH.D., 
UNIVERSITY OF ILLINOIS, URBANA-CHAMPAIGN 

Over 150 years after the early research of Alexander Graham Bell, it remains unclear how the 

auditory system decodes speech, both in individuals who have “normal ears” and those who have 

“non-normal ears.” Recent research has shown that normal ears can decode isolated consonants 

without error. However, when the inner ear is damaged, such as with sensorineural hearing loss 

where hair cells and synaptic connections are not properly functioning, speech can be heard but not 

understood. In these cases, two seemingly-normal articulated utterances of the same consonant can 

result in totally different responses. Such specific and consistent confusions uniquely depend on the 

auditory system’s function and the utterance. This presentation will discuss the differences between 

how the auditory systems of normal ears and non-normal ears receive and decode speech.
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confusions, as a function of the noise 
level, would be the same from one 
consonant to the next. This is not the 
case, since consonant confusions are 
highly dependent on the utterance 
(Han, 2011; Singh & Allen, 2012). While 
normal ears give similar confusions for 
a given utterance as a function of the 
noise, non-normal ears are idiosyn-
cratic in their error patterns. The idio-
syncratic nature of the speech scores 
implies that they may not be averaged. 
It is this inappropriate averaging that 
has led clinicians to believe that speech 
is not a reliable measure for fitting 
hearing aids. 

In the last few years, the Human 
Speech Research (HSR) group at the 
Beckman Institute for Advanced Sci-
ence and Technology at the University 
of Illinois, Urbana-Champaign, has 
determined some key elements in this 
chain that seem to enlighten responses 
from both normal and non-normal 
ears. For our purposes, “normal ears” 
are defined as those with pure-tone 
thresholds less than 20 dB-SPL, and 
“non-normal ears” are defined as hav-
ing pure-tone thresholds greater than  
20 dB-SPL. 

Until very recently, it was not under-
stood that the normal ear can detect 
speech with essentially zero error, 
down to -10 dB SNR (three times more 
speech-shaped noise than speech) 
(Phatak et al., 2008). As the noise 
increases, the error goes from zero 
to chance performance over a small 
signal-to-noise ratio (SNR) range. 
These new results totally change the 
understanding of what is happening in 
normal ears because it means con-
sonant perception is binary (Singh & 
Allen, 2012). 

The focus of this presentation is to 
describe this difference in performance 
between the normal and non-normal 

ear at the utterance level. The paper 
will explain what the HSR group has 
found, and then predict where this re-
search will go in the next few years. In 
addition, we will discuss a speech test 
that teases out such natural occurring 
idiosyncratic speech confusions, which 
we argue will eventually be useful for 
fitting hearing aids. 

HOW DOES SPEECH PERCEPTION FAIL?
The challenge remains to understand 
the auditory processing strategy of the 
auditory cortex, which is wired to non-
normal ears. To understand how normal 
ears decode consonants, the HSR group 
repeated the classic consonant percep-
tion experiments of Fletcher (1922) 
and Miller and Nicely (1955), among 
others. This gave us access to important 
new data and the ability to reassess 
many widely held assumptions. The 
first lesson of this research is the “sin of 
averaging”—while audiology is built on 
averaging measures, most of the inter-
esting information is lost in these aver-
ages. We have shown, for example, that 
averaging across consonants distorts 
the measure as does averaging across 

talkers for a given consonant. We have 
also found that entropy (a probabilistic 
measure of consistency) is more robust 
than the average error. 

In 1970-80, a number of studies ex-
plored the role of the transitional and 
burst cues in a consonant-vowel (CV) 
context. In a review of the literature, 
Cole and Scott (1974) argued that the 
burst must play at least a partial role 
in perception, along with transition 
and speech energy envelope cues. 
Explicitly responding to Cole and Scott 
(1974), Dorman and colleagues (1977) 
executed an extensive experiment 
using natural speech made up from 
nine vowels proceeded by /b, d, g/. The 
experimental procedure consisted of 
truncating the consonant burst and 
the devoiced transition (following the 
burst) of a CVC, and then splicing these 
onto a second VC sound, presumably 
with no transition component (since it 
had no initial consonant). Their results 
were presented as a complex set of 
interactions between the initial conso-
nant (burst and devoiced cue) and the 
following vowel (i.e., coarticulations). 

FIGURE 1

Figure 1. Time-frequency allocation of the plosives and the fricatives. Mapping these 
regions into perceptual cues required extensive perceptual experiments (Li et al., 2010). 
Once the sounds have been evaluated, it is possible to prove how the key noise-robust 
perceptual cues map to acoustic features. In the cases of the three voiced consonants indi-
cated with a tilde (/z, ʒ, ʤ/), the frication noise is modulated at the pitch frequency. 
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The same year Blumstein and col-
leagues (1977) published a related /b, 
d, g/ study using synthetic speech that 
also presented a look at the burst and 
a host of transition cues. They explored 
the possibility that the acoustic cues 
were integrated (acted as a whole). 
This study was looking to distinguish 
the necessary from the sufficient cues, 
and first introduced the concept of 
conflicting cues in an attempt to pit 
one type (burst cues) against the other 
(transition cues). 

While these three key studies high-
lighted the relative importance of the 
two main types of acoustic cue, burst 
and transition, they left unresolved 
the identity and relative roles of these 
cues. No masking noise was used in the 
studies, ruling out any form of infor-
mation analysis. Masking is key to an 
information theoretic analysis of any 
communication channel (Allen, 1994, 
1996; Fletcher, 1922; Shannon, 1948). 
As discussed by Allen (2005), based on 

the earlier work of Fletcher and Galt 
(1950), Miller and Nicely (1955), and 
inspired by Shannon’s source-channel 
model of communication, the HSR 
group repeated many of the classic 
experiments (Li & Allen, 2009; Phatak 
& Allen, 2007; Phatak et al., 2008). The 
data resulting from our several experi-
ments will be discussed in the remain-
der of the paper. 

IDENTIFYING PERCEPTUAL CUES
Li and colleagues (2010) first described 
a method to robustly identify speech 
cues for a variety of naturally produced 
CV speech sounds. This method uses 
a 3-dimensional psychophysical ap-
proach using a variety of noise levels, 
time-truncation, and high and low pass 
filtering. These experiments made it 
possible, for the first time, to reliably 
locate the subset of perceptually rel-
evant cues in time and frequency, while 
the noise-masking data characterizes 
the cue’s masked threshold (i.e., its 
strength). 

Figure 1 describes the resulting con-
sonant maps. Not surprisingly, the 
perceptual cues associated with frica-
tive sounds are quite different from the 
plosives. Timing and bandwidth remain 
important variables. For the fricative 
sounds, the lower edge of the swath of 
frication noise is the perceptual cue. 

Briefly summarized in Figure 1, the CV 
sounds /ta, da/ are defined by a burst 
at high frequencies, /ka, ga/ are defined 
by a similar burst in the mid frequen-
cies, and /ba, pa/ were traced back to a 
wide-band burst. As noise is added, the 
wide-band burst frequently degenerates 
into a low frequency burst, resulting in 
low-level confusions. The recognition 
of burst-consonants further depends 
on the delay between the burst and the 
sonorant onset, defined as the voice 
onset time (VOT). Consonants /t, k, p/ 
are voiceless sounds, occurring about 
50 [ms] before the onset of F0 voicing 
while /d, g/ have a VOT <20 [ms]. Plosive 
/b/ may have a negative VOT. 

FIGURE 2

Figure 2. LEFT: Shown here is the average error (log scale) for 16 CV consonants as a function of the relative intensity of constant-spec-
trum-level masking noise (Phatak et al., 2009). The solid black curve labeled “Avg. Normal” shows the average across all the consonants. 
Note the large variation in error. RIGHT: This family of curves compares the average consonant error for 14 normal and 17 non-normal 
ears in speech shaped masking noise. For the non-normal ears, there is a large spread in scores due to the variation in hearing loss as 
compared to listeners with normal hearing (gray region), all of whom are similar in their average performance. 

(a) Constant errors ANH                                                (b) Error for 17 non-normal ears
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Based on the results of Li and colleagues 
(2010), this study, along with a host of 
verification experiments on the ~100 
CV utterances in the HSR database 
(Kapoor & Allen, 2012; Li & Allen, 2011; 
Régnier & Allen, 2008), we have conclu-
sively demonstrated that these features 
uniquely label the indicated consonant. 

METHODS
Isolated CVs were taken from naturally 
produced speech from 18 talkers. Noise 
was added to the speech with a range 
from -26 dB to quiet (Q). Both uni-
form and speech weighted spectrum 
level noise was added to the speech. 
The listener corpus consisted of more 
than 200 normal and 45 non-normal 
ears, with 9-16 consonant and 8 vowel 
sounds. To assure the estimates of the 
error are reliable, a minimum of 10 tri-
als per utterance and SNR are required 
(Han, 2011; Phatak, Yoon, Gooler, & 
Allen, 2009; Singh & Allen, 2012). The 
difference between these new experi-

ments and their classic counterparts is 
that the utterances of each consonant 
are not averaged. 

RESULTS
In Figure 2, the average probability of 
the error Pe(SNR) is shown (for speech-
weighted noise the SNR is the same as 
the articulation index). On the left (a), 
the “average normal hearing” (ANH) 
score Pe(SNR) (black line), along with 
the score for each heard consonant /h/, 
given spoken consonant /s/ as a func-
tion of the SNR for flat-spectrum mask-
ing noise (Phatak et al., 2009). There is 
a huge variation in scores across the 
consonants: the SNR corresponding to 
the 50% point ranges from –12 dB [/m, 
n/] to +8 dB [/q, ð/] [shown as /T/ and 
/D/ in Figure 2)]. Such a large range 
of scores is not captured by an aver-
age. Not shown here, each utterance 
in the HSR database has a wide range 
of scores, varying in error from zero 
to chance depending on the masking 

noise intensity (Singh & Allen, 2012). 
The right panel (b) shows the average 
scores for the 17 non-normal ears as 
compared to the average scores of the 
participants with normal hearing in 
speech-shaped masking noise. One of 
the best ears in terms of average error 
is 36R. Not shown is that his error for  
/ba/ reaches 100%, while the remain-
ing 13 consonants tested had zero er-
ror. Thus, the reported performance is 
highly distorted, again due to the “sin 
of averaging.” 

A second major conclusion is that when 
characterizing a listener with hearing 
loss, one must look at the individual 
confusions. In Figure 3, confusion pat-
terns (CPs) are compared to SNR. The 
CP is a graphical display of the confu-
sion probabilities as a function of the 
intensity of the masking noise relative 
to the speech. To estimate a CP requires 
a totally different clinical measure than 
is being applied today. CPs allow one to 

FIGURE 3

Figure 3: The “sin of averaging” extends to the utterance level. On the left (a) we see confusion patterns for the average score for /
ta/ from Miller and Nicely (1955) (white masking noise). On the right (b) we show the confusion patterns for male talker 117 saying /
te/ (speech shaped noise). Based on data with the same masking conditions, and as concluded in Figure 2, averaging across utterances 
removes critical information from the ANH scores. The confusion error is a function of the SNR in dB. As we shall see, this “sin” is much 
worse for non-normal ears at the utterance level. The arrow at -8 dB and 30% shows the priming point, defined as where a listener re-
ports one of a small set of sounds (Li & Allen, 2011). 
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visualize the confusions of each sound 
as a function of the SNR. From the CP it 
is easy to identify a sound that primes, 
meaning that it can be heard as one of 
several sounds with equal probability by 
changing one’s mental bias. In this case 
the CPs show subject responses that 
are equal (the curves cross each other), 
similar to the CP of Figure 3(b) at -8 dB 
where one naturally primes /p/, /t/, and, 
to a lesser extent, /k/ (at -10 dB). 

When asked, most clinicians report 
that they do not have the time to make 
detailed measures. In our opinion, this 
is more a reflection of old habits than 
actual time constraints. The confu-
sion sets, and their dependence on the 
noise, are not predictable without such 
tests. Utterance confusions and their 
masked dependence are important be-
cause they reveal the mix of underlying 
perceptual cues being confused with 
the target sound. 

When using an utterance confusion 
measure, each non-normal ear consis-
tently makes large errors on a small 
subset of utterances. Furthermore, for 
a given utterance, there are patterns 
in these errors across listeners with 
hearing loss. In other words, normally 
spoken utterances are heard idiosyn-
cratically by non-normal ears, yet with 
correlated error patterns. 

CONFUSIONS IN NON-NORMAL EARS   
As a direct extension of earlier studies 
(e.g., Phatak et al., 2009), four experi-
ments were performed (Han 2011), 
two of which will be reported on here. 
In Experiment 1 (Exp-1), full-rank 
confusion matrices for the 16 Miller-
Nicely CV sounds were determined at 
6 SNR [Q, 12, 6, 0, -6, and -12 dB] for 46 
non-normal ears (25 subjects). In Ex-
periment 2 (Exp-2), a subset of 17 ears 
were remeasured, but with the total 
number of trials per SNR per consonant 
raised from 2–8 (Exp-1) to as high as 

20 (Exp-2) to statistically verify the 
reliability of the subjects’ responses in 
doing the task. 

Figure 4 shows that listeners with hear-
ing loss are using a common strategy 
that depends systematically on the 
utterance. Clearly, if such very different 
scores for the two /ba/ sounds were to 
be averaged together (i.e., present clini-
cal practice), the idiosyncratic (i.e., the 
most important) information about the 
ears would be lost. As discussed earlier, 
the average score is a distorted metric 
due to its high variance a) across con-
sonants, b) across utterances for each 
consonant, and c) across subjects with 
hearing loss. Entropy gives a direct mea-
sure of consistency and is insensitive 
to mislabeling errors (e.g., consistently 
across a voicing error, as in reporting /d/ 
given /t/). Given the observed increased 
mislabeling of sounds in non-normal 
ears, a high-consistency measure (i.e., 
entropy) seems to be a better measure. 

SUMMARY
This article has reviewed some of what 
the HSR group has recently learned 
about speech perception of consonants, 
and how this knowledge might im-

pact understanding of nonlinear (NL) 
cochlear speech processing. However, 
the role of outer hair cell (OHC) process-
ing of speech is still poorly understood 
(Allen, 2008; Allen & Li, 2009). It is now 
widely accepted that OHCs provide 
dynamic range and are responsible for 
much of the NL cochlear speech signal 
processing, thus the common element 
that links all the NL data (Allen, Régnier, 
Phatak, & Li, 2009). OHC dynamics must 
be understood before any model can 
hope to succeed in predicting basilar 
membrane, hair cell, neural tuning, 
and NL compression. Understanding 
the OHC’s two-way mechanical trans-
duction may be the key to solving the 
problem of the cochlea’s dynamic range 
and dynamic response (Allen, 2003). 

However, the perception of speech by 
the non-normal ear does not seem to 
be consistent with the above com-
monly held view. For example, the large 
individual differences seem inconsistent 
with the OHC as the tying link, and 
seem more likely related to synaptic 
dead regions (Kujawa & Liberman, 
2009). Continued analysis of these con-
fusions will hopefully provide further 
insights into this important question. 

FIGURE 4

Figure 4: These pie charts show the proportion of confusions for two different /ba/ utter-
ances, as reported by all of the 17 non-normal ears. The most common error for the /ba/ 
on the left is /da/ and then /va/, while the one on the right is most frequently heard as /
va/ and then /fa/. The one on the left is almost never heard as /fa/ and the one on the 
right almost never as /da/. These two /ba/ sounds are reported correctly by normal ears. 
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The detailed study of how a complex 
system fails can give deep insights into 
how the normal system works. 

The key open problem here is, “How 
does the auditory system (e.g., the NL 
cochlea and the auditory cortex) process 
human speech?” There are many ap-
plications of these results including 
speech coding, speech recognition 
in noise, hearing aids, and cochlear 
implants as well as language acquisi-
tion and reading disorders in children. If 
we can solve the robust phone decoding 
problem, we will fundamentally change 
the effectiveness of human-machine 
interactions. For example, the ultimate 
hearing aid is the hearing aid with built 
in robust speech feature detection and 
phone recognition. While researchers 
have no idea when speech-aware hear-
ing aids will come to be, and the time 
is undoubtedly many years off, when 
it happens, it will be a technological 
revolution of some magnitude. 
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Over 50 years ago, William House, M.D., 
performed the first cochlear implant 
surgery. The results were modest—the 
patient reported hearing “sounds.” 
Today, professionals expect that the 
majority of adult patients who are 
late-deafened, when fit with a cochlear 
implant, will achieve 80–100% correct 
scores on tests of sentence understand-
ing in quiet (Wilson & Dorman, 2008). 
Professionals expect that many children 
who are congenitally deaf, if fitted with 
a cochlear implant before the age of 3 
and if given extensive (re)habilitation, 
will perform near the level of their age-
matched peers who have typical hearing 
on tests of speech understanding when 
in elementary school. These results, for 
adults and children, underlie the claim 
that cochlear implants are one of the 
miracles of modern medicine.

After 50 years of effort, cochlear implan-
tation is now a mature discipline—pro-
fessionals expect good results for most 
patients. Nonetheless, researchers con-
tinue their work and new developments 
extend the promise of even higher levels 
of speech understanding for individuals 
with hearing loss.

BETTER HEARING BY “HYBRID”  
STIMULATION
 One innovation, a relatively simple one 
at that, is combining electric stimulation 

with acoustic stimulation. The majority 
of patients who qualify for a cochlear 
implant in one ear have some low-
frequency acoustic hearing in the other. 
Researchers at Arizona State University 
have found that patients with hearing 
only at 125 Hz and 250 Hz, i.e., at very 
low frequencies, can use the informa-
tion carried by these frequencies to 
improve speech understanding via their 
implant. This low-frequency information 
is especially useful in noise, which is for-
tunate because cochlear implants alone 
do not provide high levels of speech un-
derstanding when speech is presented 
against a background of noise. 

A recent surgical innovation, hearing 
preservation surgery, allows surgeons 
to implant an electrode array and to 
preserve low-frequency hearing   This 
provides much better speech under-
standing via the implanted ear and 
provides the listener with two partially 
hearing ears—the ear opposite the 
implant and the ear with the implant. 
Having two partially hearing ears is of 
benefit in listening environments where 
noise surrounds the listener. 

Hearing preservation surgery allows 
patients with substantial low-frequency 
hearing and speech understanding 
to receive a cochlear implant and to 
benefit from “hybrid” hearing. Research-

ers working on this technique expect to 
see, in the near future, patients with up 
to 60% word scores by hearing alone to 
qualify for a cochlear implant. The logi-
cal extension of this idea is cochlear im-
plantation for the “common variety” of 
high-frequency hearing loss. Of course, 
the greater the amount of hearing and 
speech understanding, the greater the 
consequences of losing both, if hearing 
is not preserved. The calculation for or 
against cochlear implant surgery for 
these individuals will not be simple. 
 
Hearing preservation surgery will also 
create patients with a cochlear implant 
in each ear and low-frequency hearing 
in each ear. Researchers have tested sev-
eral patients like this and, when tested 
in complex listening situations, find that 
they benefit from having two implants 
versus one and having two partially 
hearing ears versus one. 

BETTER HEARING THROUGH  
CHEMISTRY
The odds of retaining low-frequency 
hearing following cochlear implant 
surgery can be improved by the admin-
istration of protective drugs during the 
surgical procedure. Studies have shown 
that some drugs, such as dexametha-
sone, can prevent inner-ear cell dam-
age from exposure to very loud noises, 
similar to the noise produced by surgical 

THE RESTORATION OF SPEECH UNDERSTANDING 
BY ELECTRICAL STIMULATION OF THE AUDITORY SYSTEM
BY MICHAEL DORMAN, PH.D., ARIZONA STATE UNIVERSITY

The first cochlear implant surgery was performed over 50 years ago and allowed a patient to hear 

“sounds.” Today, professionals expect high levels of speech understanding for adults who are post-

lingually deaf and who receive a cochlear implant, and for children who are congenitally deaf—if the 

children receive a cochlear implant early and if they receive intensive listening and spoken language 

intervention. This presentation will provide a broad view of the technology underlying cochlear 

implants and describe possible next steps in the evolution of these devices. 



Sunday, July 1  |  8:00 a.m. – 11:30 a.m.  |  Westin Kierland Resort  |  Scottsdale, Ariz.

2012 RESEARCH SYMPOSIUM

12

drilling for cochlear implants. The same 
drug can rescue cells 24 hours after 
exposure to loud noises or other drugs 
that destroy hearing. These results 
have stimulated researchers to create 
electrode arrays that both deliver a drug 
and provide electrical stimulation to the 
cochlea. The delivery of drugs during 
cochlear implant surgery and in the 
weeks and months post-surgery via the 
electrode array will allow for the maxi-
mum conservation of residual hearing in 
the implanted ear.
 
This same technology of combined drug 
delivery and electrical stimulation holds 
tremendous promise for young children 
receiving cochlear implants. Research 
has shown that administration of a 
class of drugs called neurotropic drugs 
can stimulate the growth of neurons 
(Sinohara et al., 2002) and could even 
promote the growth of neural fibers up 
the chemical gradient to the electrode 
that is releasing the drug. If this can be 
achieved in very young children, then 
professionals will have a method of 
preserving the neural elements in the 
child’s cochlea and a method of get-
ting neural elements very close to the 
electrode array. The latter would allow 
very low levels of current to be used for 
stimulation and should result in much 
better frequency resolution. Better 
frequency resolution would lead to bet-
ter speech understanding and, perhaps, 
better appreciation of music. 

BETTER HEARING FROM  
EARLY STIMULATION
Brain wiring is determined by both 
intrinsic factors of biology and by envi-
ronmental stimulation. In the absence 
of auditory stimulation early in devel-
opment, the auditory brain will not 
develop typically and will not have the 
usual connections to other areas of the 
brain that process speech and language 
(Kral & O’Donoghue, 2010). Indeed, in 
the absence of auditory stimulation, 

some auditory areas can be usurped by 
other sensory modalities, such as vision 
or touch. Thus, early stimulation of the 
auditory pathways is critical to driving a 
developing brain into the configuration 
shown by infants with typical hear-
ing. At issue for parents is, how early is 
“early” and how late is “late?” If a child 
has had no auditory stimulation for the 
first seven years of life, then the odds of 
achieving reasonable levels of speech 
understanding via a cochlear implant 
are poor.  A child who receives a cochlear 
implant by age 2-3 years will have better 
odds of a good outcome (Svirsky et al., 
2007), and age 1 year is now a standard 
for most children who receive cochlear 
implants. There is some evidence that 
receiving a cochlear implant under the 
age of 1 provides some advantages 
(Houston & Miyamoto, 2010), but very 
early implantation must be weighed 
against surgical risks and other factors 
(Cosetti & Roland, 2010). 

The need for early stimulation to shape 
connections within and among different 
areas of the auditory brain puts parents, 
who wish to wait for something better 
than a cochlear implant for their child, 
in a difficult position. Imagine a therapy, 
for example, based on stem cells that 
could regenerate the cell bodies and 
related structures in the cochlea that are 
absent in a child who has a profound 
hearing loss. And imagine that this ther-
apy is still 10 years away. What would   

speech understanding be like for a child 
with regenerated cells in the cochlea 
but who had been without stimulation 
for 10 years? Because the brain would 
not have developed typical connections 
within and between brain areas that 
subserve hearing and language, the 
value of having new cells in the cochlea 
could be very small. Early restoration of 
function should be the hope of parents 
who wish their child to experience 
typical or near typical development of 
speech and language skills. 
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How do children learn spoken lan-
guage? In children who are developing 
typically, this feat is accomplished more 
or less naturally through active experi-
ences with caregivers and the child’s 
environment. Parents don’t enroll in-
fants and toddlers in spoken language 
classes; instead, they model, encour-
age, and stimulate their speech and 
language attempts by responding to 
the cries and coos of infants and hold-
ing simple conversations with toddlers. 
In fact, caregivers across the world ac-
tually speak to their infants and young 
children using a special style of speech 
commonly known as “babytalk” or 
“motherese.” Researchers and scholars 
call this infant-directed speech. Moth-
ers, fathers, and even strangers off the 
streets speak to infants in a sing-song 
manner, exaggerating the melody and 
rhythm of their speech (e.g., Ferguson, 
1964; Fernald, 1989). Caregivers are 
flexible with this speech style, adjust-
ing the levels of exaggeration according 
to the social context and their infant’s 
age (e.g., Kitamura, Thanavishuth, 
Burnham, & Luksaneeyanawin, 2002; 
Stern, Spieker, Barnett, & MacKain, 
1983). This speech style is now known 
to contribute in many ways not only to 

infants’ social-emotional development, 
but also to their speech, language, and 
cognitive development (e.g., Liu, Kuhl, 
& Tsao, 2003).

Sometimes that natural connection 
between caregivers and infants can be 
disrupted. For example, caregivers who 
suffer from depression have difficulty 
connecting with their children, speak-
ing to them in monotones with flat 
affect. Researchers have shown that 
infants of mothers who are depressed 
have a difficult time learning new asso-
ciations from such speech (Kaplan, Ba-
chorowski, Smoski, & Hudenko, 2002), 
which likely has cascading effects on 
the development of spoken language 
and cognition. Moreover, children in 
families with low socioeconomic status 
are at a serious disadvantage com-
pared to children in families with high 
socioeconomic status in terms of both 
spoken language input quantity and 
quality. Researchers have found that 
caregivers with fewer financial and ed-
ucational resources use fewer words in 
their infant- and child-directed speech 
than caregivers with greater financial 
and educational resources (Hart & Ris-
ley, 1995). This effect later translates to 

language abilities, with children from 
low income homes exhibiting much 
worse language skills compared to chil-
dren from high income homes (Hart 
& Risely, 1995). These studies, among 
others, highlight the importance of 
caregivers’ speech to infants as they 
develop spoken language. 

What happens, then, if infants have 
a hard time hearing their caregivers? 
How do children who are deaf or hard 
of hearing learn spoken language? 
With the advent of new technologies, 
such as cochlear implants and state-
of-the-art hearing aids, children with 
hearing loss now have the most access 
to sound and spoken language in their 
environment than ever before. Because 
of this, we would expect caregivers to 
speak to their infants and children with 
hearing loss just the same as those 
with typical hearing. And children with 
hearing loss who use hearing aids or 
cochlear implants should demonstrate 
similar spoken language develop-
ment as children with typical hear-
ing. Children who are deaf or hard of 
hearing can achieve speech and spoken 
language abilities on par with their 
typically developing peers with the use 

SPOKEN LANGUAGE DEVELOPMENT IN INFANTS  
WHO ARE DEAF OR HARD OF HEARING: 
THE ROLE OF MATERNAL INFANT-DIRECTED SPEECH
BY TONYA R. BERGESON-DANA, PH.D., INDIANA UNIVERSITY 

How do children learn spoken language? Most children with typical hearing learn from infancy 

the sound of their mother’s voice, a type of speech researchers call infant-directed speech. Mothers, 

fathers and most adults speak to infants in a sing-song manner, exaggerating the melody and 

rhythm of their speech. But what happens when this connection is broken, such as with a child who 

has hearing loss? This article will discuss the importance of infant-directed speech, and how infants 

with hearing loss respond to such talk in comparison to infants with typical hearing.
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of such assistive devices (e.g., Peterson, 
Pisoni, & Miyamoto, 2010). However, 
there are large individual differences 
among these children; not all children 
with hearing loss benefit to the same 
degree from cochlear implants or hear-
ing aids (Pisoni, Cleary, Geers, & Tobey, 
1999; Pisoni et al., 2008). As recently 
as 10 years ago, researchers could only 
guess at why this is the case because 
there were no pre-amplification predic-
tors of outcome and benefit. However, 
recent studies have shown potential 
predictors of children who will succeed 
with hearing aids or cochlear implants 
that are related to early auditory expe-
rience (e.g., Bergeson & Pisoni, 2004). 

CHILD PERCEPTION OF INFANT- 
DIRECTED SPEECH
The focus of this paper is one of the 
most important factors that can 
determine infants’ benefit and success 
in spoken language development via 
amplification: early auditory experienc-
es from infants’ interactions with their 
caregivers, or infant-directed speech. 
The first question addressed is, do 
infants who have hearing loss for the 
first part of their life pay the same kind 
of attention to infant-directed speech 
as infants with typical hearing do? This 
is one way to determine if infants with 
hearing loss are reinforcing caregivers’ 
use of infant-directed speech.

To answer this question, let’s first 
review what is known about infant 
attention to maternal speech in typical 
development. At least two types of 
infant behaviors have been established 
by researchers. First, infants with typi-
cal hearing, from birth to 12 months 
old, prefer to listen to infant-directed 
speech over adult-directed speech 
(Fernald & Simon, 1984; Fernald et al., 
1989; Grieser & Kuhl, 1988; Kitamura 
et al., 2002; Kuhl et al., 1997). Infants 
are especially responsive to the melodic 
quality of infant-directed speech 

(Fernald & Kuhl, 1987). Infants’ in-
creased attention to infant-directed 
speech might actually help them 
process and understand speech and 
language. For example, infants find 
it easier to pick out new words from 
a spoken passage when listening to 
infant-directed speech rather than 
adult-directed speech (Thiessen, Hill, 
& Saffran, 2005). Mothers tend to 
highlight new words when speaking 
to infants much more so than when 
speaking to adults.

Second, infants with typical hearing 
recognize and prefer to listen to their 
own mothers’ voice (DeCasper & Fifer, 
1980). Amazingly, preference for ma-
ternal voices seems to develop even be-
fore infants are born. One study found 
that infants in the womb have differ-
ent heart rate patterns in response 
to their mother’s voice as compared 
to a stranger’s voice (Kisilevsky et al., 
2003). These findings also highlight the 
important effects of very early auditory 
experience on infants’ speech percep-
tion abilities.

But what about infants and toddlers 
who have congenital hearing loss 
and receive hearing aids or cochlear 
implants? Do they pay the same type of  
attention to speech as infants with 
typical hearing? Research from the 
Babytalk Research Laboratory has been 
addressing this very question. One of 
the difficulties of assessing attention 
in this population is that the research 
participants are preverbal. That is, we 
cannot simply ask the infants and tod-
dlers, “What do you think about this 
speech? Do you like this type of speech 
better than the other?” Instead, we use 
tried-and-true methods taken from 
the field of developmental psychol-
ogy. Infants sit on their caregivers’ laps 
inside a large sound-proof booth. We 
draw their attention to a TV monitor in 
front of them, and then present various 

audio-visual stimuli. Previous research 
has shown that infants will naturally 
look longer towards a visual display 
near a sound source if they’re inter-
ested in what they’re hearing. 

In one particular study, we measured 
infants’ looking time to a red-and-
white checkerboard pattern on the 
TV monitor while listening to four 
different mothers speaking in either 
an infant-directed or adult-directed 
style of speech. The study also included 
silent trials to determine how much 
infants prefer speech in general to 
silence. Infants with typical hearing 
attended much longer to speech 
trials than silent trials, and generally 
preferred infant-directed to adult-
directed speech. Infants with mild-
to-moderate hearing loss who use 
hearing aids showed similar patterns, 
but it took a little longer for them to 
develop their preferences than infants 
with typical hearing. Finally, infants 
with cochlear implants did not show a 
preference for infant-directed speech 
over adult-directed speech until 
approximately 9-12 months post-
implantation. And even then, they did 
not attend any longer to the adult-
directed speech than to silence! These 
findings have major implications for 
child-caregiver interactions and spoken 
language development.

There are some studies about recogni-
tion of voices in children who are deaf 
or hard of hearing. Several studies have 
shown that cochlear implant users find 
it difficult to distinguish the voices of 
different talkers, particularly if the talk-
ers are the same sex (Cleary & Pisoni, 
2002; Cleary, Pisoni, & Kirk, 2005; Fu, 
Chinchilla, & Galvin, 2004). However, 
one recent study showed that children 
ages 5-15 years old who use cochlear 
implants can tell apart their own 
mother’s voice from other men, chil-
dren, and even other women, although 
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their performance is not as good as 
that of children with typical hearing 
(Vongpaisal, Trehub, Schellenberg, van 
Lieshout, & Papsin, 2010). 

The Babytalk Research Laboratory is 
in the midst of conducting another 
study to determine whether infants 
with congenital hearing loss can 
distinguish their own mother’s voice 
from a stranger’s voice. This study 
uses a habituation paradigm, in which 
a series of different women reciting 
passages in an infant-directed speech 
style is presented to infants who 
have about one year of hearing aid or 
cochlear implant experience. The idea 
is that infants will again pay attention 
to a checkerboard pattern on the TV 
monitor directly ahead of them when 
they are interested in the speech 
sounds. In a habituation paradigm, it 
is also expected that infants will start 
off with a high amount of interest 
and gradually become bored as the 
same category of sound (i.e., women’s 
infant-directed speech) is repeated. 
Two test trials are presented once they 
reach a criterion point of boredom: 
one is their own mother’s voice and 
the other is a stranger’s voice. If they 
recognize their mother’s voice, infants 
should theoretically pay more atten-
tion than to the last habituation trial 
and the test trial with the stranger’s 
voice. If they do not recognize their 
mother’s voice, then they should pay 
equal attention to all three trials. Data 
have been collected from a handful 
of infants and toddlers who are deaf 
or hard of hearing who have used a 
hearing aid or cochlear implant for ap-
proximately one year. These children 
have not yet shown recognition of 
their own mother’s voice from that of 
a strange woman. Future studies will 
likely be needed to determine how 
infants and toddlers learn to recognize 
their mother’s voice with additional 
hearing aid or cochlear implant use.

CAREGIVER PRODUCTION OF INFANT-
DIRECTED SPEECH
Thus far, research has shown that 
infants and young children who are 
deaf or hard of hearing do not pay 
attention to infant-directed speech, 
or even speech in general, in the same 
way as children with typical hearing 
until they’ve had at least 9-12 months 
of auditory experience. Imagine now 
parents interacting with infants who are 
deaf or hard of hearing. If their infants 
are not paying active attention to their 
attempts to entertain or soothe using 
infant-directed speech, how must this 
affect caregivers’ further use of this 
special speech style? That is, do caregiv-
ers speak in the same or different ways 
to young children with and without 
hearing loss?

To date there has been very little 
research on caregiver speech to infants 
with hearing loss who use hearing aids 
and cochlear implants. One reason is 
that, prior to state-mandated universal 
newborn hearing screening programs, 
infants were typically not diagnosed 
with hearing loss until 2-3 years of age 
(Meadow-Orlans, Spencer, & Koester, 
2004). The existing literature suggests 
that an infant’s hearing status may af-
fect the way in which caregivers speak 
to their infants. One study of speech to 
infants with hearing loss showed that 
mothers with typical hearing tend to 
increase their use of vocal exaggeration 
when they first discover their infant’s 
hearing loss, but gradually decrease the 
amount of vocal exaggeration over time 
(Wedell-Monnig & Lumley, 1980). Other 
studies of mother-child interactions 
have revealed that mothers tend to be 
more controlling, more repetitive, and 
less responsive in their interactions with 
children who are deaf or hard of hearing 
than with children who have typical 
hearing (Cheskin, 1981; Goss, 1970; 
Henggeler & Cooper, 1983). Mothers 
also produce fewer and less complex 

verbal utterances but more nonverbal 
attention-getting behaviors when 
interacting with children with hearing 
loss than children with typical hearing 
(Goldin-Meadow & Saltzman, 2000; 
Koester, Brooks, & Karkowski, 1998; 
Koester, Karkowski, & Traci, 1998). Some 
researchers have shown, however, more 
similarities in mothers’ speech styles to 
both sets of children when the children 
were matched by linguistic age rather 
than chronological age (Cross, Nienhuys, 
& Kirkman, 1985; Nienhuys, Cross, & 
Horsborough, 1984). 

The Babytalk Research Laboratory 
recently investigated the effects of 
infant age and hearing loss on several 
prosodic characteristics of mothers’ 
speech to infants with typical hearing 
and infants with hearing loss who use 
cochlear implants (Bergeson, Miller, & 
McCune, 2006; Kondaurova, Bergeson, 
& Xu, 2012). The results of these studies 
revealed that mothers do use infant-
directed speech when interacting with 
their infants with cochlear implants, 
and that their vocal styles are more 
similar to mothers of infants with typi-
cal hearing when infants are matched 
by hearing experience rather than 
chronological age. Thus, these mothers 
adapt their prosodic speech style to the 
hearing experience and linguistic abili-
ties of their infants who are deaf or hard 
of hearing. 

Researchers have proposed that one of 
the functions of infant-directed speech 
is to help infants learn about language 
(e.g., Fernald, 1992). For example, 
infant-directed speech actually exagger-
ates certain cues to sentence structure. 
Caregivers will change the pitch of their 
voice from the end of one sentence to 
the beginning of another when speak-
ing to an infant. They will also tend to 
linger on the last syllable of a sentence 
and take an exaggerated pause before 
starting a new sentence. In a recent 
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analysis of maternal speech, we found 
that mothers use similar sentence 
boundary cues when interacting with 
their infants who are profoundly deaf 
and use cochlear implants (Kondaurova 
& Bergeson, 2011).

Infant-directed speech might also help 
infants learn about the sound structure 
of their language. One study found 
that mothers potentially help their 
infants with typical hearing and infants 
with hearing loss discriminate among 
vowel categories (e.g., “ah,” “ee,” and 
“oo”) by exaggerating the differences 
among them (Dilley & Bergeson, 2010). 
Another study measured mothers’ 
exaggeration of cues that commonly 
distinguish tense vowels (e.g., “sheep”) 
and lax vowels (e.g., “ship”) in their 
speech to infants with profound hear-
ing loss. There are two cues to this 
vowel contrast, one of which should be 
easily encoded with cochlear implant 
technology (duration of the vowel) and 
the other which is more problematic for 
cochlear implant users (spectrum of the 
vowel). Results showed that mothers 
exaggerated duration but not spectrum 
cues in speech to infants with hear-
ing loss compared to speech to adults 
(Kondaurova, Bergeson, &  
Dilley, in press). 

Taken together, these studies suggest 
that mothers’ speech is sensitive to 
their young children’s linguistic and 
hearing levels. In other words, moth-
ers seem to be providing their infants 
and toddlers who are deaf or hard of 
hearing with speech cues tailored to 
their individual abilities. These findings 
are important given previous research 
that shows that the features of infant-
directed speech have significant effects 
on language and cognitive develop-
ment (Hart & Risley, 1995; Kaplan et 
al., 2002; Liu et al., 2003; Meadow-Or-
lans & Spencer, 1996; Pressman, Pipp-
Siegel, Yoshinaga-Itano, & Deas, 1999; 
Spencer & Meadow-Orlans, 1996).

Nevertheless, there are still several un-
answered questions regarding the ac-
quisition of speech and language skills 
in both populations. Which aspects of 
infant-directed speech make it particu-
larly beneficial for language acquisi-
tion? It could be that infant-directed 
speech is most beneficial because the 
vowel/consonant categories are clearer 
or more exaggerated. Or it could be the 
case that more general exaggeration 
(e.g., higher pitch or slower speaking 
rate) in mothers’ speech to infants 
elicits and maintains infants’ atten-
tion, which then allows the infants to 
pay attention to particular sounds or 
sentence structures. Moreover, infants 
with hearing loss may benefit from 
different features of infant-directed 
speech than infants with typical hear-
ing. What is the best way for a mother 
(or a speech-language pathologist) to 
speak to an infant, and is this the same 
for infants who use a hearing aid or 
a cochlear implant? Preliminary data 
in the Babytalk Research Laboratory 
shows that some features of mothers’ 
speech to infants with hearing loss, 
such as use of repetition, is associated 
with their infants’ ability to learn new 
words and other speech and language 
outcomes. Answers to these questions 
will provide valuable new information 
to parents and clinicians of infants who 
are deaf or hard of hearing and use 
hearing aids and cochlear implants.
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Abstract Measures of membrane capacitance (Cm) can be used to assess important characteristics of voltage-dependent 
membrane proteins (e.g., channels and transporters). In particular, a protein’s time-dependent voltage-sensor charge 
movement is equivalently represented as a frequency-dependent component of Cm, telling much about the kinetics of the 
protein's conformational behavior. Recently, we have explored the frequency dependence of OHC voltage-dependent 
capacitance (aka nonlinear capacitance, NLC) to query rates of conformational switching within prestin (SLC26a5), the 
cell’s lateral membrane molecular motor 1. Following removal of confounding stray capacitance effects, high frequency 
Cm measures using wide-band stimuli accurately reveal unexpected low pass behavior in prestin’s molecular motions. 

INTRODUCTION 

The outer hair cell (OHC) powers a feedback process within the cochlea that augments hearing sensitivity by 40 
to 60 decibels, termed cochlear amplification 2. The molecular basis of this process resides within the lateral plasma 
membrane of that cell, where millions of unusual motor proteins, known as prestin (SLC26a5) 3, contribute to force 
generation. Activation of the motor protein by voltage (in vivo, the 
receptor potential) evokes two characteristic, measurable responses; 
these are a mechanical response called electromotility (eM) 4-7, and a 
corresponding electrical response. The latter is commonly called 
NonLinear Capacitance (NLC), and results from the restricted charge 
movement of the motility voltage sensor within the plasma 
membrane, normal to membrane’s electric field 8, 9. This phenomenon 
is similar to gating/sensor charge movements driving opening/closing 
of voltage dependent ion channels 10. NLC has been used as a 
surrogate of OHC mechanical activity because of its relative ease of 
measurement; since eM has been measured beyond 80 kHz 11, sensor 
movement effecting eM is expected to be extremely rapid. 

Though the usefulness of membrane capacitance (Cm) 
measurement dates from the time of Frick 12, its general applicability 
has grown tremendously since patch clamp technology blossomed 13. 
Because of the widespread interest in neurotransmitter release, 
techniques were developed to assess vesicle membrane fusion by 
monitoring the surface area of the membrane during fusion. Because 
the plasma membrane acts as a linear capacitor (Clin) proportional to 

FIGURE 1. Electrical model of patch-clamped 
OHC. Electrode resistance (Rs), membrane 
resistance (Rm), membrane capacitance (Cm), 
composed of linear (Clin) and nonlinear 
capacitance (NLC). Stray capacitance is 
modeled as series of Rcs and Cs. Model is 
stimulated with sinusoidal voltage, V. 
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surface area, synaptic vesicle fusion can be monitored by focusing on changes in linear membrane capacitance 14, 15. 
Cm measures have also been useful for estimating electrical coupling of cells through gap junctions 16, 17. 

Linear Cm Measurement Approaches 

Figure 1 shows the standard simple schematic of a voltage-clamped biological cell, in the case of an OHC, with 
an additional parallel voltage-dependent capacitance (NLC). The electrode resistance (Rs) limits the voltage (V) 
imposed across the cell membrane in time and magnitude. Roughly, the speed with which a voltage command can be 
delivered to the membrane is limited in time by Rs*Cm, the clamp time constant (τclamp), with a step voltage command 
slowly rising to a maximum of Rm/ (Rs + Rm) * V. The actual τclamp is Cm*(Rs*Rm/ (Rs + Rm)), but since Rs is usually 
much less than Rm the approximation may hold. Thus, in evaluating the effectiveness of the voltage command, τclamp 
and attenuation by the voltage divider effect must be considered. Additionally, stray capacitance (e.g., from the pipette 
and holder, and residual within the patch clamp amplifier), modelled in Fig. 1 as a series combination of Rcs and Cs, 
needs to be cancelled by patch amplifier compensation circuitry. With just Rs, Rm and Cm, the circuit is simple, and 
assuming linear components (no NLC), Cm can be estimated accurately.  

One method to estimate surface area under voltage clamp relies on monitoring the capacitive currents that arise 
from changes in membrane capacitance, namely, the AC voltage-evoked currents measurable at the phase angle of the 
partial derivative δY/δCm. Since the introduction of admittance analysis of Cm, the phase angle of δY/δCm had been 
estimated by techniques requiring dithering of either patch clamp capacitance compensation circuitry (effectively 
altering Cs) or by dithering an Rs increment to arrive at estimates of the proper phase angle 18. These methods provide 
measuring angles that are only estimates, and consequently changes in resistive currents (i.e., resulting from changes 
in membrane or electrode resistances) may influence attempts to measure capacitive currents. In 2004 19, a simple 
method not relying on dithering and providing the exact identification of δY/δCm and its angle was developed. This 
was based on the identity between the angles of δY/δCm and δY/δω. Thus, using two simultaneous voltage frequencies 
to measure membrane currents, the angle of δY/δCm at one of those frequencies can be obtained and used to measure 
capacitive currents directly and accurately. However, a calibration during experiments is required to get at absolute 
Cm values. 

Another method, which I developed in 1991, also used dual frequency stimulation 20. The method arose in a 
proposal to measure OHC Cm in vivo, and the following description is taken from my funded NIH grant proposal (R01 
DC02003, submitted in 1992). 

 
…. In the present experiment, a discrete frequency analysis will be attempted. Pusch and 

Neher (1988) have used a single “tone” (sine wave, actually) technique to determine cell 
characteristics under whole cell voltage clamp. By injecting a sinusoidal voltage into a cell, and 
measuring the current response, they calculated from the system’s impedance, the cell 
capacitance, resistance and electrode resistance. 

…. with the use of one “tone” (ω), it is necessary to obtain an independent estimate of the 
input resistance (b). However, the utilization of a “two tone” (ω1 and ω2) stimulus allows one to 
determine all parameters, given the signal and response. That is, b need not be determined 
independently, and can be solved for, since, for example, Rs is the same at any two frequencies. 
The evaluations should work under voltage clamp or current clamp … 
 

The component solutions at the harmonic angular frequencies ωn, n=0, 1 are 
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(2) 

  (3) 
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where from the measured input admittance Yin we obtain 
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Thus, membrane currents evoked by two voltage frequencies can be used to solve for Rs, Rm and Cm, even in the 

face of resistive changes, but only in the absence of stray capacitance. Nevertheless, it is prudent, if not imperative 
under many circumstances, that ionic conductances be blocked when actually measuring Cm.

 

In 2006, Farrell, Do Shope and Brownell 21 devalued this electrical dual-sine admittance approach 20 for estimation 
of Cm at high frequencies given the standard model of the patch-clamped cell, without stray capacitance (Fig.1). This 
devaluation has hindered the application of such admittance measures to high frequencies. They reasoned that as 
angular frequency (ω) increases, estimates of Cm derived from the imaginary component of circuit admittance, Im(Y), 
namely Im(Y)/ω, provides inaccurate estimates of Cm. Only when Rm>>Rs and ω→0 does this calculation provide 
reasonable values, as expected. But, this estimate of model Cm across stimulating frequency is inappropriate. We 
previously showed 19 that, with no circuit simplifications, Im(Y) must be divided by the absolute value of the partial 
derivative δY/δCm to obtain correct values of Cm, regardless of model component values and interrogating frequency. 
Figure 2A illustrates the interrogating frequency dependence of these measurement techniques in a model cell (Rs: 
10 MΩ; Rm: 100 MΩ; Cm: 30 pF) without stray capacitance; only  
Im(Y)/ω provides incorrect estimates. Figure 2B shows the effects of 
stray capacitance on dual-sine estimates. In fact, not only is Cm
erroneously estimated but Rs is, as well. Thus, in order to evaluate 
frequency-dependent effects on linear and nonlinear components of Cm, 
we must remove stray capacitance at each of our interrogating 
frequencies, else our estimates are wrong. The linear component of Cm, 
i.e., Clin, as well as Rs, should be frequency invariant. 

OHCs and Models with NLC 

Using small signal analysis where the sinusoidal voltage 
perturbation is small relative to inherent nonlinearities, Cm, including 
Clin and NLC, at any given holding voltage can be measured. 
Subsequent Boltzmann fits of Cm vs. holding voltage can then 
accurately assess the voltage dependence of NLC 9, which rides atop 
the linear (surface-area dependent) Clin. In order to glean frequency 
dependent behavior, wideband stimuli (e.g., voltage chirps) are 
delivered to the cell and the real and imaginary components of the 
current response extracted by FFT. Harmonic components across 
frequency are analyzed with the dual-sine approach.  Figure 3 shows 
NLC extracted across stimulating frequency in an OHC, using sums of 

FIGURE 2. Robust frequency measures of 
model Cm. A) Im(Y)/ω is inappropriate to extract 
Cm across stimulation frequency for a model 
lacking stray capacitance. B) Stray capacitance 
must be removed to accurately measure Cm with 
dual-sine approach.  
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discrete sinudoidal (A) or chirp (B) stimuli. We balance out 
stray capacitance with patch clamp capacitance compensation 
controls to ensure that linear capacitance at depolarized 
holding potentials, where NLC is minimal, is linear across 
frequency, as required. Note that contrary to prevailing dogma, 
the results indicate that prestin sensor charge movements has 
low pass behavior. Indeed, we have developed a kinetic model 
that very nicely accounts for these data, and incorporates an 
essential chloride binding step preceding voltage dependent 
transitions in prestin 1 that underlies its low pass 
characteristics. 

 OHCs are fragile, and extreme voltage excursions during 
experiments (+/- 200 mV) required for full characterization of 
prestin’s shallow voltage dependence can cause loss of 
recordings. Indeed, the requirement to balance out stray 
capacitance prior to frequency interrogation involves holding 
the cell at very depolarized levels where Clin dominates. Cells 
are often compromised by such procedures. Fortunately, 
corrections for stray capacitance can be done post-hoc. To 
illustrate, we present such an approach in a MATLAB 
Simulink model that incorporates both NLC and stray 
capacitance. 

Figure 4 illustrates model Cm magnitude versus voltage 
across frequency obtained by chirp analysis, as above. In Fig. 
4A, NLC capacitance is modeled as the first derivative of a 2-
state Boltzmann Q-V function, with no inherent frequency 
dependence. While prestin NLC involves molecular kinetics 
that engender frequency dependence, the present electrical 
model (Fig. 4B) provides frequency dependence of NLC by an 
additional series resistance, Rf. This electrical modelling 
approach has been used previously to characterize frequency 
dependence of Na channel voltage sensor charge movement 22 and OHC NLC 9. Consequently, Cm shows a low pass 
characteristic. In Fig. 4C, stray capacitance is introduced and this seriously distorts the measurements deriving from 

FIGURE 3. Frequency dependence of OHC NLC is 
revealed using the dual-sine measurement approach. 
A) Discrete sinusoidal stimulation shows reduction of 
peak NLC while Clin remains constant. B) Chirp 
analysis provides better frequency resolution and 
limits stimulation times, which preserve cellular 
health during an experiment. No averaging.

FIGURE 4. Model Cm frequency dependence can be extracted by correcting for stray capacitance post-hoc. See text for details. 
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dual-sine measures. In order to remove the effects of stray capacitance, and restore dual-sine measurement accuracy, 
estimates of stray capacitance are subtracted from the input admittance until the slopes of both Rs and Cm vs. frequency 
at the most depolarizing holding potential are zero. An automated fitting process accomplishes this. In Figs. 4D and 
4E, plots are shown depicting improvements in correction until in Fig. 4F, successful compensation for stray 
capacitance is achieved, as indicated by favorable comparisons between plots Figs. 4B and 4F. 

SUMMARY 

Contrary to prevailing thought 21, NLC can be measured accurately across stimulating frequency to extract the 
molecular kinetics of prestin. The ability to do so enables us to directly compare voltage-sensor charge movement, 
eM and force generation within a single OHC across frequency. Such studies are underway. 
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We have directly tested the concept that the supporting cells of the organ of Cortt are functionally 

coupled through gap junctions. In vitro and in viva preparations were evaluated. Electrical measurements 

clearly show that the cells are coupled ionically. Voltage drops measured in neighboring cells in response 

to intracellular current injections indicate that current spread decays rapidly. Despite the existence of 

electrical coupling, fluorescent dye injection studies revealed no dye spread into adjacent cells. other than 

a few instances which were clearly artifactual. However, it is possible that dye spread is very slow and that 

dye in adjacent cells is diluted below visual detectability. In any case. dye coupling is remarkably pcwr 

compared to other electrically coupled tissues. The role of coupling m the supporting cells may he 

nutritive, considering the avascular nature of Corti’s organ. 

Key words: electrical coupling: dye coupling. organ of Corn 

Introduction 

Over twenty years have passed since Furshpan and Potter [lo] demonstrated that 
cytoplasmic communication can occur between individual cells. Subsequently, 

numerous studies have elucidated various details governing direct intercellular 
communication (for summaries see [17,22,14]). Indeed, in a variety of cell systems 

the existence of electrical as well as metabolic coupling has been established. 

The cellular organelle thought to be responsible for such information transfer is 
the gap junction [ 111. Its ultrastructure has been extensively studied by means of 
specific electronmicroscopic techniques, including freeze fracture and interstitial 
lanthanum infiltration [24,23,19]. However, despite the good correlation between 
intercellular coupling and the presence of gap junctions. the existence of gap 
junctional structures is not proof of electrical and/or metabolic coupling. For 
example, it is known that gap junctional structure is maintained following certain 

* Present address and reprint requests: Department of Anatomy, Neurobiology Laboratory, Medical 

School. University of Puerto Rico. Old San Juan. PR 00901. U.S.A. 
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treatments which electrically uncoupled ceils (e.g. glutaraldehyde, DNP, l-i) ([25/: 

however. see [21]). Furthermore. Gulley and Reese [12]. using freeze-fracture tech- 
niques, were able to find structures normally associated with gap junctions on the 

lateral walls of outer hair cells. which were exposed to the fluid filled spaces of Nuel. 
Clearly. as has been cautioned by Detwiler and Hodgkin [7]. the electronmicroscopic 
demonstration of gap junctions is not sufficient to eastablish the existence or degree 
of intercellular coupling. 

Several studies have indicated the presence of gap junctions in the adult mam- 

malian inner ear [ 16,15,12]. An extensive array of gap junctions was demonstrated 
between all the supporting cells of the chinchilla and guinea pig organ of Corti. 
Freeze fracture revealed typical plaque-like structures and expansive areas of in- 
tramembranous particles. These results led to the conclusion that the supporting 
cells of the organ of Corti are electrically and metabolically coupled -- a significant 
concept considering the metabolic demands and electrical activity of the organ. 
However, a direct evaluation of this proposal has never been attempted. We report 

here the results of experiments designed to evaluate such presumed intercellular 

coupling. 

Materials and Methods 

Animal preparations 

In vivo. Young adult albino guinea pigs were used. This preparation has been 
previously described [5]. Briefly, after induction with urethane anesthesia, the 
animals were tracheotomized and the cochleas exposed through a ventrolateral 
approach. A fenestra was made in the bone over the stria vascularis in the third turn 
of the cochlea. Microelectrodes were inserted through the stria vascularis and the 
endolymphatic space into the supporting cells of the organ of Corti. 

In vitro. Animals were decapitated after anesthetic induction and their cochleas 
removed. Two methods were employed to obtain specimens. Individual turns of the 

cochlea (stria vascularis removed) were microdissected out for study. Alternatively, 
only the bony capsule from the two apical most turns was removed. In this case the 

cochlea in toto, endolymphatic duct intact, was incubated in a microscope perfusion 
chamber. Electrode penetrations were made through Reissner’s membrane into the 
supporting cells of the organ of Corti under visual control. 

Eiectrophysiology 

Electrodes were fabricated with a Brown-Flaming puller. Resistance of electrodes 
when filled with 3 M KC1 ranged from 50 to 225 MJ2, with the mode around 120 
MO. Lucifer Yellow, Procion Yellow, Niagara Sky Blue and 6’-carboxyfluorescein- 
filled electrodes were used for dye injection studies. Current pulses ( - 0.25 to - 4 
nA) were used to inject the fluorescent dyes. 

For in vivo electrical coupling studies, double-barreled electrodes were made with 
tip-to-tip distances of 15-30 pm. One electrode was bent according to the method of 
Hudspeth and Corey [ 13) so that the two electrode shanks could be placed parallel to 



each other and epoxied together. This enabled us to penetrate adjacent Hensen’s 
cells (diameter 15-25 pm) despite the inability to directly visualize the cells hidden 

beyond the stria vascularis. A stepping motor drive (Transvertex AB., Sweden) was 

used to advance the electrode assembly through the stria vascularis and into the 

organ of Corti’s supporting cells. 
For in vitro electrical coupling studies, separate micromanipulators were used to 

place the electrodes into neighboring supporting cells. Tissue was perfused with 

Ml99 culture medium (Gibco, Long Island. N.Y.. U.S.A.) with modified Hank’s 
salts (1.3 mg/lOO ml Na,HCO,, 10 mM Hepes, adjusted to pH 7.4 after eyuilibra- 
tion with 5% COJ95% 02). The microscope perfusion chamber was maintai~led at 

37 I: 1°C. The cells were visualized and photographed with a Zeiss Standard 
microscope, equipped for epifluorescence. 

Recordings and dye injections were made with either a commercial high-input 

impedance, capacitance-compensated amplifier (Mentor) or a dual-channel device 
constructed according to Fein [S] utilizing AD545 operational amplifiers (Analog 
Devices. Mass.. U.S.A.). Both devices are capable of recording during current 
injection. Data were plotted on a strip chart recorder and in some instances electrical 
coupling was analyzed using a signal averager (Nicolet). 

Cell input resistance was measured by injecting small negative currents ( - 0.25 to 
- 1 nA) through the recording electrode and measuring the voltage drop across the 

cell membrane. Electrode resistance was Iinear in this current range. Current pulses 
from - 1 to - 10 nA were used to evaluate cell coupling. Coupling indices include 

coupling ratio (voltage drop in cell 2/voltage drop in cell 1. in response to current 

injected into cell 1: ]l]) and mutual resistance (voltage drop in cell Z/current 
injected into cell 1; [7]). 

Hensen’s cells remained in good condition for up to several hours in vitro, as 

evidenced by interference optics and resting potentials. Experiments were completed 
before swelling and autolysis occurred, and they typically lasted from 1 to 2 h. 

tight microscopy 
For in vivo experiments, cochleas were fixed from 1 to 2 h after dye injection. 

Fixative was either 4% paraformaldehyde in 0.1 M phosphate buffer. pH 7.4. or 2% 
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.2. Desired portions of the cochlea 

were dissected out in buffer and either examined in surface mount or dehydrated in 
alcohols, embedded in Spurr and serially sectioned at about 12 pm. Injected cells 
were visualized with epifluorescence, using a BP450-490 nm exciting filter with a 

high-pressure mercury lamp. Photographs were taken with Kodak Ektachrome (ASA 
200) and developed with the E-6 process (Unicolor). In vitro dye injection was 
monitored during experiments with brightfield and epifluorescence. 

Results 

In uivo 

Upon passage through the stria vascularis in the in vivo preparatioI1. the positive 
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Fig. 1. Record of in viva electrical coupling between adjacent Hensen’s cells. Trace begins with electrode 

in endolymphatic space where the potential is near + 70 mV. The sudden reversal of sign indicates that 

Hensen’s cells are penetrated. Negative current pulses were injected in cell A at magnitudes of 1, 2, 3 and 

4 nA. Bridge unbalancing in trace A indicates that cell A has an input resistance of 35 MO. Responses in 

cell B are linearly dependent upon current injection magnitude. Mutual resistance of these cells is 0.5 MQ. 

The endolymphatic potential is again observed upon removal of electrodes from the cells, and after 

removal from the cochlear duct the potential drops to zero. 

endocxxhfear potential is encountered (Fig. 1). After advancing the electrodes about 
100-150 ym further, the Hensen’s cells are contacted. The stable membrane poten- 
tials averaged - 70 f 13 mV (n = 87). Input resistances are on the order of 35 & 24 
MO (n = 37). * 

Fig. I ilIustrates the measurement of electrical coupling between adjacent Hensen’s 

* There is some evidence that the use of the single electrode technique to measure input resistance may 

overestimate the actual value by a factor of eight [27]. Apparently, the problem is that the resistance of 

the electrode must be taken into account in the calculations. Electrode resistance may increase 

preferentially inside the cell, thereby providing incorrect estimates of cell resistance. It would appear 

that if the electrode resistance does change preferentially inside the cell, the value of that change might 

be dependent upon the initial resistance of the electrode. A positive correlation between electrode 

resistance and Hensen’s cell resistance might than be expected if the electrode were influencing the 

measurements. However, no such correlation was found in our measurem~ts (Pearson I = 0.013). 



321 

cells. Membrane potentials of the cells are near - 80 mV. Negative current pulses in 

cell A produce a voltage drop in that cell, proportional to its input resistance. 

Simultaneously, a voltage drop is noted in cell B. In this instance the voltage drop in 
cell B is considerably smaller than that in cell A, indicating a small but measurable 
coupling. The mutual resistance (see Materials and Methods) here is about 0.5 MS2. 
Mutual resistances of up to about 1 MS2 have been found in the in vivo preparation. 
Mutual resistances with the current injecting electrode intracellular and the record- 
ing electrode immediately extracellular are typically less than 0.2 MS2, indicating 
that spread is not through extracellular pathways. Fig. 1 also demonstrates that 

increasing the magnitude of the current injection produces a corresponding and 
proportional increase in cell B’s response. 

Despite the existence of electrical coupling, dye studies have failed to show spread 
into adjacent cells (Fig. 3a, b). Over 75 cells have been marked. Dye spread has 
occurred only on rare occasions when obvious mechanical trauma, i.e. from micro- 
dissecting prior to fixation, had been causal. Perhaps artifactual cytoplasmic bridges 
had formed between cells [4]. 

In vitro 

An in vitro preparation was considered important in order to evaluate dye 
coupling fully. The direct visualization of dye injection under fluorescence micros- 
copy eliminates the uncertainty associated with the processing required after in vivo 

injections. Initially, preparations for in vitro studies were obtained by microdissect- 
ing free the apical or third turn of the cochlea, after removing the stria vascularis. An 

E B AI 
- -5nA , 

Fig. 2. Spatial analysis of electrical coupling in Hensen’s cells in vitro. Current electrode I remalned 
stationary while a roving electrode sampled intracellular responses to -5 nA current pulses at various 
inter-electrode distances. Responses were signal averaged. Response magmtudes indicate a fairly rapid 

decay as a function of inter-electrode distance, with a decay to one-third the adjacent cell response at 

about 130 pm in this instance. 



Fig. 3. (a) In viva Pro&on Yellow in jetted outer piiler cell. Adjacent supporting cells above, below and in 
the plane of section were not stained. 800 x (b) In viva Pro&n Yellow injected Hensen’s cell. Note lipid 

vacuole is unstained. Adjacent cells demonstrate no detectable dye fluorescence. 470x. fc) In vitro 

Hensen’s cells exhibiting Lucifer Yellow spread from a single injected cell. Five cells are stained. No 

spread was noted during dye injection (ca. 5 minf. However. upon rebound of cells after difficult electrode 

removal, dye spread occurred within seconds. No further equilibration of dye occurred. 600 x (d) In vitro 

Lucifer Yellow injected Hensen’s cell. Note lack of dye spread. This was typical of such experiments. 

Brightfield and epiffuorescence. 600x. (e) In vitro preparation of Hensen’s cells individually injected over 

a period of about 30 min. Each Lucifer Yellow injected cell is separated by an uninjected cell. lOGOx. 



analysis of these preparations revealed that cell potentials were depolarized as 

compared to in vivo preparations. Dye injections in these cells never demonstrated 

spread, except when physical trauma. e.g. difficult electrode removal. caused dye to 

enter adjacent cells (Fig. 3~). 
By using a whole cochlea preparation, it is possible to maintain the functional 

integrity of the supporting cells of the inner ear. With endolymphatic duct intact. 
penetrations into Hensen’s cells through Riessner’s membrane permitted recordings 
of resting potentials (-63 f 10 mV; n = Ill) that were similar although statistically 
significantly different in magnitude to those measured in vivo (Student’s f-teat: 
P < 0.001). Electrical coupling was also similar to that in the in vivo preparation. 

Fig. 2 demonstrates coupling between Hensen’s cells. as a function of inter-electrode 
distance. These data represent one of the better examples of spatial current spread. 
Current injecting electrode I remained stationary while the recording electrode 

sampled responses from cells at about 40 pm steps distal. The magnitude of the 
voltage drop in neighboring cells (Fig. 2A-E) in response to current injections ( - 5 
nA, 1.5 s onoff) is dependent upon the distance from the current injected cell; the 
coupling response decays fairly rapidly as a function of increasing distance. The 
mutual resistance of the immediately adjacent coupled cells is about 1.0 MQ. Mutual 
resistances up to 2.0 MO have been found in this type of preparation. Note that the 

voltage drop in the extracellular space is miniscule (Fig. 2, X). Input resistance of 
these cells was also similar to that of cells in vivo. 

Dye injections of Lucifer Yellow and 6’-carboxyfluorescein in over 75 cells 

demonstrated no dye spread into adjacent cells (Fig. 3d). The cells were observed for 

over an hour after injection. It was often possible to inject a row of single ceils 
separated by uninjected cells (Fig. 3e). 

Discussion 

Electrical measurements clearly indicate that ionic coupling in the supporting 
cells of the organ of Corti is present both in vivo and in well maintained in vitro 
preparations. Coupling characteristics are similar for both preparations. showing 
mutual resistances around l-2 MS2 for immediately adjacent Hensen’s cells. Diffi- 

culty arises when attempts are made to determine coupling ratios because a single 
electrode was used to deliver current and measure voltage drops simultaneously. II 
the single electrode resistance measures were correct. this would mean that coupling 
ratios are poor. A comparison of mutual resistances of Hensen’s cells and turtle 

retinal cones, for example [7], would seem to substantiate this contention. In these 
experiments, mutual resistances in better penetrations of neighboring cones averaged 
about 29 MO at a mean separation of 20 pm; input resistance of cones were 
reported to be 24 MS2. Thus, turtle cones are much better coupled than Hensen’s 
cells, if indeed measures of Hensen’s cell input resistance are valid. * 

* It is possible to obtain information on coupling ratios by comparing coupling responses in neighboring 

cells distal to the current electrode. That is. with a stationary current electrode and a roving measuring 
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Another indication of coupling efficiency is the analysis of spatial characteristics 

of intercellular current spread. At distances ranging from 2 to 9 I-lensen’s cell 
diameters ( = 45- 130 pm) from the current injecting electrode, the coupling response 
is already about l/3 the response in the immediately adjacent cell. Sachs et al. [2h] 
found a 50% reduction in coupling response magnitude from 3 to 5 cells distal in 

isolated gastric tubules. In contrast, Shueteze and Goodenough [29] demonstrated in 

the embryonic chick lens that the magnitude of the coupling response remained the 

same up to 80 pm removed the current injecting electrode. Furthermore. dye spread 
of intracellularly injected Lucifer Yellow is rapid and pervasive; it was reported that 

the whole chick lens can be stained given a sufficient length of time. Similar strong 
coupling has been found in other cell systems. e.g. insect gland epithelium and rat 

liver [l&20]. In rat liver, fluorescent dye spread occurs rapidly in over a dozen cells. 
This is in marked distinction from our dye studies. 

About a decade ago it was thought that embryonic cells during certain develop- 
mental stages could maintain electrical coupling despite the inability to permit dye 
transfer [28,2,30]. A careful re-evaluation of this phenomenon has led Bennett et al. 
[4] to conclude that dye transfer does occur if cells are electrically coupled. The 
inability to observe dye spread, despite the presence of electrical coupling. in the 
supporting cells of the organ of Corti may represent a very slow passage of dye. 
However, it should be emphasized that observations were made up to several hours 
after dye injection. Yet it cannot be ruled out that such a slow spread would allow 

for dye dilution below visual detectability. Dye was observed in cells other than the 
injected ones only in those cases where supporting cells were physically traumatized, 

i.e. roughly manipulated. Spread in these instances was very rapid (less than 1 min) 
and may have been due to the artifactual formation of cytoplasmic bridges, although 

pathways through gap junctions cannot be dismissed. Nevertheless, dye coupling in 
the inner ear is clearly not at all like that in other well coupled cell systems, i.e. liver 

or lens. 
Recently, Fraser and Bode [9] have shown that previous studies which demon- 

strated a lack of dye coupling in epithelial cells of Hydra [6] were due to dye 
injections into cellular vacuoles. It is important to note that this was not the case in 
our Hensen’s cell studies. Although Hensen’s cells in the apical and third turn of the 
guinea pig cochlea do contain large lipid vacuoles, cell penetrations always showed 
high negative resting potentials, and furthermore, after injection of dyes whole cells 
were filled but vacuoles were unstained. 

The significance of electrical coupling in the supporting cells of the mammalian 
organ of Corti is obscure. Weiss et al. [31] have presented indirect evidence that hair 

__-_ _.~~_~_~~~~~_~ --___ ..~. ._~. ___- 
electrode, it has been found (e.g. Fig. 2) that voltage attenuation between Hensen’s cells can be 

relatively low. Coupling ratios can be determined from this information and are found to average 

greater than 0.6. This indicates that input resistance of Hensen’s cells may be lower than that measured 

directly with a single electrode. Attempts to measure input resistance with two electrodes have been 

difficult, but in a few presumably successful cases, measures have shown resistances below IO MO. In 
these cases adjacent cells have coupling ratios of about 0.5. Of course, it is possible that the penetration 

of cells the size of Hensen’s cells with two electrodes may be injurious and reduce input resistance. 
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cells and supporting cells in the alligator lizard cochlea are electrically coupled. 

Thus, lateral hair cell interactions may be mediated through supporting cells in this 

case. However, in mammalia effects upon sensory transduction are apparently 

non-existent; no gap junctions are present between hair cells and supporting cells in 
the adult [ 16,15,12]. Furthermore, we have shown [5] that the magnitudes of receptor 
potentials of mammalian hair cells (inner and outer) are much larger than potentials 

recorded in any supporting cell type. Indeed, responses in intercellular spaces are 
also larger than in supporting cells, indicating that responses to sound in the latter 

are picked up from the extracellular space. The fact that spatial spread of current 
through supporting cells is not great further limits possible interactions. 

A more likely role for intercellular communication in the organ is nutritive or 
metabolic. Such cooperation among the supporting cells may be requisite consider- 

ing the avascular nature of Corti’s organ proper. In fact, this may account for the 
continued survival of supporting cells under adverse conditions which destroy 

uncommunicating hair cells. A difficulty with this nutritive hypothesis is the con- 
sistent finding that dye spread is absent. The molecular weights of the fluorescent 
dyes used in this study are similar to those of many metabolites. Again. the inability 

to find dye spread may be due to very slow dye passage and dilution of dye below 
visual detectability. Further investigations are required to resolve this issue. 
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Whole cell currents and mechanical responses of isolated outer hair cells 
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Outer hair cells (OHCs) exhibit electrically induced cell movements which are considered to enhance the frequency selectivity and 

sensitivity of basilar membrane vibration. Using simultaneous whole cell voltage clamp and video analysis. we demonstrate that the 

mechanical response of OHCs is not altered by agents which alter membrane currents under voltage clamp. Thus the underlying 

mechanism of OHC movements appears to be dependent upon membrane potential, rather than transmembrane currents. 

Outer hair cell; Whole cell voltage clamp; Membrane current; OHC mechanical movements 

Introduction 

Major differences are known to exist between 

the two types of hair cells which populate the 
organ of Corti (see Dallos, 1985a). Whereas in 
vivo intracellular recordings have clearly shown 

that both inner and outer hair cells (OHCs) are 
capable of generating receptor potentials in re- 
sponse to acoustic stimulation (Dallos et al., 1982: 
Russell and Sellick, 1983), it is becoming increas- 
ingly clear that OHCs additionally function as 
effecters. The electrical activity of the OHCs is 

thought to modify the mechanical properties of 
these same cells and in turn influence organ of 

Corti micromechanics (Mountain, 1980; Siegal and 
Kim, 1982; Brown et al., 1983; Nuttall, 1985). 

Thus. an indirect micromechanical interaction be- 
tween outer and inner hair cells may account for 
the exquisite tuning characteristics and sensitivity 
of the eighth nerve fibers, which predominantly 

innervate inner hair cells. It has been established 
that OHCs are capable of slow K+ induced length 
changes (Zenner et al., 1985), and fast electrically 

induced. reversible cell movements on the order of 
micrometers (Brownell. 1983. 1984; Brownell et 

Correspondence to: J. Santos-Sacchi. Laboratory of Otolaryn- 

gology. LIMDNJ-New Jersey Medical School, Newark. NJ 

07103. U.S.A. 

al., 1985; Ashmore. 1986). Studies using isolated 
OHCs have shown that cell elongation or contrac- 

tion begins within 200 ps of an applied voltage 

clamp stimulus, and that the direction of move- 
ment is polarity dependent (Brownell. 1983, 1984: 

Brownell and Kachar; Ashmore, 1986). Time- and 
voltage-dependent currents have been identified in 
OHCs using whole cell voltage clamp recording 
(Ashmore, 1986, Ashmore and Meech, 1986a, b; 
Santos-Sacchi and Dilger, 1986, 1988). It has been 
suggested that transmembrane currents are cou- 

pled to the fast mechanical responses of OHCs 
(Ashmore, 1986; Ashmore and Meech, 1986). We 
have directly tested this hypothesis by recording 

OHC whole cell currents under voltage clamp 
while simultaneously monitoring cell movement. 

We report here that manipulations which drasti- 
cally reduce or reverse transmembrane current 
during voltage clamp, do not interfere with the 
OHC mechanical response, which remains a nearly 

linear function of applied voltage over much of its 
dynamic range. 

Methods 

OHCs were non-enzymatically isolated from 
guinea pig cochleas by gentle pipetting of the 
isolated top two turns of the organ of Corti. The 
cells were then transferred to a 700 PL perfusion 
chamber with a cover glass bottom. A Nikon 

037X-5955/88/$03.50 T’ 1988 Elsevier Science Publishers B.V. (Biomedical Division) 



144 

Diaphot inverted microscope, with Hoffmann 
optics, was used to observe the cells during electri- 
cal recording. Tissue culture Medium 199 with 
Hanks salts (GIBCO, NY; major ions: NaCl 137 
mM, KC1 5.4 mM, CaCl, 1.3 mM, MgSO, 0.8 
mM, with HEPES or bicarbonate buffer, pH 7.2) 
was used as the control perfusate. The same ion 
concentrations were used in test solutions except 
that NaCi was reduced to maintain osmolarity. 
Patch electrodes had initial resistances of 3-5 
MO. Series resistance was typically between 10 
and 15 ML?, and was partially compensated during 
recording. Residual series resistance was estimated 
from current transients at the onset of voltage 
pulses and was corrected for during analysis 
(Marty and Neher, 1983). Pipette solutions were 
composed of 140 mM KC1 or CsCl, 1 mM or 5 
mM EGTA, 2 mM MgCl,, and 5 mM HEPES 
buffered to pH 7.0-7.2. Both borosilicate and flint 
glass electrodes were used; flint glass provided 
better sealing. Giga-ohm seals were obtained at a 
location slightly above the nuclear level of the 
OHC membrane prior to whole cell recording. 

OHCs were clamped to holding potentials near 
-60 mV, using a Dagan patch clamp amplifier. 
Under computer control, hyperpolarizing and de- 
polarizing voltage pulses (So-500 ms), ranging 
from -100 to + 100 mV, were used to elicit 
membrane currents and mechanical movements, 
Current records, filtered at 2 kHz with an 8 pole 
Bessel filter, were digitized and stored on a Data 
6000 waveform analyzer, and saved to disk for 
off-line analysis. Simultaneously, cell movements 
were taped with a Panasonic AG6300 video re- 
corder for later evaluation. OHC displacement 
reaches steady state several milliseconds after a 
voltage clamp step (Ashmore, 1986). Displace- 
ments of the cuticular plate region were measured 
from the video monitor after they had reached 
steady state. Two methods were employed, either 
manual measurement from digital still frames using 
a Toshiba digital VHS (14800 X monitor magnifi- 
cation) or measurement during playback using 
differential optoresistors (output filtered at 50 Hz) 
placed across the image of the cuticular plate on 
the monitor (2800 X monitor magnification). Still 
frame measurements were repeated at least five 
times and averaged. Standard deviations of these 
repeated measurements were about 0.16 pm. The 

position of the cuticular plate was measured be- 
fore, during, and after each voltage step. The 
linearity of the optoresistor method was confirmed 
by measuring the video taped movement of the tip 
of a microelectrode driven by a piezoelectric bi- 
morph element. For the optoresistor method, ab- 
solute values were determined from manual 
measurements of cell displacements in response to 
the largest depolarizing voltage pulse. The move- 
ment of the cuticular plate is relative to the sta- 
tionary insertion point of the electrode, which was 
typically near the nuclear region. However, upon 
depolarization, both the apical and basal ends of 
the OHC move towards the electrode insertion 
point. Thus, in order to account for total cell 
length change, the measured displacements of the 
cuticular region were multiplied by the ratio of 
total cell length to the electrode-cuticular plate 
distance, under the assumption that movement is 
linearly related to length of the cell. 

Results 

The resting membrane potential of isolated 
OHCs ranged from - 10 to - 68 mV with a mean 
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Fig. 1. Input resistance and membrane potenttal ( + / - SD.) 
for isolated OHCs whole cell recorded using pipettes contain- 

ing 140 mM KC1 solution. Input resistance was determined at 
a holding potential near - 60 mV using -- 10 mV voltage steps. 
Membrane potential was determined by finding zero current 

level under voltage clamp or alternatively by directly measur- 
ing under current clamp. Measures were made a few minutes 

after the establishment of whole cell recording, I.e., following 
exchange of pipette and intracellular fluids. 
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Fig. 2a. Examples of whole cell voltage clamp recordings from three isolated OHCs. Patch electrode contained 140 mM KC1 solution. 
On the left are current traces in response to voltage steps from a holding potential near -60 mV (actual voltage listed in figure). 

Outward current is upward. On the right are the voltage step magnitudes corrected for estimates of residual series resistance. 

Depolarization is upward. Upon depolarization above -40 mV, a delayed outward current develops, the magnitude of which is 

voltage- and time-dependent. Current peaks within 20 ms after the onset of the voltage step, and inactivates slowly over hundreds of 

milliseconds. Note differences in time and current scales. Membrane potential (determined at zero current level) and input resistance 

(determined at the holding potential) of each cell: HC28D: - 57 mV, 70 mS2; HC38C: - 60 mV, 100 mD; HC41C: - 3X mV. 380 
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Fig. 2b. I-V plot for the three cells in Fig. la. Total transmem- 

brane currents (no leak subtraction) measured at 200 ms. Note 

the outward rectification upon depolarization from the holding 

potential. The I-V curves begin to saturate above - 10 mV. 

value of -45 mV (Fig. 1). This is similar to the 
membrane potentials obtained in vivo for apical 
OHCs (Dallos et al., 1982). Upon establishment of 
whole cell recordings, membrane potentials often 
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Fig. 2c. Mechanical responses (contractrons) of the same three 
OHCs in response to depolarizing pulses from the holding 

potential. Mechanical responses from the three cells essentially 

overlap. Individual cell lengths and percent maximal contrac- 

tion: HC41C: 64 pm. 3X%, HC28D: 74 pm. 3.2%. HC38C: 83 
pm, 2.7%. 

increased over the course of a few minutes. This 
type of behavior has occasionally been observed 
from OHCs recorded in vivo using high resistance 



electrodes (Dallos, 1985b). With whole cell record- 
ing this behavior may arise from the exchange of 
pipette and cytoplasmic solutions, possibly indi- 
cating that isolated OHCs have a reduced internal 
KC concentration. This phenomenon suggests that 
the membrane potential is dependent upon K’ 
conductance. However, we have recorded from 
OHCs having membrane potentials near - 60 mV 
from the onset of whole cell recording. The con- 
ductance of these cells at the holding potential of 
about -60 mV was also variable (2.4 to 62 ns), 
having a mean of 9.2 nS. 

Under voltage clamp, OHCs exhibit time- and 
voltage-dependent outward currents upon de- 
polarization from -60 mV (Fig. 2). These cur- 
rents rise sigmoidally to peak values within 10 to 
20 ms (with a voltage-dependent time constant) 
and partially inactivate on a somewhat longer 
time scale. Leak-subtracted peak outward currents 
typically show saturation at pulse potentials above 

+40 mV, and begin to roll over about +60 mV. 
Steady state current (no leak subtraction, mea- 
sured at 200 ms, Fig. 2b) begins to saturate above 
+ 10 mV. 

OHCs, but not supporting cells, clearly exhibit 
mechanical movements in response to step changes 
in holding potential (Fig. 2~). The magnitude of 
cell concentrations induced by depolarization in- 
creases as the size of the voltage step is increased, 
and in most cells studied the linear relationship 
between voltage and contraction is lost at high 
voltage step levels, where the mechanical response 
falls off. Our largest calculated mechanical re- 
sponse about the -60 mV holding potential was 
29 nm/mV. The electrically induced contraction 
of cells is not limited to any region of the cell; 
both basal and apical regions contract towards the 
point of electrode insertion in the supranuclear 
region. Hype~ola~ation causes elongation of the 
cell, but quantitative measurements of these move- 
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Fig. 3a. I-V curve measured at 200 ms after voltage step for an OHC in which the outward currents were blocked by using a patch 
pipette containing 140 mM C&l isolation. Dotted line indicates leakage current. Leakage current subtraction (not shown) revealed 
inward currents at depolarizations greater than - 30 mV, probabIy indicative of Ca ‘* influx. Inset shows current traces associated 

with voltage steps from a holding potential of - 57 mV. 

Fig. 3b. Mechanical responses of the same OHC in response to step depolarizations from a holding potential of - 57 mV. Despite the 
reduction in outward current the voltage induced mechanical response of the c&l is as robust as those exhibiting normd I-V 

characteristics (see Fig. lc). In this case, the mechanical response about the holding potential is 23 nm/mV. 

Fig. 3c and d. Photographs of video images of same OHC. (c) during the 200 ms pulse of +81 mV, and (d) upon return to the 
holding potential of - 57 mV. Vertical scale: 4.8 pm. 
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Fig. 4. Steady state current (measured at 200 ms), and mechanical response of an isolated OHC before and after addition of 1 mM 

CdClz to the extracellular perfusate. Pipette contained 140 mM KCl. No leakage current subtraction. Despite reduction of outward 

current, mechanical responses remain unaltered. (a) Normal extracellular medium. Steady state current: closed circles: mechanical 

response: closed squares. Mechanical response is 23 nm/mV about the holding potential. Inset: Current traces associated with 

voltage steps from the holding potential. (b) Normal extracellular medium+ 1 mM CdC12. Steady state current: open circles; 

mechanical response: open squares. Mechanical response is 25 nm/mV about the holding potential. Inset: current traces associated 

with voltage steps from the holding potential. 

ments were not possible for the small range of 
hyperpolarizations examined in this study. 

Outward currents in OHCs are blocked by vari- 
ous manipulations which are generally considered 

to suppress K’ currents in cells. Replacing in- 

tracellular K+ with Cs+ (Fig. 3a) eliminates most 
of the outward current. However, mechanical re- 

sponses are robust despite the reduction of out- 
ward current (Fig. 3b). Other treatments which 
block the outward current including extracellular 

additions of 25 mM TEA, 10 or 50 mM Ba*+, or 1 
mM Cd’+ do not interfere with the electrically 

induced OHC movements. Figs. 4a and b il- 
lustrate the effects of 1 mM extracellular Cd*+ on 

OHC currents and mechanical movements. Al- 
though the time- and voltage-dependent outward 
current is reduced by this treatment, the mechani- 
cal response is left intact. One mechanism by 
which Cd’+ may suppress outward current is by 
blocking Ca*+ entry through voltage gated Ca*+ 
channels, thus preventing the opening of Ca*+- 
activated Kf channels. A voltage-dependent in- 
ward current can, in fact, be measured when out- 
ward currents are reduced (see Fig. 3). This in- 
ward current is Cd’+ sensitive and its magnitude 
is increased when the bath contains 50 mM Ba*+ 
and no Ca*+ (Fig. 5). Thus, a link between Ca*+ 

I 

(n.4 

-60 0 +60 

MEMBRANE POTENTIAL (mV) 

Fig. 5. I-V curve of an isolated OHC, obtained with a pipette 

solution of 140 mM CsCl, and extracellular solution in which 

50 mM Ba2+ replaced Ca’+. Note the reversal of net current 

as the cell is depolarized to levels between + 10 and f40 mV. 

At the top, current traces are depicted at depolarizations of 0, 

10. and 20 mV, from a holding potential of -60 mV (insert: 

horizontal scale 20 ms, vertical scale 0.1 nA). Note the absence 
of inactivation during the 200 ms pulses. At the bottom, the 

magnitude of cellular contractions IS presented for depolarizing 

pulses. In this case the responses were recorded with the use of 

differential optoresistors to measure apical cell movements 

directly off a video monitor. Note that the cell continues to 

contract in a graded fashion during net current reversal. 



influx and OHC movements can be ruled out. In 
addition to the inability of extracellular Cd” or 
Ba” + to inhibit cell movements, OHC movements 
persist when the extracellular Ca’+ is reduced to 

zero (either due to omission of Cal+ or chelation 

with EGTA). 
Finally, in the presence of high extracellular 

Ba” concentrations there is a net inward current 

during depolarizing voltage clamp steps to + 10 

through +40 mV (Fig. 5); yet, the cells still con- 
tract rather than elongate, as might have been 

expected if the direction of movement were depen- 
dent upon the direction of current across the 

membrane. 

Discussion 

The mechanical response of OHCs has been 

postulated to be coupled to the magnitude and 
direction of transmembrane current in the cell 
(Ashmore, 1986; Ashmore and Meech, 1986). 

Ashmore (1986) initially reported that replacing 
intracellular Kt with Na+ under whole cell volt- 
age clamp blocked outward Kt currents and al- 

tered OHC mechanical responses, suggesting that 
outward K+ current is important for OHC move- 
ments. Subsequently, it was postulated that the 
sensory stimulus to the outer hair cell is directly 
coupled to the cell mechanical response via these 
large basolateral outward currents (Ashmore and 
Meech, 1986). Indeed, this concept prompted 
others (Gitter et al., 1987) to analyze single K+ 
channel kinetics of OHCs in an effort to account 

for the speed of OHC movements. The data pre- 
sented here clearly demonstrate that OHC move- 
ments are not dependent upon outward K+ cur- 
rents, since blocking them with a variety of treat- 

ments does not affect movements. Recently, 
Ashmore (1987) reported that, in fact, replacing 
intracellular Kt with Na+ does not affect OHC 
movements, and suggested that his initial reports 
to the contrary were due to the small range of 
voltages studied and pipette series resistance 
changes. 

While outer hair cells in vivo have resting 
potentials near -70 mV (Dallos, et al., 1982; 

Russell et al., 1986), and values of up to -68 mV 
were observed in this and other studies (Ashmore 
and Meech, 1986; Zenner et al., 1983, it is clear 
that potentials in vitro are variable and often 

poorer than in vivo. Many studies have evaluated 
mechanical responses of OHCs under current 
clamp or by means of extracellular current stimu- 
lation without simultaneously accounting for 

changes in cell membrane potential (Brownell et 
al., 1985; Kachar et al., 1986; Evans. 1988). Under 

these conditions, the variability of membrane 

potential and input resistance in vitro may place 

limitations upon the interpretation of certain 

aspects of the measured mechanical responses, 
since we show that mechanical responses are not 

dependent upon total transmembrane current. 
We demonstrate here that OHCs possess a volt- 

age dependent Ca2+ current. but that this inward 
current is not required for mechanical responses. 
OHCs continue to contract in response to de- 

polarizations when inward Ca2+ currents are 
blocked by Cd” or when extracellular Cal+ is 
absent. This result indicates that fast electrically 

induced OHC movements are not dependent upon 
an actin-myosin system, as has been suggested for 

the slow movements of OHCs (Zenner, 1986). 
This notion is strengthened by the fact that OHCs 

continue to respond mechanically when intracellu- 

lar Ca2+ is buffered to below 10 nM (Ashmore, 
1987) and when metabolic inhibitors are present 
(Kachar et al., 1986). Furthermore, the frequency 
response of OHC movements, measured up to X 
kHz, is unlikely to be accounted for by a muscle- 
like system (Ashmore and Brownell, 1986; 

Ashmore, 1987). 
The average input conductance of OHCs in this 

study was 9.2 nS (108 ma). This contrasts with 
the range of conductances (25-50 nS; 40-20 MO) 
reported by Ashmore and Meech (1986) for OHCs 
isolated using trypsin. These authors have sug- 

gested that inclusion of the Ca’+ chelator BAPTA 
in the patch pipette solution is necessary to obtain 
cells with high resistances and membrane poten- 
tials. It is difficult to understand how a reduction 
in internal calcium levels would increase the cell’s 
membrane potential when such measures would 
be expected to reduce the cell’s Cal+-activated K’ 
conductance. In a cell whose membrane potential 
is dependent upon K+ conductance, a reduction in 
the conductance would cause depolarization. We 
find that with our non-enzymatic isolation tech- 
nique, cells with high resistances and membrane 
potentials are obtained with or without Ca” che- 
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lators in the pipette solution. Furthermore, the 
presence of time- and voltage-dependent outward 
currents was not dependent upon the inclusion of 
a Ca2* chelator in the pipette solution. 

The resting input resistance of OHCs is low 

compared to hair cells from other systems, where 
values can be an order of magnitude greater 

(Ohmori, 1984; Corey and Hudspeth, 1979). This 
difference is not due to the methods employed in 

this study since similar measures on isolated Hen- 

sen cells (having comparable membrane surface 

area) demonstrate an average input resistance of 

1.1 GQ (Santos-Sacchi, 1988). The OHC leakage 
conductance is probably not due to transduction 

channel activity in the stereocilia since many of 
the cells studied lacked stereocilia as a result of 

the isolation procedure. Induced mechanical 
movements in these cells were indistinguishable 

from movements of cells with stereocilia. Still, the 
average input resistance reported here is higher 

than that determined in vivo (30-50 ML?, Dallos, 
et al., 1982; Russell et al., 1986). These in vivo 

measures probably underestimate true values be- 
cause they were made with high impedance micro- 
electrodes whose electrode-to-membrane seal re- 

sistance is considerably less than that obtained 
with the patch electrode technique. 

Currently, a major effort is being made to 
elucidate the roles played by inner and outer hair 
cells in the organ of Corti. The discovery that 
OHCs can rapidly alter their cell length in re- 

sponse to electrical stimulation (Brownell et al., 
1985) fits well with models inco~orating active 
bi-directional transduction processes (mechanical 

to electrical and vice versa) to account for the high 
sensitivity and sharp tuning of basilar membrane 
vibration (Kim, 1986; Geisler, 1986; Mountain, 
1986: Jen and Steele, 1987). The elucidation of the 
mechanism of OHC movements will aid in the 
understanding of OHC-IHC interactions and pa- 
thologies which compromise these interactions. At 
present, the mechanism of this mechanical re- 

sponse is unknown, The data presented demon- 
strate that the mechanical response is not depen- 
dent upon either the specific ionic currents blocked 
here or the direction and magnitude of total trans- 
membrane current. Furthermore, studies using the 
Cl- channel blocker SITS indicate that a Cl‘- 
current is not involved (Santos-Sacchi, unpub- 

lished). While it is possible that movements are 
dependent upon some unidentified current which 
is masked by the residual leakage conductance. we 

believe that a membrane potential dependence is 
more likely. This may not conflict with Brownell’s 

electro-osmotic theory (BrowneIl, 1986) of OHC 
movement if an axial potential gradient is present 

along the cell. Axial potential gradients are con- 
ceivable under physiologic conditions. Under volt- 

age clamp, however, the existence of such a gradi- 

ent is dependent upon the ability to adequately 

space clamp the cell. Ashmore has estimated (see 

comments after Brownell, 1986) that under volt- 
age clamp, the cell is isopotential to within 1%. Of 

course, this value will depend upon the cable 

properties of the cell during stimulation, i.e.. the 
magnitude and spatial distribution of basolateral 

conductances during depolarization. Presumably, 
in the present study, cells whose basolateral con- 

ductances were blocked would have been better 
space clamped than those under normal condi- 

tions. Yet, no differences in mechanical responses 

were observed. In preliminary experiments 
(Santos-Sacchi and Brownell, unpublished), volt- 
age clamping OHCs with two patch electrodes, 
one at the cell apex and one at the cell base. in 

order to reduce axial potential gradients did not 
abolish the mechanical movements due to de- 
polarization. Further studies of this sort are neces- 
sary. 

Whatever underlying mechanism is responsible 
for the OHC’s mechanical response, the results 
presented here indicate that it is associated with 
the magnitude of transmembrane potential, and 
potential differences less than a millivolt produce 

mechanical responses on the same scale as basilar 
membrane movements near threshold. It is con- 

ceivable that the effects of OHCs on the mechani- 
cal properties of the cochlear partition may be 
influenced by both intracellular and extracellular 
voltage responses associated with acoustic stimu- 
lation. 
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INDUCTION OF THE ACROSOME REACTION IN GUINEA PIG
SPERMATOZOA BY cGMP ANALOGUES

J. SANTOS-SACCHI and MILDRED GORDON

From the School for Biomedical Education, The City College, New York 10031

ABSTRACT
The effect of cyclic nucleotide analogues upon the immediate induction of the
guinea pig acrosome reaction (AR) was studied . Dibutyryl (dB) cGMP and 8-
bromo-cGMP, when added to sperm suspensions after varying periods of prein-
cubation in glucose-free BWW medium (NaCl 94.59 mM, KCl 4.7 mM, CaC12
1.71 mM, KH2PO4 1 .19 MM, MgS04 1 .19 mM, NaHC03 25 .07 mM, pyruvate
0.25 mM, lactate 21.58 mM, and bovine serum albumen 1 g/liter), induced the
AR in a large proportion of spermatozoa relative to controls . The proportion of
ARs induced upon the addition of dB cGMP or 8-bromo-cGMP (10 mM) at 1 h
was equivalent to that obtained after a 5-h incubation in glucose-free BWW alone .
The effect of cGMP analogues was concentration dependent over the tested range
of 2-12 mM (<1-20%) . The simultaneous addition of imidazole (10 mM), a cAMP
phosphodiesterase stimulator, potentiated the effect (imidazole + 12 mM 8-bromo-
cGMP: 73%) . cAMP analogues were without effect . The presence of extracellular
Ca++ was required, and it is suggested that a rise in the cGMP/cAMP ratio
triggers Ca' influx and the AR.

The acrosome reaction (AR) is a massive exocy-
tosis of the acrosome vesicle which occurs in ca-
pacitated sperm before fertilization . Early studies
claimed that pretreatment of spermatozoa with
exogenous cAMP analogues enhanced capacita-
tion as evidenced by increased rates of egg pene-
tration (2, 15, 18) . Recently, however, Garcia and
Rogers (3, 12) determined that the incubation of
guinea pig spermatozoa for 4 h within a capacitat-
ing medium, Minimum Culture Medium (MCM),
containing dibutyryl (dB) cAMP (10 mM) or phos-
phodiesterase inhibitors reduced the acrosome re-
action percentage as compared to controls (10 vs.
50%) . On the other hand, the presence of imidaz-
ole, a cAMP phosphodiesterase stimulator, in-
creased the numbers of ARs over controls (90 vs.
50%) . The effects of these agents were concentra-
tion dependent over the tested range of 1-10 mM.

798

The data reviewed thus far suggest that capacita-
tion may involve a rise in intracellular cAMP
levels, but the subsequent AR may be associated
with a reduction in cAMP levels.

In accord with this hypothesis are the results of
cAMP effects upon other secretory systems . For
example, incubation of neutrophils, basophils, and
mast cells in media containing agents that promote
a rise in cAMP levels inhibits the release of secre-
tory granule contents (for reviews, see references
10 and 11). On the other hand, an increase in
cGMP levels promotes the release of secretory
granule contents in these same cells . Calcium ion
influx is requisite for such secretory activity, and
apparently plays a significant role in modulating
intracellular levels of cGMP (5) . One interpreta-
tion of such data is that cGMP and cAMP control
opposing cellular function (Yin-Yang hypothesis,
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reference 6) . The fact that extracellular Ca" is
required for the AR and that its influx parallels or
precedes the occurrence of the AR (16, 19) may be
related to cyclic nucleotide flux . Indeed, CAMP
and cGMP may control opposing cellular func-
tions in sperm as they apparently do in other
secretory systems . It may be possible, then, that a
rise in the intracellular cGMP/cAMP ratio is as-
sociated with the mammalian AR. Accordingly, in
this report, the effects of cyclic nucleotide ana-
logues on the AR ofguinea pig spermatozoa were
investigated.

MATERIALS AND METHODS
Guinea pig epididymal spermatozoa were extruded into 0 .9%
NaCl in Hs0, disaggregated by pipetting, and washed two times
by centrifugation (1,000 g, 4 min each). Spermatozoa were then
suspended in glucose-free BWW medium (NaCl 94 .59 mM, KCI
4 .7 mM, CaCh 1 .71 mM, KH 2P0 4 1 .19 MM, MgS04 1 .19 MM,
NaHC03 25 .07 mM, pyruvate 0 .25 mM, lactate 21 .58 mM, and
bovine serum albumen I g/liter) at a final concentration of I- 1 .5
x 10' spermatozoa/ml and were incubated at 37"C for 5 h in
screw-capped tubes under an air atmosphere. Calcium ion-free
medium was also employed . Media were prepared daily, imme-
diately before use. The initial pH was adjusted to 7 .55, and
throughout the experiments it remained <8 .00 .

At 0 and l h after the suspension of spermatozoa, db cAMP,
8-bromo-cAMP (0.001-10 mM), dB cGMP, 8-bromo-cGMP
(0.001-10 mM), AMP, 8-bromo-AMP (10 mM), GMP, or bromo-
GMP (10 mM) was added to sperm samples . Butyrate (0 .1 and
10mM) was also tested as a control for possible butyrate contam-
ination of the dibutyryl cyclic nucleotides. After a 20-min incu-
bation with these agents, ARs were assessed . In this report, direct
counts of acrosome-reacted spermatozoa were made by hemo-
cytometer,' six to eight chambers (0.5 mm'' each) being counted
for each condition . ARs were not induced artifactually by the
use of the counting apparatus . Counting was rapid and was
facilitated because activated, acrosome-reacted spermatozoa tend
to remain within confined areas. Care was taken, however, to

' We have chosen not to use the method of Rogers and
Yanagimachi (14) to assess the percentage of ARs . Their
technique involves placing an aliquot of sperm upon a
slide and counting the number of ARs in a sample of
100 motile sperm. The validity of such a sampling tech-
nique is directly dependent upon a random distribution
of sperm in which each sperm has an equal likelihood of
being chosen. Because guinea pig sperm autoagglutinate
spontaneously in physiologic media (16, 1) and because
these agglutinated sperm, although motile, are non-ac-
rosome reacted, there exists a nonrandom distribution of
sperm . Thus, if a sperm is sampled from an aggregate, a
priori, it will be unreacted . On the other hand, the
chances of sampling an acrosome-reacted sperm from
the freely motile pool are very high, because the majority
of non-acrosome-reacted sperm are agglutinated . When-
ever we have attempted to use this technique, we ob-
tained spuriously high AR scores, with high variability
as compared to the hemocytometer technique .

focus through the 0.1-mm counting chamber depth so as not to
overlook cells . Standard errors of the mean averaged <20%. The
results are reported as a percentage of AR in the total motile
sperm population (%AR" = [concn of AR spermatozoa/concn
of total spermatozoa - concn of immotile spermatozoal x 100) .
Sperm samples were also qualitatively evaluated in wet mounts
without coverslips by light and differential interference micros-
copy . The speed of onset of ARs as well as the incidence of
autoagglutination over time was determined . For electron mi-
croscopy, spermatozoa were prepared as described previously (7)
and examined with a Philips 300 electron microscope at 80 kV.
cAMP levels were determined by the protein binding tech-

nique (cAMP Assay Kit, Amersham Corp ., Arlington Heights,
Ill .) and were corroborated by the antibody technique (cAMP
Assay Kit, New England Nuclear, Boston, Mass .) . After rapid
centrifugation for 30 s, cell pellets were sonicated in 2 ml of
absolute ethyl alcohol. After centrifugation, the supernate was
evaporated to dryness at 75"C with a stream of air, and the
residue was resuspended in buffer for assay. Counts were made
with a Beckman LS-250 Liquid Scintillation System (Beckman
Instruments, Inc., Fullerton, Calif) or Nuclear-Chicago gamma
counter (Nuclear-Chicago Corp ., Des Plaines, 111.). Recovery of
cAMP was --59% .

RESULTS

Suspension of washed guinea pig spermatozoa in
either Ca"-deficient or Ca"-containing, glucose-
free BWW resulted in head-to-head agglutination
within a matter of minutes (Fig. 1) . Incubation in
glucose-free BWW from 0 to 5 h (Fig . 2) resulted
in a gradual increase in the absolute number of
activated, acrosome-reacted spermatozoa, al-
though a large proportion of aggregated, non-ac-
rosome-reacted spermatozoa remained throughout
incubation . All agents were without pronounced
effect upon AR induction when added at 0 h
(Table I) . Whereas dB cAMP, 8-bromo-cAMP,
AMP, 8-bromo-AMP, GMP, 8-bromo-GMP, and
butyrate remained ineffective upon addition at 1
h, dB cGMP or 8-bromo-cGMP (10 mM) was able
to induce a large proportion ofARs, being roughly
equivalent to the %AR"' score obtained after a 5-
h incubation in glucose-free BWW alone .

Dose-response data were collected to determine
the relationship between analogue concentration
and %AR"' scores (Fig . 3) . Incremental increases
from 2 to 12 mM 8-bromo-cGMP produced in-
creasingly higher numbers of ARs, reaching
20.46% for the highest concentration tested (12
mM). In addition, the simultaneous addition of 10
mM imidazole, a cAMP phosphodiesterase stim-
ulator, caused a dramatic potentiation of the 8-
bromo-cGMP effects (Fig. 3) . For example, the
addition at 1 h of imidazole with 12 mM 8-bromo-
cGMP produced a phenomenal 73.94°ío AR`"
score, nearly fourfold greater than 8-bromo-cGMP
alone and 112-fold greater than the no-addition
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The relationship among db cGMP-induced
AR, sperm agglutination, and cAMP levels over a l-h
incubation period in glucose-free BWW. Intracellular
cAMP levels were assayed 0, 10, 25, 45, and 60 min after
suspension of sperm in glucose-free BWW at 37°C . The
number of unagglutinated sperm was determined by
hemocytometer over the 1-h incubation. Sperm were
induced to acrosome react by the addition of 10 mM dB
cGMP at 0, 10, 20, 30, 40, 50, or 60 min, and counts
were made after a 20-min incubation with the cyclic
nucleotide . AR are reported relative to the 60-min score .
Sperm concn: 1 .5 x 10'/ml; CAMP at 0 h: 17 pmol/107
sperm; %ARt°t score at l h : 12.71 .

control . Imidazole alone was ineffective .
The addition of 10 mM dB cGMP but not dB

cAMP at 0 h appeared to inhibit agglutination of
spermatozoa and did not elicit ARs. If, however,
10 mM dB cGMP was added after agglutination
had begun, ARs were induced. This suggested a
correlation between agglutination and the ability
of spermatozoa to acrosome react. To further eval-
uate the time dependence of dB cGMP effects,
additions of dB cGMP (10mM) to sperm samples
were made at 10-min intervals over a 1-h incuba-
tion period and ARs were assessed as described
previously (Fig . 1) . Results show a time-dependent
increase in the ability ofdB cGMP to induce ARs.
In addition, it was found that, over the 1-h incu-
bation period, sperm cAMP levels decreased from
17 pmol/107 sperm to nearly 30% of the initial
level and that this decrease was accompanied by
a rapid rise in the number of autoagglutinated
spermatozoa (Fig. 1) .
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The percentage (mean ± SEM) of guinea
pig AR occurring during incubation for 5 h in glucose-
free BWW.

TABLE I
%AR`°` Score Induced by Addition ofAgents after

0- or 1-h Incubation in Glucosefree BWW

Addition

dB cGMP
10 mm

Time

0 h

0.48 ± 0.14

I h

12 .96 ± 1.46
1 mm 0.44±0.07 0.67±0.13

8-bromo-cGMP
10 mm 0.81 ± 0.20 13 .79 ± 1.79

1 mm 0.10±0.02 0.28±0.04
dBc AMP

10 mm 0.43±0.09 0.95±0.09
1 mm 0.47±0.17 0.58±0.08

8-bromo-cAMP
10 mm 0.08±0.02 0.28±0.06
1 mm 0.36 ± 0.09 0.23 ± 0.04

AMP
10 mm 0.05±0.01 0.84±0.06

8-bromo-AMP
10 mm 0.28±0.07 0.11±0.02

GMP
10 mm 0.07 ± 0.02 0.95 ± 0.07

8-bromo-GMP
10 mm 0.02±0.01 0.05±0.01

Butyrate
10 mm 0.17±0.03 0.69±0.08
0.1 mm 0.11±0.02 0.49±0.11

No addition 0.08 ± 0.03 0.69 ± 0.10
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FIGURE 3 Dose-response curves for the induction of
ARs by 8-bromo-cGMP or 8-bromo-cGMP + 10 mM
imidazole, a cAMP phosphodiesterase stimulator . Sperm
were incubated for 1 h at 37°C in glucose-free BWW
before addition of drugs . ARs were assessed after an
additional 20-min incubation at 37°C in medium con-
taining drugs as indicated.

Typically, within a matter of minutes after the
addition of cGMP analogues, vigorous flagellar
activity of aggregated spermatozoa ensued . After
5-10 min, freely motile acrosome-reacted sper-
matozoa were observed attended by an activated
pattern of motility (19), and by 15-25 min, a
maximum was reached . Activated, acrosome-re-
acted spermatozoa remained motile for periods up
to 2 h, after which an increasingly large number
became immotile . ARs were judged physiological
as evidenced by differential interference and elec-
tron microscopy (Fig. 4) .
ARs could not be induced in Ca"-deficient

media . In addition, EGTA (2 mM) and nucleotide
5'-triphosphates (ATP, GTP, ITP, UTP; 10 mM)
when previously added to Ca"-containing media
inhibited AR induction by dB cGMP, and this
inhibition could be reversed by a subsequent and
sufficient increase in Ca" concentration .

DISCUSSION
A role for cGMP as an effector of the mammalian
AR has not been previously considered . Perhaps
this is because of the proposal of Gray et al . (9)
that guanylate cyclase activity is absent in dog and

human spermatozoa . However, their results may
have been caused by limitations of their assay
procedure, because others (4) have shown that
bovine sperm cGMP levels increase more than
cAMP levels in the presence of pyruvate and the
phosphodiesterase inhibitor, caffeine . Further-
more, cGMP has been localized immunocyto-
chemically within rat spermatids (17) . It seems
probable that mammalian spermatozoa do possess
an active guanylate cyclase .

In a given population, spermatozoa are not in
maturational synchrony (8) . This is also borne out
by the observation that under in vitro conditions
known to promote the AR, only a small percentage
of the total sperm population will undergo the
acrosome reaction at any point in time (Fig . 2) .
Because sperm nucleotide levels probably fluc-
tuate on an individual basis, the high levels of
analogues employed herein were considered nec-
essary to compensate for this individual variability
and to produce a large-scale synchronous AR. In
addition, there is the possibility of poor membrane
permeability of these analogues.
The facts that exogenous cGMP analogues but

not cAMP analogues produced an almost imme-
diate AR in a large proportion of spermatozoa and
that these spermatozoa were motile for at least 2
h thereafter, lend credence to the idea that an
increase, or perhaps a relative increase over cAMP
in the levels of intracellular cGMP, promotes the
AR . This is further substantiated by the potentiat-
ing effect of the cAMP phosphodiesterase stimu-
lator, imidazole . These cyclic nucleotide fluctua-
tions probably initiate Ca" influx, because the
absence of Ca" or the presence of agents that
chelate calcium ions (EGTA, nucleotide 5'-tri-
phosphates) inhibits the induction of ARs by
cGMP analogues . In this regard, the reduction of
sperm ATP levels as sperm capacitate (13) may be
functionally important, because this reduction
may increase the availability of calcium ions,
which are requisite for the AR .
The time-dependent effects of dB cGMP upon

AR induction indicate that physiologic prepara-
tion for the AR, such as capacitation, is occurring .
Furthermore, the results reported here suggest that
the basis of dB cGMP's increased effectiveness
over time may be related to a concomitant de-
crease in sperm cAMP levels . In effect, then, the
cGMP/CAMP ratio increased over time, although
the amount ofadded dB cGMP remained constant
at 10 mM. Whether sperm autoagglutination is
truly related to the decrease in cAMP levels, as is
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FIGURE 4

	

(a) Electron micrograph of acrosome-reacted guinea pig sperm fixed 20 min after the addition
of 10 mM dB cGMP . Note fusion (arrows) of plasmalemma (PM) with outer acrosomal membrane
(OAM) which is typical of physiologcal AR . Inner acrosomal membrane, 1AM, nucleus, N. X 90,000 . (b)
Differential interference micrograph of fixed non-acrosome-reacted sperm. Arrows indicate bulbous
acrosome . (c) Differential interference micrograph offixed guinea pig sperm induced to acrosome react by
dB cGMP . Note absence of acrosome. (d) Electron micrograph of non-acrosome-reacted sperm. Note
presence of large acrosome and continuity of plasmalemma (arrows) . X 16,000.
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suggested by their inverse correlation, remains to
be proven. However, it is plausible that sperm
agglutination indicates surface modifications con-
comitant with capacitation (8) .

In sum, the previously reported results that dB
cAMP inhibits the AR (3, 12) and those reported
here seem to suggest that an increase in the cGMP/
cAMP ratio promotes the guinea pig AR.
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The Effect of ATP Depletion upon the Acrosome

Reaction in Guinea Pig Sperm

J. SANTOSSACCHI* AND MILDRED GORDON

The suspension of guinea pig spermatozoa in
substrate-free medium results in the cessation of sperm
motility and a 94% reduction in adenosine triphosphate
(ATP) levels within minutes. ATP depletion was not
deleterious to spermatozoa since motility was fully re-
stored by the addition of pyruvate. In addition, sperm
were able to synthesize ATP by metabolizing pyruvate.
Following incubation for 0, 30, and 60 minutes in
medium without substrate, acrosome reactions were
measured before and after motility restoration. ATP
depletion induced a large percentage of acrosome reac-
tions relative to controls (32.29 ± 1.22% compared with
0.63 ± 0.02% at 60 minutes). Ca2 was required for the
effect. It is suggested that ATP depletion inactivates a
Ca-dependent ATPase expulsion mechanism for Ca,
thereby permitting Ca2 influx and the acrosome reac-
tion.

Key words: sperm motility, ATP depletion, acrosome.

Calcium was originally implicated in fertiliza-

tion mechanisms in invertebrates (Dan, 1956). The

demonstration of a Ca2 -dependent ATPase on the

outer acrosomal membrane of rabbits, humans

(Gordon, 1973), guinea pigs (Gordon et al, 1974),

mice, and rats (Gordon, unpublished observa-

tions) implicated Ca2 as a potent factor in the

mammalian acrosome reaction. Calcium was in-

voked both as a prerequisite for membrane fusion

(Gordon, 1973) and as an activator of acrosomal

enzymes which are necessary for sperm passage

through egg investments (Williams et al, 1974).

Subsequently, it was established that the mam-

malian acrosome reaction is dependent upon the

presence of external Ca2 (Yanagimachi and Usui,

1974) and that Ca2 influx precedes or parallels its

occurrence (Singh et al, 1978).

Mechanisms of Ca2 entry into the sperm head

are still not definitely known. However, based

on observations of the activity of plasmalemmal

and acrosomal membrane transport enzymes,

Gordon (1973) considered that a Ca2-dependent

ATPase on the outer acrosome membrane is in-

active until the plasmalemma is modified during

capacitation (Gordon et al, 1974), when Ca2 levels

rise in the periacrosomal fluid. At this point, Ca2

is transported into the acrosome.

Most cells maintain low Ca2 levels by active

extrusion and mitochondrial sequestration (Kret-

singer, 1979). It is clear that sperm Ca2 must be

kept low to prevent premature acrosome reactions.

Since intracellular Ca2 levels are dependent upon

passive membrane permeability and an active

Ca2+dependent ATPase, an alteration in either

processes will result in altered Ca2 flux. Oleate,

lysolecithin, and Cd2, agents that increase Ca2

membrane permeability (Hasselbach, 1972; Hur-

witz et al, 1977), can induce the acrosome reaction

in the presence of external Ca2 (Gordon, unpub-

lished observation). In the present study, the au-

thors have examined the effect of depletion of

ATP, and thus decreased activity of the Ca2-

dependent ATPase expulsion mechanism, upon

the guinea pig acrosome reaction.

Materials and Methods

Cuinea pig spermatozoa were extruded from the
cauda epididymidis into 0.9% NaCl in H20. After
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washing three times by centrifugation (1000 g; 4 min-

utes each) spermatozoa were suspended in substrate-

free BWW medium (NaC1 94.6 mst, KCI 4.7 mi, CaCl2
1.71 m.i, KH2PO4 1.19 mri, MgSO4 1.19 mri, NaHCO3
25.07 m, and bovine serum albumin 1 gIl), pH 7.55, at a

final concentration of I x 10 sperm/mi. Pyruvate-
containing medium (10 mM) and Ca2-free medium
were also employed. Spermatozoa were incubated at 37
C under air.

After suspension of spermatozoa in the substrate-free
BWW, ATP was assayed at 0, 15, 30, 45, and 60 minutes.
At 60 minutes, either glucose (8 mM) or pyruvate (8 mM)

was added and ATP was assayed 15 minutes later. As-
says were performed on two occasions. The caudae of
three guinea pigs were pooled to perform each assay.
According to the method of Cole et al (1967), ATP was
extracted from aliquots of spermatozoa with perchloric

acid and was measured by the luciferase assay as de-
scribed by Stanley and Williams (1969).

Acrosome reactions were assessed by use of a hemo-
cytometer (four chambers, 0.1 mm3 each) after 0-, 30-,
and 60-minute incubations (Santos-Sacchi and Cordon,
1980). For spermatozoa incubated in the absence of
energy substrates, acrosome reactions were counted

before and after motility restoration by 10 ms pyruvate.
Acrosome reaction indices for spermatozoa incubated in
medium with pyruvate from 0 time were based upon
motile spermatozoa only. Spermatozoa were examined
by light and phase contrast microscopy. Motile sperm
are sperm with an active fiagellar beat, including those
freely swimming and those whose heads have attached

Fig. 1. Sperm samples were

assayed for ATP at 15-minute

intervals after suspension in

substrate-free BWW ( ). At 60

minutes pyruvate or glucose (8
mM) was added (arrow) to sam-

ples, and AT? was assayed 15

minutes later (pyruvate -;

glucose - - -). The ATP levels

determined at 0 time for the first

and second assay were 2.22 usil

108 sperm and 2.14 uM/108 sperm,
respectively. The 15-minute
levels were reduced to 2.95% and

6.4% of initial values, respec-
tively. The average of the two as-

says is reported here as a per-

centage of the 0 time value.

to the slide during the counting procedure. The follow-
ing formulae were used to calculate acrosome reaction
(AR) responses: %AR = (AR spermatozoa/total sper-
matozoa) x 100; %ARb0t = [AR spermatozoa/(total sper-

matozoa - immotile spermatozoa)] x 100 (Santos-

Sacchi and Cordon, 1980).

Results

Within 15 minutes after suspension in substrate-

free BWW, over 95% of the spermatozoa become

immotile. Figure 1 demonstrates the concomitant

rapid decrease in sperm ATP levels, which dropped

to about 6% of initial values (2.14 g/108 cells) with-

in 15 minutes. Pyruvate restores motility to a large

proportion of spermatozoa (Fig. 2, insert), but

glucose does not. A difference in the ability of ATP-

depleted spermatozoa to utilize these substrates

was also observed (Fig. 1). Whereas pyruvate in-

creases sperm ATP levels to nearly half their initial

levels within 15 minutes, glucose is essentially in-

effective. The inability of pyruvate to restore

motility to all spermatozoa was not the result of

damage to spermatozoa by the absence of substrate,

since approximately the same percentage of motile

spermatozoa were present in controls where pyru-

vate had been present from 0 time (Fig. 2, insert).

Figures 2 and 3 show the effect of incubation
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time upon the induction of acrosome reactions. In

the presence of Ca2, a time-dependent increase in

the %ARt0t score is observed for spermatozoa in-

cubated with or without an energy substrate.

However, the %ARt0t scores for those spermatozoa

incubated without substrate are dramatically

higher than for those incubated in the presence of

pyruvate (1 hour: 32.29 ± 1.22% vs. 0.63 ± 0.02%)

(Fig. 3). The number of immotile acrosome-

reacted spermatozoa that became motile upon the

addition of pyruvate also increases over time (Fig.

2). Because pyruvate was added to restore sperm

motility prior to determining the %ARt0t scores, it

was necessary to establish whether pyruvate in-

duced the acrosome reaction. The pyruvate effect

Fig. 2. Sperm were incubated
in substrate-free BWW medium,

and the percentages of acrosome
reactions were determined prior

to restoration of motility (light

bars). The dark bars show the

percentages of acrosome-reacted

sperm whose motility was re-

stored by pyruvate addition (10
mM). Insert: the percentages of

sperm that remained motile

during incubation in the pres-

ence of pyruvate from 0 time

(-) and the percentages of

sperm incubated in substrate-

free BWW whose motility was

restored by the addition of pyru-
vate (10 mM) at 0, 30, and 60

minutes (---).

on motility is not related to the acrosome reaction,

because an increase in the number of immotile

acrosome-reacted spermatozoa is found prior to py-

ruvate addition (Fig. 2). Furthermore, microscopic

examination showed that acrosome-reacted and

non-acrosome-reacted spermatozoa regain motil-

ity immediately (within 2 minutes) after pyruvate

addition, with the acrosome-reacted spermatozoa

exhibiting an “activated” pattern of motility

(Yanagimachi and Usui, 1974).

In the absence of Ca2, the %AR score is very

low relative to that in the presence of Ca2t After a

2-hour incubation in Ca2 -free medium, only 27 ±

4% immotile acrosome-reacted spermatozoa are

found. Pyruvate did not restore motility of
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acrosome-reacted spermatozoa but did restore the

motility of non-acrosome-reacted spermatozoa,

indicating that acrosome degeneration occurred

after the death of these sperm. The 2-hour %ARtDt

score for spermatozoa incubated from 0 time with

pyruvate in Ca2 -free medium was also very low,

equivalent to that obtained after 30 minutes in the

Ca2-containing control.

Osmolality differences between substrate and

substrate-free conditions were not responsible for

the observed results, since glucose (5 mM) could

replace pyruvate if added at the initiation of incu-

bation. Under such circumstances, osmolality

differences between substrate and substrate-free

conditions were insignificant (5 mOsmol).

Discussion

Gordon (1973) originally suggested that an outer

acrosome membrane Ca2 -dependent ATPase ini-

tiates the acrosome reaction by actively increasing

acrosomal Ca2 concentration. Green (1978), how-

ever, suggested that influx of calcium during the

acrosome reaction is a result of passive diffusion.

The induction of the acrosome reaction after ATP

depletion suggests passive Ca2 influx. Thus,

rather than activity of the ATPase, the entry of

Ca2 for initiation of membrane fusion and

exocytosis may be due to inhibition of an active

Ca2 -dependent ATPase expulsion mechanism for

calcium. The consistent demonstration of an active

Ca2-dependent ATPase on the outer acrosome

membrane in epididymal and seminal spermato-

zoa (Gordon, 1973) lends support to this idea. The

demonstration that plasmalemmal glycoproteins

(Gordon et al, 1974) and enzymes (Gordon and

Dandekar, 1977) are modified during capacitation

of rabbit sperm may now be interpreted as a pre-

requisite to inactivation of the acrosomal mem-

brane Ca2-dependent ATPase. Thus loss of plas-

malemmal integrity may affect the functional

properties of the outer acrosomal membrane. In

fact, Gordon et al (1978) demonstrated that the loss

of Ca2-dependent ATPase on the acrosome sur-

face was correlated with destabilization of the

plasma membrane of guinea pig sperm.

It is interesting to note that ATP levels decrease

during capacitation (Rogers and Morton, 1973). A

decrease in acrosomal membrane ATPase activity

could be due to a decrease in substrate availability

as well as to a decline in enzyme activity. Stores of

ATP could be depleted within cellular compart-

ments located near the acrosome independently of

axonemal ATP. The sperm head is effectively iso-

lated from the flagellum by a tight membrane

junction (Fawcett, 1975). Therefore, the acrosome

reaction may occur as a result of localized ATP

depletion, despite intense flagellar “activation.”

In this study, ATP depletion produced immotility.

Since pyruvate fully restored motility, ATP deple-

tion does not damage the flagellar-mitochondrial

system. The inability of glucose to restore motility

is probably due to the ATP requirement for glu-

cose utilization, since glucose alone can maintain

motility if present at onset of incubation, ie, when

ATP levels are high.

The consequences of ATP depletion on cAMP

production may be significant. If cAMP genera-

tion is reduced or abolished, this may affect Ca2

flux and the acrosome reaction. It has been shown

that exogenous cAMP inhibits (Garcia and Rogers,

1978; Rogers and Garcia, 1979) and exogenous

cGMP in the presence of Ca2 induces the guinea



pig acrosome reaction (Santos-Sacchi and Gordon,

1980; Santos-Sacchi et al, 1980).

The rate of induction of acrosome reactions by

ATP depletion is slower than that induced by

changes in membrane Ca2 permeability. For

example, after a 1-hour incubation in glucose-free

BWW, the addition of 4.5 g oleate/107 spermato-

zoa induces a high percent acrosome reaction

within a few minutes (Gordon, unpublished ob-

servations). This difference in induction time can

be explained by the intrinsically poor Ca2 perme-

ability of plasma membrane (Lee and Shin, 1979).

It appears that inhibition of Ca2-dependent

ATPase in an otherwise intact membrane will not

increase the rate of passive Ca2 permeation but will

permit a slow equilibration due to the inability to

extrude Ca2. Agents that increase the passive

Ca2 permeability, on the other hand, result in a

rapid influx of Ca2, despite the presence of an

active Ca2 -dependent ATPase (Hasselbach, 1972).

Hence the rapidity of onset of Ca2-dependent

events is related to the particular mechanism dis-

rupted, whether passive or active.

The spermatozoon is a terminal cell. Irreversible

changes in the sperm surface during capacitation

prepare the sperm for the acrosome reaction. Thus

the breakdown of a Ca2 expulsion mechanism as-

sociated with the external acrosome membrane

would follow the breakdown of the sperm surface

membrane barrier. The fluid compartment be-

tween the plasma membrane and acrosome would

facilitate such a sequence of membrane changes.

Although the exact mechanism of acrosome

reaction induction needs further study, the pres-

ent findings suggest that Ca2 concentration can

increase in the acrosome as a result of ATP deple-

tion. Decreased activity of a Ca2 expulsion mech-

anism may therefore be the cellular mechanism

that initiates the acrosome reaction and prepares

the sperm for fertilization.
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Abstract

The temperature dependence of outer hair cell motility-related gating current and capacitance was evaluated under whole-cell
voltage clamp. Temperature change caused a shift of these voltage-dependent functions along the voltage axis, with a decrease in
temperature causing a negative shift in the voltage at peak capacitance (Vpkcm) of 19.2 mV per 10³C. Gating current kinetics showed
only mild temperature dependence, the Q10 being about 1.5. Temperature is speculated to affect outer hair cell (OHC) mechanical
gain and frequency response by alterations in lateral membrane viscoelastic properties. Such temperature-dependent effects on the
OHC may mediate known temperature effects on in vivo cochlear physiology. z 1998 Published by Elsevier Science B.V.

Key words: Outer hair cell ; Motility; Capacitance; Temperature; Patch clamp

1. Introduction

The discovery that outer hair cells (OHC) can change
their length in response to electrical stimuli profoundly
in£uenced the study of cochlear physiology (Brownell et
al., 1985). OHC motility is dependent upon transmem-
brane voltage (Santos-Sacchi and Dilger, 1988; Iwasa
and Kachar, 1989); hyperpolarization elongates and
depolarization shortens the cylindrically shaped cell.
The mechanism underlying this shape change which
occurs at acoustic frequencies is unknown. However,
it is not based on typical cellular mechanisms of motil-
ity (Kachar et al., 1986; Santos-Sacchi and Dilger,
1988; Holley and Ashmore, 1988). In fact, current in-
dications are that the force generating mechanism re-
sides solely within the lateral plasma membrane (Kali-
nec et al., 1992; Huang and Santos-Sacchi, 1993, 1994),
possibly corresponding to the 8^10 nm intramembra-
nous particles observed ultrastructurally (Gulley and
Reese, 1977; Forge, 1991).

The mechanical activity of the OHC is mirrored by
an electrical signature, a voltage-dependent capacitance

or, equivalently, a gating charge movement (Ashmore,
1989; Santos-Sacchi, 1990, 1991; Iwasa, 1993), which
indicates that membrane-bound voltage sensor-motor
elements control OHC length (Santos-Sacchi, 1990,
1991, 1993; Ashmore, 1989, 1992; Dallos et al., 1991;
Iwasa, 1994). In this report we measure the e¡ects of
temperature on the OHC motility-related gating cur-
rents and nonlinear capacitance. We report that both
the kinetics and voltage dependence of nonlinear charge
movement are a¡ected. Preliminary accounts of this
work have been presented (Santos-Sacchi, 1990; San-
tos-Sacchi et al., 1995).

2. Materials and methods

Guinea pigs were overdosed with halothane. The
temporal bones were removed, the apical two turns of
the organ of Corti micro-dissected free, and OHCs iso-
lated enzymatically with collagenase (0.3 mg/ml for 10
min followed by gentle re£ux through a tapered poly-
ethylene pipette tip) in medium 199 with Hanks' salts
(Gibco). The cell enriched supernatant was then trans-
ferred to a 700 Wl perfusion chamber, and the cells
permitted to settle onto the cover glass bottom. A Ni-
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kon Diaphot inverted microscope with Ho¡mann optics
was used to observe the cells during electrical recording.
A modi¢ed Leibovitz medium (NaCl 100 mM, KCl 5.37
mM, CoCl2 2.0 mM, MgCl2 1.48 mM, 20 mM TEA,
2 WM TTX, 20 mM CsCl, HEPES 5.0 mM, dextrose
5.0 mM, pH 7.2) was used in order to block ionic con-
ductances which might otherwise interfere with capaci-
tive current measures. OHCs maintained normal ap-
pearance in this solution for up to 1 h. Osmolarity
was adjusted to 300 mOsm with dextrose.

OHCs were whole-cell voltage clamped with a Dagan
8900 patch clamp ampli¢er at a holding potential of
380 mV, similar to the resting potential recorded in
vivo (Dallos et al., 1982). Pipette solutions were com-
posed of 140 mM CsCl, 10 mM EGTA, 5 mM TEA,
2 mM MgCl2, and 5 mM HEPES bu¡ered to pH 7.2.
Osmolarity was adjusted to 300 mOsm with dextrose.
Gigohm seals were obtained at the nuclear level of the
cell membrane; electrode capacitance and series resist-
ance were compensated. A modi¢ed version of Clampex
(Axon Instruments, CA) utilizing the Labmaster board
(Axon) was used to collect data which were saved to

disk for o¡-line analysis. Current was ¢ltered at 5 kHz
with an 8-pole Bessel ¢lter. Temperature was controlled
with a custom-built Peltier recording chamber, and
measured with a micro temperature probe (Sensortek,
NJ) placed within 0.5 mm of the recorded cells. In
addition, data were con¢rmed using pre-cooled or
pre-warmed solutions in the absence of the Peltier de-
vice.

Detailed evaluation of the bell-shaped OHC mem-
brane capacitance function was made at di¡erent po-
tentials by transient analysis of currents induced by a
voltage stair step stimulus. Step duration was adjusted
on-line to 15U the time constant of the capacitive tran-
sient to ensure steady-state conditions. The capacitance
function was ¢t to the ¢rst derivative of a two-state
Boltzmann function relating nonlinear charge to mem-
brane voltage (NQ/NV ; Santos-Sacchi, 1991; Huang and
Santos-Sacchi, 1993),

Cm � Qmax
ze
kT

b

�1� b�2 � Clin �1a�
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Fig. 1. Two OHCs were clamped to 380 mV and gating currents
were extracted with the þ P protocol (40 mV about the holding po-
tential). A drop in temperature decreased both the gating charge
moved and the exponential time constant of the current decay. A:
Larger amplitude trace: 17.7³C; Qoff : 240 fC; doff : 0.21 ms. Smaller
amplitude trace: 6.7³C; Qoff : 162 fC; doff : 0.24 ms. B: Larger am-
plitude trace: 19.4³C; Qoff : 144 fC; doff : 0.18 ms. Smaller amplitude
trace: 5.2³C; Qoff : 98 fC; doff : 0.26 ms. The e¡ects were reversible.

Fig. 2. A: The time constant of OHC gating current decay was
modi¢ed by altering the speed of the voltage clamp via series resist-
ance compensation. Gating currents were obtained as in Fig. 1. B:
Gating charge time constant followed that of the voltage clamp.
The thick solid line represents a one-to-one correspondence between
clamp d and gate d. C: However, changing the gating time constant
does not modify total charge moved. The charge is simply redistrib-
uted over time. The change in charge moved as a function of tem-
perature (Fig. 1) is therefore not due to a simple e¡ect on the time
constant of the clamp ampli¢er.
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where

b � exp
3ze�V3Vpkcm�

kT

� �
�1b�

Qmax is the maximum nonlinear charge moved, Vpkcm

is voltage at peak capacitance or equivalently, at half
maximal nonlinear charge transfer, Vm is membrane
potential, z is valence, Clin is linear membrane capaci-
tance, e is electron charge, k is Boltzmann's constant,
and T is absolute temperature. Gating currents were
extracted online with the þ P procedure ( þ 40 mV;
Armstrong and Bezanilla, 1973) about a holding poten-
tial of 380 mV, or with the P/35 protocol, at a sub-
traction potential of 3160 mV (Armstrong and Beza-
nilla, 1977). All data analysis was performed with the
software package MATLAB (Mathworks, MA). In
some experiments, Vpkcm was monitored during temper-
ature changes using a previously developed tracking
procedure (Kakehata and Santos-Sacchi, 1995). Cell
turgor pressure was either maintained constant by pip-
ette pressure, or cells were collapsed so that pressure-
induced shift in Vpkcm did not interfere with analysis of
temperature e¡ects (Kakehata and Santos-Sacchi,
1995). Q10 was determined as in Kimura and Meves
(1979). The use and treatment of animals was approved
by the Yale University animal care committee.

3. Results

Nonlinear gating currents associated with the me-
chanical responses of OHCs are induced at the onset
and o¡set of voltage steps. Fig. 1 illustrates these cur-
rents in two cells obtained at a holding potential of 380
mV, each at two di¡erent temperatures. The e¡ect of
temperature change is to alter the total amount of

charge moved and the time constant (don and doff) of the
current decay. Both the rate and quantity of charge
moved are decreased as temperature is decreased.
Note also that don and doff di¡er, with don being slower.
It has been previously shown that the clamp time con-
stant a¡ects the speed of OHC charge movement (San-
tos-Sacchi, 1990, 1992). However, changing the clamp
time constant does not alter the amount of charge
moved (Fig. 2). Thus, any a¡ects of temperature upon
clamp time constant (Santos-Sacchi, 1990) would not be
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Fig. 4. The voltage at peak capacitance (Vpkcm) follows changes in
temperature. A tracking procedure developed previously (Kakehata
and Santos-Sacchi, 1995) was used to follow changes in Cmpk and
Vpkcm as temperature was reversibly modi¢ed over the course of mi-
nutes. Tracking initiated at 0 mV. Note close correspondence be-
tween changes in temperature and Vpkcm.

Fig. 3. The e¡ects of temperature on gating currents are presented in detail for two OHCs (left and right panel). A: The time constant of on
and o¡ gating current relaxation as a function of temperature. Note the di¡erences between on and o¡ time constants. Left panel: d31 Q10 on:
1.55; o¡: 1.4. Right panel: d31 Q10 on: 1.62; o¡: 1.45. B: The average of on and o¡ charge moved as a function of temperature. On and o¡
charge were essentially equivalent.

J. Santos-Sacchi, G. Huang / Hearing Research 116 (1998) 99^106 101



expected to modify the total charge moved. In Fig. 3, a
detailed analysis of the temperature e¡ects is presented
for two cells. It can be seen that the gating current time
constants (don and doff) and charge movement (Q) are
proportional to temperature. The doff appears less af-
fected by temperature than does don. In each cell, the
Q10 for don

31 and doff
31 was about 1.6 and 1.4, respec-

tively.
The OHC possesses a bell-shaped voltage-dependent

capacitance function as a consequence of its membrane-
bound nonlinear charge movement. The voltage where
capacitance is maximal (Vpkcm) corresponds to the volt-
age where half maximal charge movement occurs, and
where OHC motility is most sensitive to voltage £uctu-
ations. Fig. 4 illustrates with a real time tracking tech-
nique that Vpkcm closely follows changes in temperature.
Decreasing temperature causes a negative shift in Vpkcm

and visa versa. Detailed capacitance evaluations sup-
port these tracking observations. Fig. 5A illustrates a
family of capacitance functions obtained from a single
OHC during temperature plateaus at 25, 21, 14, 8 and
6³C. Vpkcm shifted 26.8 mV between temperature ex-
tremes. Peak capacitance also decreased in this case,
accompanied by a decrease in valence, z. Average re-
sults (n = 6) are depicted in Fig. 5B. Qmax showed little
signi¢cant systematic change. The valence, z, showed a
change of 0.12 per 10³C, and Vpkcm changed 19.2 mV
per 10³C.

Gating currents were also evaluated using the P/35
protocol, which more e¡ectively extracts gating currents
(Armstrong and Bezanilla, 1977). Fig. 6 provides exam-
ples of gating currents from the same OHC evaluated in
Fig. 5A. Fig. 6A,B show currents elicited by stepping
from 3120 mV to 330 and 360 mV, respectively. In
both cases, decreasing temperature causes a decrease in
the rate and quantity of charge moved. The average
(n = 4) don

31 Q10 was 1.50 þ 0.06 (mean þ S.E.M.). The
doff

31 Q10 was 1.55 þ 0.08. These results are in accord
with the magnitudes obtained with the þ P technique
used above; di¡erences between on and o¡ time con-
stant Q10 are not signi¢cant.

Finally, an attempt was made to obtain gating cur-
rents from giant patches of OHC membrane (Hilge-
mann, 1989). Unfortunately, patch pipettes with tip di-
ameters near 5 Wm consistently broke through the
membrane to yield whole-cell con¢gurations with poor
seals. Nevertheless, recordings under these conditions
were sometimes capable of garnering gating current in-
formation. Fig. 7 presents such an example, where the
cell was held at 0 mV and gating currents extracted with
the þ P technique. The very fast time constant of the
clamp ampli¢er under these conditions permitted re-
cording of gating current time constants down to about
50 Ws. Deiters cells under the same con¢guration
showed no gating current. As in regular whole-cell con-
¢guration, decreases in temperature caused a reduction

of OHC nonlinear charge moved, but had little e¡ect
on rate of charge movement.

4. Discussion

The OHC voltage-dependent charge movement or
capacitance is sensitive to alterations in temperature.
The most prominent e¡ect appears to be on the posi-
tion of these functions along the voltage axis, with a
decrease in temperature causing a reversible negative
shift in Vpkcm of 19.2 mV per 10³C. At a ¢xed holding
and step potential, such a shift would be expected to
result in a change in magnitude of charge moved. This
is illustrated through modeling in Fig. 8. A small com-
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Fig. 5. E¡ect of temperature on OHC nonlinear capacitance. A: Ca-
pacitance was evaluated with the stair step protocol. As temperature
is decreased from 25³C to 6³C, the functions shift in the hyperpola-
rizing direction. Solid lines are ¢ts to Eq. 1. 25³C: Vpkcm : 378.8
mV; z : 0.87; Qmax : 2.99 pC; Clin : 23.75 pF; 21³C: Vpkcm : 384.3
mV; z : 0.87; Qmax : 3.1 pC; Clin : 23.12 pF; 14³C: Vpkcm : 393.1
mV; z : 0.71; Qmax : 3.74 pC; Clin : 22.3 pF; 8³C: Vpkcm : 3100.5
mV; z : 0.61; Qmax : 4.14 pC; Clin : 21.7 pF; 6³C: Vpkcm : 3105.6
mV; z : 0.62; Qmax : 3.77 pC; Clin : 22.4 pF. B: Average results from
six OHCs showing changes in parameters Qmax, z and Vpkcm. Error
bars are þ S.E.M. Qmax remains fairly stable with temperature,
although a slight increase below 21³C may be signi¢cant. z changes
slightly with temperature. Vpkcm is signi¢cantly susceptible to tem-
perature, showing a 1.9 mV change per degree centigrade.
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ponent of the decrease in charge movement noted in
gating current records as temperature is decreased
may also be due to a redistribution in time beyond
the experimental recording period, since steady-state
indications from capacitance measures show little
change in total charge moved (Qmax). The whole-cell
capacitance determinations from stair step stimuli
were robust since integrations were made over intervals
greater than 15 times the capacitive current time con-
stants (Huang and Santos-Sacchi, 1993). Gating current
kinetics are sensitive to temperature, as well, but show
only a mild temperature dependence, the Q10 being
about 1.5. The Q10 of ion channel gating current ki-
netics, on the other hand, is typically between 2 and 3
(Bezanilla and Taylor, 1978; Kimura and Meves, 1979;
Adams and Gage, 1979; Schauf and Bullock, 1979;
Collins and Rojas, 1982). It should be emphasized,
however, that OHC motility-related gating current ki-
netics are faster than clamp time constants obtainable
under whole-cell con¢guration (Santos-Sacchi, 1990,
1992), and are thus constrained by clamp characteris-
tics. Nevertheless, at least for ion channels, a temper-
ature-dependent shift in the voltage dependence of con-
formational state often accompanies a temperature
dependence of the underlying molecular kinetics. For
example, in batrachotoxin treated Na channels, a
7 mV per 10³C shift in the open probability function
accompanied a Q10 of about 2.3 for mean open times

(Correa et al., 1992). For a two-state model, while a
shift in steady-state probability re£ects a change in
the di¡erence between open and closed steady-state en-
ergy levels, changes in kinetics are governed by alter-
ations of the activation energy barrier height relative to
those steady-state energy levels. Thus, changes in
steady-state energy levels which e¡ect shifts in the
two-state probability function may also lead to changes
in the relative height of the activation energy barrier,
thereby a¡ecting gating kinetics. Under the assumption
that ionic channel and OHC molecular motor charac-
teristics are similar, it is best to cautiously acknowledge
that the large shift in OHC Vpkcm may be accompanied
by a Q10 for the underlying kinetics which is greater
than the measured value of 1.5, and that this value is
a limitation of clamp speed. Temperature e¡ects on
OHC mechanical responses are also probably con-
strained by clamp speed (Holley and Ashmore, 1988).
Recently, Ashmore and Gale (1997) found that gating
current kinetics in OHC membrane patches, while re-
markably fast (down to 7 Ws d), still evidenced Q10s
below 1.5. This is similar to results obtained with very
fast clamp characteristics as in Fig. 7. However, they
found no change in gating charge magnitude vs. tem-
perature. This may indicate that, unlike our whole-cell
results, Vpkcm did not shift in their membrane patch
recording con¢guration, or just like our whole-cell re-
sults, clamp speed remained limiting.
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Fig. 6. E¡ect of temperature on gating currents obtained with the P/35 protocol. Same cell as in Fig. 5A. A: Step voltage from 3120 to 330
mV. A decrease in temperature from 25³C to 8³C decreases both charge moved and rate of movement. Q10 determined from the line ¢ts for
on and o¡ gate d was 1.61 and 1.49, respectively. B: Step voltage from 3120 to 360 mV. Similar decreases were obtained. Q10 for on and o¡
gate d was 1.26 and 1.18, respectively.
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A likely factor which might underlie the e¡ects of
temperature upon the kinetics of OHC lateral mem-
brane motors, is a temperature dependence of OHC
membrane viscosity. Membrane particle kinetics are
governed by frictional forces within the medium, which
are proportional to the medium's viscosity and particle
size (see Rojas and Keynes, 1975). Interestingly, mem-
brane viscosity may also underlie a component of the
double exponential time course in voltage-induced
Vpkcm shifts that we have recently found (Santos-Sacchi
et al., 1996, 1997). It should be the case, then, that
factors in addition to temperature, e.g. lipid composi-
tion, which in£uence OHC membrane viscosity or £uid-
ity will have profound e¡ects on OHC function.

OHC voltage-dependent capacitance is known to
mirror characteristics of the OHC's mechanical activity
(Ashmore, 1989, 1992; Santos-Sacchi, 1990, 1991, 1992;
Kakehata and Santos-Sacchi, 1995). Given this rela-
tionship, temperature is expected to modify OHC mo-
tility and its physiological consequences, namely its
contribution to the `cochlear ampli¢er'. In this regard
it is known that decreases in temperature are able to
adversely a¡ect in vivo cochlear frequency selectivity
and sensitivity (e.g. Brown et al., 1983). Temperature
change will alter the frequency response of OHC mo-
tility. In addition, a temperature-dependent shift in the
OHC motility function along the voltage axis, which is
indicated by the observed shift in Vpkcm, will alter the
gain of OHC motility. Such e¡ects may be su¤cient to
explain the in vivo results. However, it has also been
shown that temperature modi¢es the resting length of
isolated OHCs, which conceivably could modify basilar
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Fig. 8. Model illustrating the expected change in charge moved as a function of Vpkcm (Vh) shift. Cell model was as in Santos-Sacchi (1992),
with Rs : 5 M6, Rm : 100 M6, Cm : 29 pF, Qmax :2 pC, z : 1, Vpkcm (Vh) : 340 to 3100, in steps of 10 mV. Charge is plotted vs. membrane po-
tential for each value of Vpkcm. The dotted lines indicate the holding potential and step potential used to obtain the o¡ gating currents in the
inset, which were obtained with the P/35 technique as for the biophysical data. The traces are plots only from Vpkcm of 370 to 3100 mV,
charge decreasing as Vpkcm shifts negatively. Scale: 1 ms, 1 nA. The inserted ¢gure plots charge at the 330 mV step vs. Vpkcm (Vh), and illus-
trates that increases and decreases in charge moved can be obtained depending upon the relationship between holding, step and Vpkcm poten-
tial.

Fig. 7. A: E¡ect of temperature on gating currents obtained with
very fast clamp time constant. During an attempt at giant patch
formation with a 5 Wm patch electrode tip, whole cell con¢guration
was established. The trace shows o¡ gating currents extracted with
the þ P technique at 0 mV holding potential. The actual order of
temperature change was 26.4, 10.3, 7.8, 15.5, and 23.8³C. B: Gate
time constant and charge movement as a function of temperature.
Charge moved decreases with temperature. Gating time constant is
little e¡ected by temperature; the ¢tted line represents a Q10 of
about 1.2.
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membrane tension in vivo (Gitter, 1992; LeCates et al.,
1995). In addition to a¡ecting the gain of OHC motil-
ity, a change in resting length at a ¢xed resting potential
is expected from a shift in Vpkcm. This occurs because a
displacement of the length vs. voltage function along
the voltage axis (i.e. shift in Vpkcm) while holding the
membrane potential constant will change the degree of
contraction of the OHC. Given an OHC mechanical
response of 20^30 nm/mV (Santos-Sacchi and Dilger,
1988), the temperature dependence of Vpkcm will pro-
vide for a resting length change of 0.04^0.06 Wm/³C.
However, both Gitter (1992) and LeCates et al. (1995)
found values nearly an order of magnitude larger,
which indicates that something other than a direct e¡ect
on the membrane motor was responsible for their ob-
servations.

In sum, we provide additional evidence that physical
modi¢cation of the environment which harbors the mo-
lecular motors for OHC motility can profoundly mod-
ify the cell's electromechanical behavior. Previously, it
had been shown that membrane tension, either exter-
nally applied (Iwasa, 1993; Gale and Ashmore, 1994;
Kakehata and Santos-Sacchi, 1995) or intrinsically gen-
erated by the molecular motors themselves (Santos-Sac-
chi et al., 1996, 1997), can alter the voltage dependence
of OHC capacitance/motility. Taken together, these
data attest to the OHC's, and, indeed, the cochlea's,
exceptional susceptibility to functional perturbation.
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A Ferritin-containing Cell Type in the Stria Vascularis of the 
Mouse Inner Ear 
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Santos-Sacchi J ,  Marovitz W. F. A fenitin-containing cell type in the stria vascularis of the 
mouse inner ear. Acta Otolaryngol (Stockh) 1985; 100: 26-32. 
This report describes a new cell type within the stria vascularis of the mouse inner ear. The 
cell is similar ultrastructurally to the classically described intermediate cell. However, it 
can be distinguished by the presence of dense vacuoles, presumably lysosomes, within 
which can be visualized electron dense particles resembling fenitin molecules. In addition, 
the fenitin-like particles are present throughout the cytoplasm and occasionally within the 
endoplasmic reticulum. These cells characteristically abut capillary basal lamina. Electron 
probe analysis of the dense vacuoles revealed the presence of iron. It is suggested that 
these cells may sequester iron released from dying erythrocytes in the strial capillary 
system, whereupon the iron is conserved through fenitin synthesis. 
J. Santos-Sacchi, Department of Surgery, Section of Otolaryngology, UMDNJ-New Jersey 
Medical School, 100 Bergen St., Newark, NJ 07103, USA. 

The stria vascularis, located on the lateral wall of the cochlear duct, is classically 
described as a three-cell layered tissue-marginal, intermediate, and basal (Smith, 1957). 
The marginal cell layer, which is ectodermal in origin, lines the lateral endolymphatic 
space and interdigitates lateralby with the two other fibroblastic-like cell layers. The stria is 
important for normal cochlear function, and is unique in that capillaries (continuous type) 
maintain intimate contact with this epithelium; that is, in the adult there is no epithelial 
basal lamina. Various studies have noted the phagocytic activity of pericapillary strial light 
cells (Ruedi, 1951; Nomura, 1961; Duvall et al., 1971; Winther, 1971). 

The monocyte-phagocyte system is considered crucial in iron metabolism (MacSween & 
MacDonald, 1969). The chief storage form of iron is ferritin, a protein which may be found 
in high concentrations in the cytoplasms of liver and spleen phagocytic cells. Intracellular 
iron storage as ferritin can be induced by the administration of exogenous iron compounds 
(Richter, 1959; Muir & Goldberg, 1961; Drysdale & Munro, 1966). Within hours of iron 
administration, ferritin molecules can be visualized electronmicroscopically within phago- 
cytic cells which have incorporated the exogenous iron compound. Such induced 
phagocytic sequestration and ferritin synthesis mimics the normal mechanism of iron 
conservation. Considering the high capillary density and hematocrit of strial tissue, it 
might be expected that phagocytotic light cells would incorporate iron released from dying 
erythrocytes. 

Recently, in a report on strial capillary permeability, we commented on the presence of 
a strial cell type which contains endogenous intracytoplasmic ferritin-like granules (San- 
tos-Sacchi & Marovitz, 1980). This report presents a detailed analysis of these cells. 

METHODS 
Twelve young adult male mice, BALB/cJ (Jackson Labs, Barr Harbor, Maine) showing 
positive preyer reflexes were killed by decapitation. Within one minute of death, the right 

D
ow

nl
oa

de
d 

by
 [

17
1.

65
.8

4.
22

5]
 a

t 1
2:

30
 0

9 
O

ct
ob

er
 2

01
5 



Acta Otolaryngol (Stockh) 100 Ferritin-containing Cell Type in Stria Vascularis 27 

Fig. 1.  Light cell abutting basal lamina near sttial capillary. Note ,bundant supply of intracytoplasmic electron- 
dense granules and dense cored lysosomes. Adjacent intermediate cells lack granules. Osmium fixed. Unstained. 
~30500. L ,  capillary lumen; End, endothelial cell; P, pericyte; I ,  intermediate cell; 61, basal lamina; R ,  fenitin- 
containing cell; M, marginal cell; Ly,  lysosome; ER, endoplasmic reticulum. 

temporal bone was excised, fractured open and immersed in a primary fixative of either 
2% glutaraldehyde or 1 % osmium tetroxide, buffered with 0.2 M cacodylate, pH 7.4 (4°C 
for two hours). After a brief rinse in 0.2 M cacodylate buffer, those cochleas fixed in 
glutaraldehyde were post-fixed with osmium. The cochleas were again washed in buffer 
and dehydrated in a graded series of acetone. While in 70% acetone the striae were 
microdissected from surrounding tissue and after dehydration was complete, embedded in 
Epon 812 at 60°C. Grey-silver sections (SCrSO nm) were cut with an LKB Ultratome, 
picked up on copper grids and examined with a Zeiss 9s-2 EM or Phillips 300 EM. 
Sections were examined unstained or lightly stained by lead citrate. 

Because certain monocyte-phagocyte cells show endogenous peroxidase activity, this 
enzyme was assessed by the diaminobenzidine (DAB) technique, according to the modifi- 
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Fig. 2. Femtin-containing light cell showing ovoid nucleus with peripheral heterochromatin. Marginal and typical 
intermediate cells surround the cell which lies on the basal lamina of a stria capillary pericyte. Note uniform 
accumulation of electron dense particles throughout cytoplasm and the presence of a lysosome. X34800. Inset: 
Enlargement of lysosome showing intralysosomal femtin-like granules and large electron densities. x 120000. 
Glutaraldehyde and osmium fixed. Unstained. Abbreviations, see Fig. 1. 
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Fig. 3. High magnification of light cell cytoplasm showing lysosome and femtin-like granules in cytoplasm and 
endoplasmic reticulum. Note size of granules relative to size of unit membrane (arrows). Osmium fixed. Lightly 
stained with lead citrate. X368000. 

cation of Widmann et al. (1972). Electron probe elemental analyses were performed upon 
thin sectioned material using a JEOL JEM lOOCX EM. Iron determinations were per- 
formed using a window of 6.1W.550 KeV. 

RESULTS 
At low magnifications and in spite of the absence of normal staining the three known strial 
cell types were distinguished: marginal, intermediate and basal. However, at higher 
magnification, careful analysis of unstained strial tissues reveals the presence of femtin- 
like particles within the cytoplasm of certain light cells (Figs. 1, 2, 3). At very high 
magnifications, the electron dense particles presented the characteristic appearance of 
femtin (Fig. 3). The dimension of the electron dense femtin core is slightly less than the 
thickness of the unit membrane, or approximately 5 0  A. 

These presumptive femtin containing cells characteristically abut the basal lamina of 
strial capillaries, and possess electron dense vacuoles consistent with fenitin containing 
monocyte-phagocyte cells (Figs. 1, 2, 4). The electron density of these vacuoles is not 
dependent upon heavy metal staining as demonstrated in Fig. 4: tissues fixed only in 
glutaraldehyde and viewed with the electronmicroscope possess electron opaque va- 
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Fig. 4. (a) Note electron opacity of strial light cell vacuoles despite absence of postosmification or heavy metal 
stains. Glutaraldehyde fixation only. X 17 400. (6) Process of strial light cell containing abundant supply of ferritin- 
like granules, lysosomes and membranous structures. Glutaraldehyde and osmium fixed. Unstained x30 500. 

cuoles. Electron probe elemental analysis of these vacuoles revealed iron in roughly 
equivalent concentration to that measured in a nearby erythrocyte, and significantly higher 
than in intermediate cell cytoplasm or Epon alone (Fig. 5 ) .  Interestingly, the chloride 
content of the lysosome and red cell was similar indicating a chloride shift within the 
lysosome. 

Although femtin granules are observed free within the cytoplasm as well as within 
certain membrane bound structures, i.e. endoplasmic reticulum and lysosornes (Figs. 1, 2, 
4), they were never observed within mitochondria or nuclei. The cytoplasmic concentra- 
tion of ferritin was variable; some cell processes exhibited sparsely scattered molecules 
while others, particularly when accompanied by lysosomes, contained an abundant sup- 
ply. Except for the presence of femtin, electron dense lysosomes and substantial amounts 
of membranous structures, including Golgi bodies, the ultrastructural detail of these cells 
is very similar to the typical intermediate cell. Strial capillary pericytes typically showed 
no accumulation of ferritin. 

Light and electron microscopic cytochemical analysis of endogenous peroxidase activity 
within the stria vascularis failed to demonstrate reaction product within ferritin-containing 
cells. Strial capillary erythrocytes were the only structures which demonstrated positive 
staining with this technique. 

DISCUSSION 
Fenitin-containing strial light cells do not demonstrate endogenous peroxidase activity as 
do Kupffer cells (Widmann et al., 1972). However, species differences may be involved 
here. Whereas macrophagic cells in the rat and guinea pig are peroxidase positive (Fahimi 
et al., 1970; Widmann et al., 1972; Wisse, 1974), mature macrophages in the mouse are not 
(van Furth et al., 1970). 

The stria’s high capillary density and hematocrit provide an environment rich in iron. 
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I S  .. A :  

B f  

C: 

D' * 
Fig. 5. Electron probe analyses of selected areas of a 
single thin section. Iron content measured with a window 
of 6 . 1 M 5 5 0  KEV over a 658 sec period. (A) Dense 
core of light cell lysosome. Net count: 437. Also note high .. : chloride content. (B) Adjacent red cell cytoplasm. Net 
count: 437. Note high chloride content. (c) Intermediate 
cell cytoplasm. Net count: 264. (d) Epon alone. Net 
count: 205. Silicon due to silicious probe element. 

b 

B 
; I. .. 

Possibly hemoglobin from dying erythrocytes is transported across strial capillaries and 
taken up preferentially by the light cells described herein. Lysosornal degradation coupled 
to ferritin synthesis would then ensue. The process of acquiring ferritin stores by this 
means would appear to be a slow one, considering the slow transendothelial passage of 
electron-dense tracers (Santos-Sacchi & Marovitz, 1980). This is confirmed by preliminary 
results which indicate the absence of intracellular light cell femtin in the postnatal mouse. 

Nornura (1961) demonstrated at the light microscopic level the uptake of trypan blue 
from guinea pig strial capillaries by sparsely scattered cells which rested near the capillar- 
ies. It was necessary for him to induce capillary leakage with intravenous injection of 
histamine and acetic acid. We have been unable to correlate the uptake of trypan blue and 
the presence of femtin in mouse strial cells due to the inability to induce trypan blue 
extravascular leakage, even after acetic acid treatment. Horseradish peroxidase which has 
been shown to leak through strial capillaries has been demonstrated within pinocytotic and 
phagocytic vacuoles of strial intermediate cells (Duvall et al., 1971; Winther, 1971).' 

' Recently, Duvall (ARO Midwinter Meeting, 1981) reported that the HRP capillary transport in the 
normal preparation may have been due to dissection artifact. Thus the supposed phagocytic incorpor- 
ation of HRP by light cells may actually have been staining of these cells by reaction product after the 
cells were killed by fixation. 
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However, these investigators suggest that the ability to phagocytize HRP is general among 
intermediate cells. Thus the ability to produce and store ferritin may be differentiated from 
simple phagocytotic functions, since only very few intermediate type cells exhibit detect- 
able amounts of intracellular ferritin. 

The storage of iron in the stria vascularis may have functional significance; e.g., it may 
be utilized by metalloenzymes within the stria or inner ear. Alternately, the storage may 
simply be a general response to high local levels of iron. Studies are planned to evaluate 
this issue. 
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Abstract In the outer hair cell (OHC), membrane capac-
itance principally derives from two components – that
associated with lateral membrane sensor/motor charge
movement, and that proportional to the membrane sur-
face area (Csa). We used measures of membrane capaci-
tance to test a model hypothesis that OHC lateral mem-
brane molecular motors, recently identified as the pro-
tein prestin, fluctuate between two area states. By mea-
suring membrane capacitance in native OHCs or prestin-
transfected HEK cells at extreme voltages (±200 mV)
where motor-derived charge movement is small or ab-
sent, we observed that Csa depends on the state of the
motors, or correspondingly on membrane voltage. Deit-
ers cells or control HEK cells, which lack motors, do not
show this dependence. We modeled the voltage-depen-
dent change in Csa as a Boltzmann process with the same
parameters that describe the charge movement of the
motors’ voltage sensors. Csa is 3.28±0.75 pF (mean ±SD;
n=23) larger during extreme hyperpolarization, and the
number of motors in OHCs and prestin-transfected HEK
cells correlates with the magnitude of ∆Csa (r=0.78). Al-
though these data are consistent with the area motor
model, the corresponding area change, assuming
0.5 µF/cm2 under constant membrane thickness, is un-
physiologically large, and indicates that the capacitance
change must result from changes not only in lateral
membrane area but also specific capacitance. Thus, we
conclude that a conformational change in the lateral
membrane motor, prestin, additionally alters the dielec-
tric constant and/or thickness of the lateral plasma mem-
brane.

Keywords Gating charge · Membrane capacitance · 
Motility

Introduction

The capacitance per unit area of plasma membrane, i.e.,
specific capacitance (Csp), is determined by the mem-
brane’s dielectric constant and thickness. It is a robust
quantity that Cole [5] described as “largely independent
of cell physiology, pathology and pharmacology, and
probably life itself”. Based on this property, the magni-
tude of an individual cell’s membrane capacitance
(Cm=surface area × Csp) may be considered fixed, invari-
ant with changes in membrane voltage. In that same es-
say, however, Cole realized that his view could be modi-
fied by future investigations; it is now known that devia-
tions from the expected invariant behavior provide infor-
mation on such varied processes as ionic channel gating
[10], synaptic vesicle fusion [29], gap junctional cou-
pling [36], and, in the case of the outer hair cell (OHC),
its lateral membrane motor’s activity [2, 37]. In the
OHC, such deviation arises from restricted charge move-
ment during conformational change in a membrane mo-
tor protein [2, 37], the recently identified lateral mem-
brane protein, prestin [26, 41, 48]. Consequently, mem-
brane capacitance (Cm) in the OHC is characterized as a
bell-shaped, voltage-dependent capacitance (Cv) that
rides atop a parallel capacitance (Csa) whose magnitude
is proportional to cell surface area [2, 16, 37]. Peak mo-
tor-associated capacitance can range up to nearly twice
that of the cell’s Csa [39].

One of the model mechanisms whereby the lateral
membrane motor can effect whole-cell mechanical re-
sponses is by changing the surface area that it occupies
within the lateral plasma membrane [17, 18, 38], al-
though other models have been proposed [7, 14, 22, 33].
We reasoned that if the integral lateral membrane motors
fluctuate in area between two states, as the model sug-
gests, we should be able to observe whole-cell changes
in Csa due to changes in the cell’s surface area. Indeed,
one of the major criticisms of the area-motor model has
been the apparent absence of effects on Csa [33]. Accord-
ing to the model, depolarization, which is predicted to
drive the motors into the compact state and reduce the
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area occupied by them within the bilayer, should in turn
reduce total membrane surface area and Csa, whereas hy-
perpolarization should do the opposite. In order to test
this prediction, we measured capacitance over an ex-
treme voltage range in isolated OHCs and prestin-trans-
fected human embryonic kidney cells under whole-cell
voltage-clamp conditions. At extreme voltage polarities
where motor-derived charge movement is small or ab-
sent, we find that Csa depends on the state of the motors,
or correspondingly on membrane voltage. During ex-
treme hyperpolarization, when the motors cause the cy-
lindrical OHC to elongate, Csa is increased – a prediction
of the area motor model of OHC motility [17, 18, 38].
Nevertheless, the predicted area change based on typical,
fixed values of specific membrane capacitance is un-
physiologically large, and must be accounted for by ad-
ditional mechanisms such as membrane thinning or alter-
ations in the membrane’s dielectric properties.

Materials and methods

Guinea pigs were decapitated following anesthetic overdose with
halothane, in accordance with the guidelines of Yale University’s
Animal Care and Use Committee. OHCs were freshly isolated
from the guinea pig cochlea using dispase (1 mg/ml) followed by
trituration. Transient transfection of human embryonic kidney
(TSA201) cells with gerbil prestin was performed as previously
described [48]. Co-expression of green fluorescent protein (GFP)
provided visual identification of transfected cells. Only isolated,
single HEK cells were studied. Cells were whole-cell voltage
clamped at room temperature using an Axon 200B amplifier.
Membrane voltages were corrected for the effects of residual se-
ries resistance, which ranged from 3–5 MΩ. Ionic blocking solu-
tions were used with all cell types to remove voltage-dependent
ionic conductances so that capacitive currents could be analyzed
in isolation [37]. Extracellular solution: 100 mM NaCl, 20 mM
TEA, 20 mM CsCl, 2 mM CoCl2, 1.48 mM MgCl2, 2 mM CaCl2,
10 mM HEPES, and 5 mM dextrose, adjusted to pH 7.2 with
NaOH, and adjusted to 300 mosmol/l with dextrose; in some cases
CaCl2 and MgCl2 were omitted. Pipette solution: 140 mM CsCl,
10 mM EGTA, 2 mM MgCl2, and 10 mM HEPES, adjusted to
pH 7.2 with CsOH, and adjusted to 300 mosmol/l with dextrose.
In some experiments, the extracellular solution was also used in
patch electrodes. For experiments with 10 mM sodium salicylate,
NaCl was reduced to maintain osmolarity. In a few experiments,
50 µM GdCl3 was included in the extracellular solution to de-
crease residual currents. At this concentration, gadolinium has an
insignificant effect on OHC capacitance [21]. Capacitance was

measured with a continuous high-resolution (2.56 ms) two-sine
voltage stimulus protocol (20 mV peak at both 390.6 and
781.2 Hz), and subsequent FFT-based admittance analysis [40],
utilizing the parameter derivations provided by Pusch and Neher
[32]. These small, high-frequency sinusoids were superimposed
on voltage sinusoids that spanned ±200 mV. OHCs that showed
evidence of instability at the extremes were not included (see Re-
sults). All data collection and most analyses were performed with
an in-house-developed Window’s based whole-cell voltage-clamp
program, jClamp (SciSoft, CT), utilizing either an Axon Instru-
ments Digidata 1320 board or a National Instruments PCI-6052E
board. Matlab (Natick, Mass., USA) was used for fitting the ca-
pacitance data. Fits were made with the Nelder-Meade algorithm,
and the minimization metric employed was s=Σ√[(Cm–fit)2]. In
some cases, we used Sigmaplot (Jandel Scientific, California,
USA) to fit model data, and determine standard errors.

Results

Under whole-cell voltage-clamp, OHCs do not tolerate
extreme voltages that are abrupt in onset. We have only
been able to record consistently from cells using a low-
frequency sinusoidal stimulus whose range was limited
to ±200 mV (not including the superimposed high fre-
quency two-sine stimuli – see Materials and methods).
Whole-cell voltages more extreme than that usually re-
sulted in loss of recordings. In a separate study we deter-
mined that breakdown in the membranes of the OHC oc-
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Fig. 1A, B Outer hair cell (OHC) capacitance shows hysteresis
and asymmetry at voltage polarity extremes. A Stimulation with a
wide-ranging voltage sinusoid reveals a voltage-dependent capaci-
tance. The highlighted portion of the voltage stimulus and associ-
ated capacitance are used in subsequent fits of the membrane ca-
pacitance (Cm) data as in Fig. 3. B Top panel: Cm versus voltage
function from A. Note hysteresis. Direction of voltage change is
show by arrows. Additionally, note that the function is asymmetri-
cal, with Cm at the hyperpolarized extreme never approaching the
value of membrane surface area (Csa) found at depolarized poten-
tials. This is more rigorously shown in the fits of Fig. 3. Dashed
line shows minimum capacitance at depolarized levels. Lower
panel: model results using the wide-ranging voltage sinusoid
(based on model fully described in Santos-Sacchi et al. [40]).
Dashed line shows minimum capacitance at depolarized levels.
The result indicates that the hysteresis is due to dependency on
prior voltage, but the asymmetry is not, since model Csa at hyper-
polarized levels eventually reaches the same minimum magnitude
as at depolarized levels



curs at absolute membrane potentials greater than
380 mV [27], far greater than the voltage extremes used
here; thus, the loss of cells that we experienced with
voltages above 200 mV under whole-cell conditions was
probably due to compromised pipette-membrane seals
resulting from robust mechanical activity of the OHC.
We found that deflating the OHC by applying negative
pipette pressure, which is known to abolish OHC motili-
ty [37], decreased the chances of loss. The results we re-
port here were not affected by reducing OHC turgor
pressure. Figure 1A illustrates the membrane capacitance
changes that occur with our type of stimulation. During
the hyperpolarizing phase of the stimulus, membrane ca-
pacitance presents as a double peaked response, and dur-
ing the depolarizing phase a monophasic minimum is
reached. A plot of membrane capacitance (Cm) versus
membrane voltage (Fig. 1B, upper panel) shows the bell-
shaped capacitance function characteristic of OHCs.
However, in this case, two previously unobserved fea-
tures are found. First, Cm shows hysteresis; namely, Cm
magnitude depends on the prior voltage value and, thus,
on the direction of voltage change. Second, the bell-
shaped Cm function is asymmetrical, indicating that Csa
at extreme hyperpolarizations is larger than at extreme
depolarizations. The hysteresis is fully predictable since
it is known that there is a voltage-dependent shift in the
capacitance function that is adequately modeled as a
voltage-dependent, motor-induced change in membrane

tension [40, 41]. Membrane tension effectively shifts the
capacitance function along the voltage axis [11, 17, 20,
47]. Fig. 1B (lower panel) shows the result of that model
simulation using our extreme sinusoidal voltage stimu-
lus. The hysteresis is similar to the biophysical data.
However, whereas the model output indicates that hys-
teresis results from voltage-induced shifts in the Cv func-
tion, it cannot produce and therefore cannot account for
the asymmetry in the Cm function. Additionally, the
asymmetry was not related to the initial direction of volt-
age change, i.e., it did not matter whether the large sinu-
soid’s phase was initially hyperpolarizing (as presented
in the figures) or depolarizing. Rate of voltage change
was also not influential, as sinusoids from 200 to 800 ms
in duration produced the same asymmetry.

Despite the use of ionic blocking solutions, substan-
tial currents are evoked by our extreme voltage protocol
(Fig. 2). In order to assure ourselves that large currents
or residual current nonlinearities did not confound our
measurements, we compared OHC responses to those of
supporting Deiters’ cells, which lack membrane motors.
In Fig. 2 we plot Cm, Im, and Vm of a typical OHC and
typical Deiters’ cell. In each case, nonlinear currents are
evidenced, notably larger in the Deiters’ cell. Yet, 
Deiters’ cells present a linear capacitance largely indepen-
dent of variations in membrane voltage and current. These
control experiments show that unblocked currents do not
influence our capacitance measurements. Additionally, we
have preliminary data [35] indicating that even in the
presence of intracellular and extracellular solutions con-
taining only large impermeant ions, where residual cur-
rents are less than 100 pA, capacitance remains asymmet-
rical. Furthermore, prestin-transfected HEK cells, which
display small linear currents, show similar capacitance
functions as OHCs (see below). Thus, residual currents
and corresponding changes in membrane resistance can-
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Fig. 2A, B Residual nonlinear current does not influence capaci-
tance measures. A Residual nonlinear currents are evoked in the
OHC despite our attempts to block membrane conductances. Note
that this does not influence the measurement of capacitance, since
similar though larger current nonlinearities generated in Deiters’
cells (B) do not compromise the measurement of its voltage-inde-
pendent capacitance



not account for our Cm data. We also ruled out potential
increases of membrane surface area via incorporation of
intracellular membrane by recording with high-BAPTA
(10–20 mM) or pronase-containing (500 µg/ml) intracel-
lular solutions, treatments known to block membrane fu-
sion [16, 43]. Under these conditions Csa asymmetry is
still observed. As an additional check on our admittance
technique, we used a standard stair step, transient analy-
sis protocol to confirm the admittance measures within
individual OHCs [16]. Although we were unable to pro-
vide such extreme voltages as the sinusoidal stimulus be-
cause of cell loss, capacitance values measured within
the fairly wide range of –160 to 100 mV overlie the ad-
mittance-based values (data not shown). We conclude
that the asymmetry evidenced in the OHC Cm is real.
This asymmetry is illustrated more rigorously through
fits of the Cm data.

In order to gauge the asymmetry in our Cm data, we
fit the data to the first derivative of a two-state Boltz-
mann function that has been used routinely to fit OHC
Cm data [12, 17, 37].

(1)

where Cv is the motor’s voltage sensor-associated capac-
itance, Csa is parallel capacitance proportional to mem-
brane surface area, Qmax is the maximum nonlinear
charge moved, Vpkcm is voltage at peak capacitance or
half-maximal nonlinear charge transfer, Vm is membrane
potential, z is valence, e is electron charge, k is 
Boltzmann’s constant, and T is absolute temperature.
Figure 3A, B show, for two different cells, that this sym-
metrical function does not adequately describe our Cm
data, although the equation had proven sufficient previ-
ously [12, 17, 37]. In those previous studies, voltage
stimulation was substantially more restricted than em-
ployed here, typically not extending beyond ±125 mV,
and fits were understandably less constrained. In order to
obtain a better understanding of our data, a modified
equation was developed, where the state of lateral mem-
brane motors contributes to the magnitude of Csa. We
reasoned that the contribution of a putative motor area
change would be voltage dependent, and that the rela-
tionship should follow a sigmoidal two-state Boltzmann
function identical to that of the sensor motor’s nonlinear
charge movement or the cell’s mechanical response [37].
Depolarization, which drives the motor into its compact
state, should decrease membrane surface area and Csa.
Thus, Csa is described as a sigmoidal function

(2)

where C0 is defined as the capacitance of the membrane
when all motors are in their compact state, the minimum

membrane capacitance, ∆Csa is the maximum increase in
capacitance that occurs when all motors change from
compact to expanded state, and b is as above. The resid-
uals in Fig. 3A, B illustrate the goodness of fit of this
modified equation to the Cm data; the average sum of the
residuals was halved with the fit to the modified equa-
tion (s=8.13 pF for the two-state fit; s=3.96 pF for the
modified fit). The significantly better fit substantiates
our contention that Csa increases during hyperpolariza-
tion, and aids in quantifying the magnitude of change. In
Fig. 3C, we plot capacitance functions based on averages
of the fitted parameters for 23 cells. The difference in Csa
between conditions where all motors exist in either the
compact or expanded states is 3.28±0.75 pF (mean ±SD;
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Fig. 3A–C OHCs present two types of voltage-dependent capaci-
tance. A, B Plots show residuals of fits to capacitance of two
OHCs as a function of membrane voltage. In each case, the Cm da-
ta were fit either with an equation based on a simple two-state
Boltzmann function (filled circles, Eq. 1) or with an additional
voltage-dependent Csa component (open circles; modified by
Eq. 2). Note the poor fit with the simple equation (A, filled circles:
s=8.11 pF; B, filled circles: s=8.62 pF), and the good fit with the
modified one (A, open circles: s=2.81 pF; B, open circles:
s=2.69 pF), especially at negative voltages. C OHC capacitance
derives from the sum of Csa and Cv to produce Cm. Plots are from
fitted parameters of the modified equation for 23 cells (averaged
s=3.96 pF). Fitted parameters: Qmax: 3.09±0.53 pC; Vpkcm:
–59.4±17.8 mV; z: 0.79±0.10; C0: 21.9±1.6 pF; ∆Csa:
3.28±0.75 pF. Average residuals for the two-sate fit was s=8.13 pF



see Fig. 3C legend for other fitted parameters and statis-
tical comparisons). The plot further illustrates how this
voltage-dependent change in Csa results in an asymmetri-
cal Cm function.

Capacitance asymmetry may arise from multi-state
models of motor activity; however, Iwasa [19], using re-
alistic values for OHC charge parameters found little ev-
idence of asymmetry in model capacitance functions (his
Fig. 3). We also fit our data to the sum of two bell-
shaped Boltzmann derivatives, each providing distinct
parameters for z, Vpkcm, and Qmax. In this case however,
the fitted parameters of the second underlying Boltz-
mann are unrealistic; for example, Vpkcm is unphysiologi-
cally negative in magnitude, showing values as great as
–780 mV, with Qmax up to 15 pC. Of course, this type of
fit describes a function that mimics that of Eq. 2 within
the voltage range that we studied.

What evidence is there that ∆Csa results from the ac-
tivity of OHC lateral membrane motors? This is an im-
portant point since recently, Kilic and Lindau [24] have
found an asymmetrical bell-shaped membrane capaci-
tance, similar in form to the one we observe here, that
they attribute to Na channel gating charge in nerve ter-
minals. In fact, they find voltage-dependent changes in
their control Cm recordings (in the absence of Na chan-
nel activity) that mimic the form of our Eq. 2. In order to
determine whether the activity of the lateral membrane
motor accounts for ∆Csa, we measured capacitance in
Deiters’ cells and HEK cells that were either successful-
ly or unsuccessfully (based on the generation of nonlin-
ear capacitance) transfected with the gene for prestin.
Prestin has recently been identified as the OHC motor
protein, since when expressed in HEK cells it displays
the electro-mechanical signature of the OHC motor [41,
48]. We do not observe voltage-dependent Cm in control
cells that lack the motor. Figure 4A shows that Deiters’
cells, which lack lateral membrane motors, or human
embryonic kidney cells unsuccessfully transfected with
prestin do not evidence Cm differences at voltage ex-
tremes. More telling, those non-auditory cells successful-
ly transfected with prestin present asymmetrical capaci-
tance functions matching those of OHCs (Fig. 4B). Ad-
ditional evidence arises from the direct correlation be-
tween the number of membrane motors based on charge
estimates (N=Qmax/ze) and the magnitude of ∆Csa (un-
constrained fit, solid line; r=0.78; Fig. 4C). A unit capac-
itance change of 0.11 aF per motor is obtained. With the
fit constrained to the origin (Fig. 4C, dashed line),
0.13 aF per motor is obtained. These data were derived
from mature OHCs of different lengths (n=23), from
prestin-transfected cells with differing expression effi-
ciencies (n=6), and from published data on developing
OHCs (n=2) [30]. Finally, we note that the generation of
nonlinear capacitance, in and of itself, is not responsible
for the asymmetry we find. That is, treatment with lipo-
philic ions is able to induce a bell-shaped capacitance in
Deiters cells and an augmented capacitance in OHCs.
However, we found no evidence that this additional gat-
ing charge either produced or augmented the asymmetry

in OHC capacitance [46]. All these data strongly suggest
that ∆Csa arises from the activity of lateral membrane
motors.

Finally, we explored the effect of the widely used
drug, salicylate, on OHC Csa. Salicylate, which can
cause temporary hearing loss and tinnitus, has been
found to reduce OHC motor-derived capacitance and
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Fig. 4A–C The increase in Csa at hyperpolarized potentials arises
from the lateral membrane motor protein, prestin. A Neither Deit-
ers’ cells (filled circles), which do not express prestin, nor human
embryonic kidney cell unsuccessfully transfected with prestin
(open circles) give evidence of an increase in Csa with hyperpolar-
ization. Lines are straight horizontals. B Prestin-transfected human
embryonic kidney cells show the same asymmetrical Cm function
as OHCs. Fitted solid line: Qmax: 0.90 pC; Vpkcm: –65.0 mV; z:
0.66; C0: 73.2 pF; ∆Csa: 1.25 pF. C The maximum change in Csa
(∆Csa) is correlated with the estimated number of motors
(N=Qmax/ze). The filled circles are adult OHCs, the filled triangles
are prestin-transfected cells, and the open circles are obtained
from fits to the developmental OHC data of Oliver and Fakler
(their Fig. 1, P6, P11; limited voltage range but low noise traces)
[30]. The dotted line is a linear regression through the origin
(slope of 0.13 aF/motor), whereas the solid line is an uncon-
strained regression, with a slope of 0.11 aF/motor and an r of 0.78



motility [21, 42, 44]. Deiters’ cell capacitance, on the
other hand, is unaltered by salicylate treatments (data not
shown). However, the effect on the OHC is not simply to
reduce capacitance uniformly across voltage. The aver-
aged data (n=3) in Fig. 5 shows that whereas peak capac-
itance is substantially reduced, capacitance on either side
of the peak actually increases, and this is partially owing
to a reduction in the steepness of the voltage depen-
dence, as indicated by the fits to the Cm data (see Fig. 5
legend). Interestingly, the fit with our new model demon-
strates that Csa in the hyperpolarized region increases by
about 2 pF above controls. Since salicylate has no effect
on the capacitance of cells that lack the lateral membrane
motor, and since there is a simultaneous effect on Cv and
Csa, this result additionally identifies ∆Csa as arising
from the activity of lateral membrane motors.

Discussion

In the OHC, membrane capacitance (Cm) arises from two
superimposed components; one component (Cv) derives
from gating charge movement owing to voltage-depen-
dent activity of motor proteins within the lateral plasma
membrane, while the other component (Csa) derives from
the intrinsic dielectric properties of all segments of its
plasma membrane [2, 8, 37]. The latter component, often
termed “linear” membrane capacitance, though typically
considered independent of voltage, may co-vary with
mechanisms, including voltage-dependent ones, that al-
ter the underlying characteristics which define whole-
cell capacitance, namely the membrane’s surface area,
dielectric constant, or thickness. We find that the activity
of the lateral membrane motor, prestin, either in native
OHCs or expressed in nonauditory cells influences the
magnitude of the plasma membrane’s Csa, providing a
clue to the motor’s mechanism of action.

What fraction of ∆Csa may arise from voltage-induced,
OHC lateral membrane area change?

The change in Csa that we observe resulting from fluctu-
ations in the state of lateral membrane motors may arise
from corresponding fluctuations in the area occupied by
the motors within the lipid bilayer. Direct modifications
of membrane surface area by integral proteins can be ac-
complished by a variety of molecular mechanisms. For
example, reversible insertion of proteins or protein re-
gions within the plasma membrane could serve to change
membrane surface area [25]. The insertion of the bacteri-
cidal colicin protein into the lipid bilayer is voltage de-
pendent, with at least 68 amino acid residues reversibly
inserting into the bilayer [23]. Obviously, such a phe-
nomenon will displace lipid, and alter membrane surface
area. Alternatively, integral membrane proteins could
change surface area by rearrangement of subunits, as
may occur in gap junctions [45].

Based on our set of measures, the average number of
motors [N=Qmax/(ze)] per cell is 25.7±4.3 million. Thus,
we estimate that each motor contributes ≅0.13 aF to Csa
as the motor changes from the compact to the expanded
state. We previously determined the OHC-specific mem-
brane capacitance to be 8 fF/µm2, accounting for addi-
tional membrane area (≅30%; see [6]) due to rippling
that is unobservable at the light microscopic level [16].
More recent and rigorous attempts to account for mem-
brane folding provide estimates in other cell types of
5 fF/µm2 [43]. Using the latter value, we arrive at a mo-
tor area change of ≅26 nm2. Based on our estimates of
C0 (21.9 pF), the area of the lateral membrane can be es-
timated to be 3134 µm2, after correcting for the capaci-
tance of those membrane regions devoid of motors
(6.23 pF; [16]). The density of motors within the lateral
membrane is then 8168/µm2, similar to our previous esti-
mates obtained from low-frequency OHCs [16, 39]. Giv-
en these values, the estimated area change in the lateral
membrane, if ∆Csa fully reflects area changes, would be
about 21%. This large area change is in contrast with re-
sults of modeling. We had previously determined that the
OHC area motor model could account for physiological
length and diameter changes by a lateral membrane sur-
face area modification of about 3%. Indeed, even the
unit motor area change that we now obtain, 26 nm2, is
much larger than estimates previously made (≅8 nm2

[38]; 2–7 nm2 [1, 17, 18]; 0.37 nm2 [11]). We conclude
that ∆Csa does not simply reflect changes in the mem-
brane surface area.

Kalinec et al. [22] found voltage-induced surface area
changes up to 8% in lateral membrane patches utilizing
voltage pulses between ±80 mV. Since this voltage ex-
cursion is less than the motor’s range of voltage sensitiv-
ity, it might be expected that their measured area changes
were sub-maximal. Considering the Boltzmann charac-
teristics of the mechanical response [37], their data are
reconcilable with a maximal area change of 10.9%.
While our capacitance data may be viewed as arising
from changes in membrane characteristics other than ar-

104

Fig. 5 Salicylate reduces Cv but increases Csa. Averaged respons-
es from three cells before and after extracellular salicylate treat-
ment (10 mM). Three minutes after obtaining the whole-cell con-
figuration control measures were made; following an additional
3 min of superfusion with salicylate the measures were repeated.
Note the reduction in motor-derived capacitance, but an increase
in Csa. Fitted parameters for control: Qmax: 2.93 pC; Vpkcm:
–48.9 mV; z: 0.83; C0: 20.5 pF; Csa: 3.6 pF. Fitted parameters for
salicylate: Qmax: 1.6 pC; Vpkcm: –23.2 mV; z: 0.44; C0: 21.2 pF;
Csa: 5.4 pF



ea, the direct measures of Kalinec et al. [22] must be tak-
en at face value and supersede model predictions. It
should be noted that the OHC plasma membrane area is
not increased by stretch but instead by supplementation;
consequently, an area increase above that typically con-
sidered to cause membrane breakdown by stretching
(≅4%; [9]) is not unrealistic. Thus, we consider that a
portion of ∆Csa arises from a 10.9% change in lateral
membrane surface area, amounting to 1.7 pF, and the re-
mainder (1.6 pF) reflects changes in either the mem-
brane’s dielectric constant or thickness. That is, the 
specific membrane capacitance changes from 5.0 to
5.37 fF/µm2 when all prestin motors change from the
compact to the extended state.

How might an integral membrane protein, such as 
prestin, alter specific membrane capacitance?

Membrane dielectric

The dielectric constant of the lipid bilayer is about 2.
Proteins possess a higher dielectric constant, and thus
they may be expected to alter the overall dielectric prop-
erties of the membrane when inserted within the bilayer.
Indeed, many investigators have found changes in capac-
itance upon insertions of proteins into lipid bilayers, al-
though in some cases the changes were transient [4], or
may have been attributed to channel gating capacitance
[34]. A direct test with exogenously expressed glycine
receptors in HEK cells did not alter the specific mem-
brane capacitance [13], although only about 20,000 re-
ceptors were expressed per cell. In the adult OHC from
the low-frequency region of the cochlea, 25 million mo-
tors are expressed, increasing the likelihood of the pro-
tein’s effect on the membrane dielectric. Voltage-depen-
dent movement of charged regions of the protein prestin
into or out of the hydrophobic membrane domain could
affect the membrane dielectric. Alternatively, binding of
anions to prestin could change the protein’s dielectric
[31].

Membrane thickness

Transmembrane voltage may affect membrane thickness
directly. Indeed, one of the mechanisms whereby volt-
age-induced membrane breakdown is thought to occur is
via electro-compressive forces [28]. Regardless, it is un-
likely that the magnitude of voltages we employed here
is capable of inducing sufficient changes in membrane
thickness to significantly alter its capacitance, since in
control Deiters’ and HEK cells, membrane capacitance
was not affected by voltage. Interestingly, in pure lipid
bilayers, membrane capacitance was shown to be voltage
dependent, presumably as a result of membrane com-
pression [3]. Voltage-induced increases in capacitance up
to 100% were found. However, those results were attrib-
utable to the solvent content of the bilayer. More ger-

mane to our data, the action of membrane proteins may
also affect bilayer thickness. For example, the anti-mi-
crobial peptide, proegrin-1, resides as a membrane sur-
face adsorbed structure (residing within the polar head
group region) or as a transmembrane spanning structure
[15], depending on the concentration. In the former state,
the peptide thins the membrane, whereas in the latter
state the membrane is thickened. Little is known about
the secondary and tertiary structure of the integral mem-
brane protein prestin, and it may be that some voltage-
dependent mechanism akin to the concentration-depen-
dent activity of proegrin-1 is occurring. The possibility
cannot be dismissed that the presence of the highly hy-
drophobic prestin molecule within the lateral membrane
provides for an effect similar to the solvent effects ob-
served by Benz and Janko [3]; for example, by altering
lipid packing at the protein-lipid interface. In these sce-
narios, voltage-dependent, prestin-induced perturbations
of the bilayer could permit fluctuations of membrane
thickness either as a result of the direct compressive ac-
tion of voltage on a susceptible bilayer or through volt-
age-induced protein conformational changes. In this re-
gard, salicylate, a drug capable of modifying lipid pack-
ing and bilayer mechanics [33], may function to increase
the effectiveness of prestin in altering membrane thick-
ness. It should be noted that in either scenario membrane
surface area would also change as a function of thick-
ness.
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Article
Chloride Anions Regulate Kinetics but Not
Voltage-Sensor Qmax of the Solute Carrier SLC26a5
Joseph Santos-Sacchi1,2,3,* and Lei Song1
1Department of Surgery (Otolaryngology), 2Department of Neuroscience, and 3Department of Cellular and Molecular Physiology, Yale
University School of Medicine, New Haven, Connecticut
ABSTRACT In general, SLC26 solute carriers serve to transport a variety of anions across biological membranes. However,
prestin (SLC26a5) has evolved, nowservingasamotor protein in outer hair cells (OHCs) of themammalian inner ear and is required
for cochlear amplification, a mechanical feedback mechanism to boost auditory performance. The mechanical activity of the OHC
imparted by prestin is driven by voltage and controlled by anions, chiefly intracellular chloride. Current opinion is that chloride anions
control the Boltzmann characteristics of the voltage sensor responsible for prestin activity, includingQmax, the total sensor charge
moved within the membrane, and Vh, a measure of prestin’s operating voltage range. Here, we show that standard narrow-band,
high-frequency admittance measures of nonlinear capacitance (NLC), an alternate representation of the sensor’s charge-voltage
(Q-V) relationship, is inadequate for assessment of Qmax, an estimate of the sum of unitary charges contributed by all voltage
sensors within the membrane. Prestin’s slow transition rates and chloride-binding kinetics adversely influence these estimates,
contributing to the prevalent concept that intracellular chloride level controls the quantity of sensor charge moved. By monitoring
charge movement across frequency, using measures of multifrequency admittance, expanded displacement current integration,
and OHC electromotility, we find that chloride influences prestin kinetics, thereby controlling charge magnitude at any particular
frequency of interrogation. Importantly, however, this chloride dependence vanishes as frequency decreases, withQmax asymptot-
ing at a level irrespective of the chloride level. These data indicate that prestin activity is significantly low-pass in the frequency
domain,with important implications for cochlear amplification.Wealsonote that the occurrenceof voltage-dependent chargemove-
ments in other SLC26 family members may be hidden by inadequate interrogation timescales, and that revelation of such activity
could highlight an evolutionary means for kinetic modifications within the family to address hearing requirements in mammals.
INTRODUCTION
Typically, voltage-sensor charge movement in membrane
proteins rapidly follows voltage perturbations, producing
capacitive-like gating/displacement currents (1,2). How-
ever, intrinsic properties of the protein or interactions of
the protein with other membrane constituents (protein or
lipid) can influence the movement’s time course (3). In
essence, gating currents may be low-pass filtered relative
to the actual driving voltage, often exhibiting multiexponen-
tial behavior that depends on the timing of intramolecular
and/or intermolecular interactions. Thus, interrogation of
charge at other than infinite timescales (or zero frequency)
may produce inaccurate quantification of the total charge
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moved (Qmax) across a given cell membrane’s electric field
where the protein’s voltage sensor resides. This issue was
recently highlighted by the discovery that previously un-
identified slow charge movements, revealed by utilizing
longer integration times of 300 ms, account for an apparent
charge immobilization in Shaker ion channels (4). Impor-
tantly, cellular events that result from charge movements
may correspondingly be inaccurately assessed.

The family of SLC26 solute carriers functions to maintain
gradients of anions across the membranes of a variety of
cells (5). However, SLC26a5 (prestin) has been recruited
by the outer hair cell (OHC) in Corti’s organ to function
as a motor protein that underlies cochlear amplification, a
mechanical feedback process that boosts auditory sensitivity
by 100- to 1000-fold (6,7). OHCs have been shown to pro-
duce voltage-dependent length changes (electromotility
(eM)) in the audio frequency range (8–10), extending out
at least to 80 kHz at room temperature (11). On the other
hand, prestin’s sensor charge movement, measured as a
voltage-dependent or nonlinear capacitance (NLC), displays
Biophysical Journal 110, 2551–2561, June 7, 2016 2551
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a limiting frequency, with a cutoff of ~10 kHz at room tem-
perature (12). Thus, the frequency response of the motor
protein prestin has differed depending on whether sensor
charge or mechanical activity of the protein is evaluated.
The expectation that each metric (NLC or eM) should be
equivalently fast is based on the assumption that prestin’s
electromechanical responsiveness to voltage is governed
by a direct ultrafast two-state process, switching molecular
conformations between compact and expanded states. Thus,
technical issues affecting each of these measures could have
contributed to the mismatch.

The activity of prestin and its effects on cochlear amplifica-
tion are strongly dependent on chloride (13–17); it has been
shown that alteration of perilymphatic chloride reversibly
abolishes cochlear amplification (16). Recently, we observed
a dissociation between the eM and NLC magnitude and
voltage operating range that we attributed to slow inter-
mediate transitions between prestin’s chloride-binding and
voltage-enabled states (18). This discrepancy arose because
each was evaluated within different frequency regimes (eM
at near steady state and NLC at high frequency), under the
assumption that the two should have been equivalent. Here,
we simultaneously evaluate prestin’s charge movement with
measures of high-frequency alternating-current (AC) capaci-
tance and step-induced charge integration. We find that quan-
tification of charge is highly dependent on frequency of
interrogation, pointing to behavior in prestin that is inconsis-
tent with a simple ultrafast two-state process. Consequently,
prestin charge distribution, the rate of which we show to be
chloride-dependent, has been wrongly estimated by standard
high-frequency AC admittance measures. Voltage-evoked,
frequency-dependent eM measurements within the same
bandwidth used for NLC measurements confirm these obser-
vations. These data reveal that prestin activity is low pass in
this frequency domain, and that chloride does not influence
Qmax, the total prestin charge within the membrane. Our re-
sults have significant implications for our current understand-
ing of prestin behavior and cochlear amplification.
MATERIALS AND METHODS

Whole-cell patch-clamp recordings were made from single isolated OHCs

from the organs of Corti of Hartley albino guinea pigs. After animals were

overdosed with isoflurane, the temporal bones were excised and the top turns

of the cochleae dissected free. Enzyme treatment (1 mg/mL Dispase I for

10 min) preceded trituration, and isolated OHCs were placed in a glass-bot-

tom recording chamber. An inverted Nikon (Tokyo, Japan) Eclipse TI-2000

microscope with a 40� lens was used to observe cells during voltage clamp-

ing. Experiments were performed at room temperature. Direct-current (DC)

voltages were corrected for series-resistance (Rs) effects, and AC currents

were corrected for system roll-off, as previously described (19,20). Series

and membrane resistance determined from step analysis were similar for

the two chloride groups. For the 140 mM Cl group, Rs ¼ 9.37 5 0.31 MU

and Rm ¼ 337 5 45.9 MU for n ¼ 21 OHCs; for the 1 mM Cl group, Rs ¼
8.39 5 0.47 MU and Rm ¼ 365 5 40.5 MU for n ¼ 6 OHCs. Fig. 5, G

and H, shows that our measurement system, after corrections for Rs effects,

is flat out to 5 kHz, within which bandwidth our data arise (see the Appendix
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in the Supporting Material). All data collection and analysis was done with

the software program jClamp (http://www.scisoftco.com).
Solutions

Intracellular chloride levels were set to either 140 or 1 mM, levels that

bracket the intracellular concentration found in intact OHCs, namely,

~10 mM (16). An ionic blocking solution was used to remove ionic currents

to ensure valid measures of membrane capacitance. The extracellular-base

high-Cl solution contained 100 mM NaCl, 20 mM TEA-Cl, 20 mM CsCl,

2 mM CoCl2, 1 mM MgCl2, 1 mM CaCl2, and 10 mM Hepes. In some cases,

1 mM Gd3þ was included in the bath solution to block stretch channels and

assist in gigohm seal formation. We had previously shown that Gd3þ three

orders of magnitude greater can block NLC. At the concentration used, no

effects on NLC were observed. The intracellular-base solution contained

140 mM CsCl, 2 mM MgCl2, 10 mM Hepes, and 10 mM EGTA. Lower

chloride concentrations were set by substituting chloride with gluconate.

Intracellular chloride levels in the subplasmalemmal space of the OHC,

where prestin’s chloride-binding site resides, were guaranteed by setting

both intracellular and extracellular chloride concentrations equal. All chem-

icals used were purchased from Sigma (St. Louis, MO).
Cell capacitance

An Axon Instruments (Foster City, CA) 200B amplifier was used for whole-

cell recording. To measure both AC capacitance and integrated charge

movement, a simple voltage protocol was designed that included both

step stimulation and dual sine stimulation at a range of dual-sine interroga-

tion frequencies (Fig. 1, A and B). For AC admittance analysis, real and

imaginary components of currents were corrected for the recording-system

frequency response (19). No averaging was used with this protocol.

Membrane capacitance (Cm) was measured using a continuous dual-fre-

quency (discrete sinusoidal frequencies at f1 and f2, where f2 ¼ 2 � f1)

voltage-stimulus protocol (19,21). Simultaneous AC Cm sampling resolu-

tions (5.12, 2.56, 1.28, and 0.064 ms) were achieved by stimulating with

a summed multisine voltage (the multi-dual-sine approach) whose phases

were the same. Primary frequencies (f1) were 195.3, 390.6, 781.3, and

1562.5 Hz; all frequencies (10 mV peak) were superimposed onto steps

from –160 to þ100 mV for a duration of 700 ms at a clock sample period

of 10 ms. We limited our voltage delivery to �160 to 100 mV because with

this protocol, larger voltages caused cell recordings to be lost or unstable.

On return from each step to a sinusoidal-free holding potential of 0 mV

for at least 40 ms (see Fig. 1, where only a portion of the protocol is plotted),

voltage-sensor displacement currents are extractable. Thus, this approach

provided both mutlifrequency AC capacitance and step-induced charge

movement measures within one protocol, an important approach that en-

sures that the preparation is quasistationary in time.

After gigohm seal formation, stray capacitance was cancelled with ampli-

fier compensation controls, as is usually done. Since stray capacitance is fre-

quency dependent, it is important to ensure that it is cancelled out at each

recording frequency. The existence of stray capacitance causes an apparent

frequency dependence of linear capacitance, which should not be frequency

dependent. Measures of Rs are similarly affected. Consequently, in the

whole-cell configuration, residual stray capacitance at each of the recording

frequencies was cancelled with further manipulations of amplifier compen-

sation by ensuring that cell linear capacitance (or, equivalently, Rs) was con-

stant across frequency. This was done at very positive voltages, where OHC

capacitance is dominated by linear capacitance. Removal of stray capaci-

tance is necessary to meet Cm estimation algorithm requirements (19). We

have used this compensation approach to ensure accurate measures of hair

cell synaptic vesicle release at high interrogating dual-sine frequencies

(20,22). The Supporting Material Appendix expands on our approach.

For each cell, capacitance data were fit to the first derivative of a two-

state Boltzmann function with an additional component describing the

http://www.scisoftco.com


FIGURE 1 Stimulus and analysis paradigms.

(A) Traces of voltage protocol. Step voltages

(�160 mV to þ100 mV by 20 mV increments)

were delivered for 700 ms followed by a return

to a holding potential of 0 mV for 40 ms. Superim-

posed on the steps were summed discrete dual-sine

frequencies 655 ms in duration (see Materials and

Methods). (B) Elicited currents (offset for easy

visualization), AC and step-induced, were used to

extract capacitance and integrated charge move-

ments (dashed ovals), respectively. (C) Averaged

NLC traces of OHCs with intracellular chloride

clamped to 1 or 140 mM chloride. NLC was

estimated from the latter half of the dual-sine

stimulation duration. (D and E) Corresponding

displacement currents extracted by linear capaci-

tive current subtraction (D) and extracted Q-V

curves (E) at 1 mM and 140 mM chloride condi-

tions for an equivalent interrogation time based

on fits of NLC with Eq. 1 (blue traces) or on fits

of integrated off charge with Eq. 2 (red traces)

give comparable results, as expected (see Materials

and Methods for details). To see this figure in color,

go online.

Chloride Controls Prestin Kinetics
changes in specific membrane capacitance generated by prestin state tran-

sitions (23). The occupancy of prestin in the expanded state contributes

~140 zeptofarads/motor (dCsa) to the linear capacitance, producing an

apparent voltage-dependent change in linear capacitance at hyperpolarized

levels (23,24). This equation is called the two-state-Csa equation.

Cm ¼ Qmax

ze

kT

b

ð1þ bÞ2
þ DCsa

ð1þ b�1Þ þ Clin; (1)

where

b ¼ exp
�ze

kT
U
�

and U ¼ Vh � Vm:

Qmax is the maximum nonlinear charge moved, Vh is the voltage at peak

capacitance or, equivalently, at half-maximum sensor charge transfer, Vm

is the membrane potential, z is valence, e is the electron charge, k is Boltz-

mann’s constant, and T is absolute temperature. Clin is defined as the linear

capacitance of the membrane when all prestin motors are in their compact

state, the minimum membrane capacitance evident at depolarized voltages;

DCsa is the maximum increase in capacitance that occurs when all prestin

motors change from the compact to the expanded state, each motor contrib-

uting a unit response of dCsa. From such fits, voltage-dependent NLC (Cv) is

calculated from estimates of Qmax, i.e., Cv ¼ Qmax/(4 kT/ze) (25).

To confirm AC admittance estimates of sensor Qmax, we integrated

capacitive currents evoked at the end of voltage steps (exponentially decay-

ing currents of each trace, with the baseline set to current relaxations at

20 ms). Residual ionic currents that remained after our ionic blocking con-

ditions are time independent and thus were excluded for the most part from

integrations of the exponentially decaying currents. The integration time

window, starting at voltage offset, was varied from 3 to 20 ms. Previously,

we and others used a similar approach that we developed to extract NLC

during stair-step protocols by integrating total capacitive current at each

step and fitting the resulting Cm-Vm data to a two-state Boltzmann deriva-
tive plus a linear capacitance (26,27). Here, Q-V curves were fit to the in-

tegral of Eq. 1 with respect to Vm, yielding

Qtot ¼
�

Qmax � bþ Clin � ðU þ U � bÞ
bþ 1

þ DCsa � logðbþ 1Þ
ze=kT

�
þ off: (2)

The constant of integration (off) depends on the return holding voltage and

accounts for a vertical offset in the Qtot-Vm function. For fitting, we fixed

linear capacitance to the average value obtained from AC admittance mea-

sures for each chloride group, since these measures provided robust, con-

stant estimates across all frequencies (see Fig. 3). Additionally, we only

report measures of integrated charge after 3 ms (10 times our clamp time

constant), since earlier charge distribution at the voltage-pulse offset would

be influenced by our clamp time constants of <300 ms (~Rs � Cm). With

this approach we essentially removed linear capacitive charge contamina-

tion from the total integrated charge. Fig. 1 E illustrates the equivalence

of AC and time-domain estimates of Qmax.

Higher resolution of prestin’s frequency-dependent behavior was

obtained by stimulating OHCs with voltage chirps (linear increasing

frequency), with a frequency resolution of 24.41 Hz, and analyzing dual-

frequency admittance, obtained by fast Fourier transform, at each compo-

nent dual frequency (f1 and 2 � f1). The stimulus consisted of voltage steps

(�160 to 160 mV by 40 mV increments) superimposed with voltage chirps

of 10 mV peak (4096 points at a 10 ms sampling rate, giving an Fmax of 50

kHz). One benefit of the chirp signal is that it is a multifrequency stimulus

whose individual frequency components are equal in amplitude, this being

accomplished by varying the phase of each frequency. Another benefit is

that duration of the chirp can be easily changed (although the duration

used here was only 40.96 ms). Admittance at one frequency and its har-

monic were analyzed in exactly the same way as the dual-sine approach,

above (see the Supporting Material Appendix). We do that at all frequencies

within the chirp at a primary frequency increment of 24.41 Hz. With this
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protocol, filtered responses (10 kHz four-pole Bessel) were averaged three

times for each cell to reduce noise. The first chirp response during a step

was discarded, since it contains a transient response. We were able to bal-

ance out stray capacitance up to a frequency of ~5 kHz. This approach

enabled us to construct 3D images of NLC across frequency using averages

of all individual cell responses, thereby confirming and expanding on the

resolution of the multi-dual-sine approach detailed above.
eM measures

OHC eM data derive from our recent study on the phase relationships of eM

and membrane voltage (28). Here, we present the magnitude data trans-

formed into mechanical gain (nm/mV) so that they can be compared to

sensor charge movements, i.e., NLC. Briefly, cells were whole-cell voltage

clamped and eM was elicited with voltage bursts of frequency ranging from

0.024 to 6 kHz. A photodiode technique was used to measure movements of

the apex of the cell, with the cell bound at its basal pole by the patch elec-

trode. Full details can be found in (28).
Kinetic model

A full description of the meno presto model of prestin activity is provided in

our recent publications (24,28). Briefly, the model is multistate; after chlo-

ride binding, a slow intermediate transition leads to a voltage-enabled state,

which generates sensor charge movement. The delays afforded by its multi-

state nature underlie the model’s frequency dependence. The only parameter

that was modified to fit (by eye) the data in Fig. 4 was the model’s forward

transition rate constant, k1, for Cl� binding. The kinetic diagram and descrip-

tion are reproduced in Fig. 2 (reproduced from our previous work (24)).
RESULTS

Fig. 1 C shows the group-averaged NLC determined from
admittance measures (5.12 ms sampling rate) for OHCs re-
corded under 140 mM and 1 mM intracellular chloride
conditions. NLC fits for the 1 mM Cl group yield Vh ¼
�26.3 mV, Qmax ¼ 2.2 pC, Clin ¼ 21.84 pF, z ¼ 0.71, and
DCsa ¼ 3.2 pF; those for the 140 mM Cl group yield
FIGURE 2 Kinetic model of the meno presto model. The Xsal state is

bound by salicylate, but in this manuscript, salicylate is absent. The Xo state

is unbound by an anion. The Xc state is bound by chloride, but the intrinsic

voltage-sensor charge is not responsive to the membrane electric field. A

slow, multiexponential conformational transition to the Xd state via Xn states

enables voltage sensing within the electric field. Depolarization moves the

positive sensor charge outward, simultaneously resulting in the compact

state, C, which corresponds to cell contraction. Parameters and differential

equations are provided in (24).
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Vh ¼ �52.3 mV, Qmax ¼ 3.1 pC, Clin ¼ 24.24 pF, z ¼
0.80, and DCsa ¼ 2.1 pF. Fig. 1 D shows voltage-sensor
displacement currents after the offset of voltage steps ex-
tracted by subtraction of scaled difference currents evoked
between the potential of þ80 and þ100 mV, in an attempt
to remove linear capacitive currents, as is required for
gating/displacement current extraction (29). Clear chloride
differences exist, consistent with expectations. However,
because Cm plots show that substantial NLC resides at these
subtraction voltages, these displacement currents are inac-
curate. We and others have studied OHC/prestin displace-
ment currents for decades (12,30–33); however, because
of the shallow voltage dependence of prestin (z ~0.75), ex-
tracted waveforms and estimates of Qmax using P/N subtrac-
tion holding potentials, typically 40–50 mV, were adversely
affected in those studies. Extraction of the sensor charge us-
ing Eq. 2 (see Materials and Methods) overcomes this prob-
lem in determining Qmax. Fig. 1 E shows that determining
Qmax with either AC analysis or this time-domain approach
produces equivalent results.

Fig. 3, A and B, shows group averages of both peak NLC
(Cv) and linear capacitance as a function of interrogation
frequency. Our success at stray capacitance compensation
is borne out by the frequency independence of OHC linear
capacitance provided by fits to the Cm data (Fig. 3 B). Inter-
estingly, however, NLC shows a marked frequency depen-
dence, with larger magnitudes as interrogating frequency
decreases (Fig. 3 A). In fact, the frequency-dependent trend
in Cm data suggests that NLC at frequencies lower than our
lowest primary interrogating frequency of 195.3 Hz would
be larger. The Boltzmann parameters Vh and z are stable
across frequency (Fig. 3, C and D).

To better compare our measures across cells within the
two chloride conditions, we converted our measures to spe-
cific nonlinear charge (Qsp in pC/pF), thereby normalizing
for surface area and prestin content. In Fig. 4 A, we
plot AC-derived (Eq. 1) and integration-derived (Eq. 2)
sensor charge over a range of interrogation times. Admit-
tance interrogation time refers to the geometric mean of
sampling periods of both primary and secondary sinusoids,
whereas for integration estimates of sensor displacement
charge, interrogation time refers to an integration window
increasing up to 20 ms. It can be seen, as predicted
from admittance measures alone, that as interrogation time
increases, Qsp continuously increases. Integration times
>20 ms suffered from excess low-frequency noise, since
no averaging could be performed during data collections.
Electrode seals were routinely lost after the demanding pro-
tocol, since the OHC is quite mechanically active, with re-
sponses up to ~30 nm/mV (34) and on average 15 nm/mV
(35). To extend our estimates of sensor charge beyond
20 ms, we resorted to measures of averaged electromotility
(28), which were analyzed by fast Fourier transform,
providing much better signal/noise ratios. Since it is estab-
lished that eM is voltage-dependent (8,34), sensor charge



FIGURE 3 Voltage-dependent (Cv) and linear (Clin) components of OHC capacitance simultaneously measured with the multi-dual-sine approach. (A) Cv

displays a low-pass frequency dependence, which is unexpected for a fast two-state Boltzmann process. Differences between 1 mM (red circles, n ¼ 6) and

140 mM (blue circles, n ¼ 17) chloride conditions also show chloride-dependent frequency effects. (B) Clin is flat across frequency, as expected. The fre-

quency independence of Clin demonstrates that calibration of system responsiveness was accurately performed. (C and D) Vh and z are also stable across

frequency. Error bars depict the mean 5 SE, which in some cases is obscured by symbols. The solid lines in (A) are exponential, and those in (B)–(D)

are linear fits for presentation. To see this figure in color, go online.

Chloride Controls Prestin Kinetics
must correspond to eM magnitude. In Fig. 4 B, we plot eM
gain as a function of the stimulating-frequency period and
show that it corresponds to measures of AC-determined
sensor charge. Indeed, eM magnitude continues to grow
substantially as interrogation time increases, clearly indi-
cating that sensor charge for both the 140 and 1 mM condi-
tions trends toward equivalence with longer interrogations.
These data indicate that total sensor charge movement,
Qmax, is not directly linked to chloride concentration; rather,
only a frequency-dependent, apparent Qmax is linked, de-
pending on the kinetics of prestin’s conformational transi-
tions. It is not necessary to model these data to draw these
conclusions.

To understand molecular mechanisms that may underlie
this phenomenon, we simulated the meno presto model
(initially developed in (18) and expanded with full details
in (24)) with the same protocol (Fig. 4 B, gray lines). As
of periods of the dual-sine protocol, the integration time of sensor charge, or the

model indicate that regardless of chloride concentration (but at above-zero conce

toting at the maximum sensor charge dictated by prestin membrane content. D

(triangles) from n ¼ 5–8 OHCs. To see this figure in color, go online.
with the biophysical data, charge magnitude is dependent
on interrogation time and chloride level. The model fits
the data quite well, with increasing integration times (up
to 200 ms in the model) incrementally increasing the charge
measured. Importantly, for the model, estimated charge at
either chloride level asymptotes at the actual set Qmax,
with the time course depending on prestin’s transition rates.
Modification of our model parameters (24) was limited to
one parameter, namely, a reduction of the model’s forward
transition rate constant, k1, for Cl� binding (from 1e5 to
0.7e4). These results derive from the multiexponential ki-
netics of sensor charge movement in the meno presto model,
some slowly moving charge contributions being missed due
to shorter interrogation times, and the fact that only an
apparent Qmax was provided. Such behavior corresponds
to our biophysical observations of OHCs and complements
the biophysical data, which show that total sensor charge
FIGURE 4 Sensor charge movements estimated

from two-sine admittance analysis, off-current

integration, or eM show low-pass frequency char-

acteristics. (A) The AC measured specific sensor

charge (Qsp) corresponds to the integrated off-

charge and shows that discrete measures of charge

movement by AC admittance provide underesti-

mates of the total prestin charge. (B) Qsp (circles)

and eM (triangles), which is known to be driven

by voltage, display magnitudes that correspond to

the predictions of the meno presto model (gray

lines). Interrogation time is the geometric average

eM fundamental frequency period (see Results). The biophysical data and

ntrations), positive voltage will move prestin into the compact state, asymp-

ata are derived from averages of multi-dual-sine currents (circles) and eM
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movement is not directly linked to chloride concentration,
but rather is misestimated due to prestin kinetics, in contra-
distinction to long-held concepts.

Finally, to measure prestin’s frequency-dependent
behavior in finer detail and expand on our data set, we
measured NLC using chirp stimuli. Fig. 5 shows averaged
results from another group of cells under each of the two
chloride conditions (five to six cells per condition). NLC
increases with a reduction of interrogating frequency, ap-
proaching that expected from zero-frequency or infinite-
integration estimates of sensor charge (Fig. 5, A and B).
The meno presto model produces similar results (Fig. 5, C
2556 Biophysical Journal 110, 2551–2561, June 7, 2016
and D), whereas a fast two-state Boltzmann model and a
linear electrical resistor-capacitor (RC) model show no indi-
cation of frequency- or voltage/frequency-dependent capac-
itance, respectively (Fig. 5, E, G, and H). Appropriately
setting the rate constants in a two-state model (forward/
backward rate constants of 0.5e3 s�1) can produce a fre-
quency-dependent roll-off within the measured bandwidth
(Fig. 5 F); however, the resulting single-exponential transi-
tions produce a different form of frequency dependence as
compared to either the biophysical data or the meno presto
model. These data confirm the validity of multi-dual-sine
analysis of both linear electrical models and OHC NLC,
FIGURE 5 Membrane capacitance versus fre-

quency measured by high-resolution frequency-

dependent NLC of OHCs, the meno presto model,

the fast two-state model, and the electrical model.

(A) Averaged OHC NLC (n ¼ 5) measured using

the chirp protocol between 300 and 5000 Hz with

140 mM intracellular chloride. Note the rapid

decline of peak capacitance. (B) Another group

average of OHCs with 1 mM intracellular chloride

(n ¼ 6). The peak NLC decline is also evident in

this condition. (C and D) Cm versus frequency as

measured by the meno presto model at 140 mM

and 1 mM chloride, respectively. The stimulus pro-

tocol and analysis were the same as the biophysical

measures. Note the similarity to the biophysical

data. (E) Cm versus frequency as measured by the

fast two-state Boltzmann model (forward/back-

ward rate constants of 1.5e5 s�1). Note the absence

of NLC decline across frequency. (F) Cm versus

frequency as measured by the slower two-state

Boltzmann model (forward/backward rate con-

stants of 0.5e4 s�1). Note the gradual roll-off due

to reduced single-exponential transitions. (G) Cm

versus frequency as measured by the electrical

cell model with Rs ¼ 10 MU, Rm ¼ 300 MU,

Cm¼ 17 pF, all nominal. Note the flat Cm response

across frequency and voltage. (H) Cm versus fre-

quency as measured by the same electrical model,

with an additional 5 pF Cm switched in using a

magnetically activated reed relay with minimal

additional stray capacitance. To see this figure in

color, go online.
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highlighting, in the case of the OHC, the need to consider
interrogation frequency effects when assessing prestin’s
voltage-sensor Qmax, namely, total sensor charge in a given
cell.
DISCUSSION

Characterizing sensor-charge movement in voltage-sensi-
tive proteins provides a host of important information on
protein function, including operating voltage range and
maximum charge moved (Qmax). The latter metric aids in
quantifying protein content within the membrane, and our
data indicate that prestin may be present at densities higher
than the long-held estimates (26,36). For over a decade,
chloride has been believed to be a key player in prestin func-
tion (13–16), influencing the quantity of measured sensor
charge. However, our new data point to a role of chloride
in controlling prestin kinetics and not in limiting the quan-
tity of charge movement. Indeed, we previously showed
that the maximum OHC eM magnitude, which is expected
to correspond to the charge moved, since eM is voltage-
driven, is little affected by chloride (18).
Does chloride underlie prestin’s voltage-driven
charge movement?

Zheng et al. (7) identified the OHC molecular motor as the
fifth member of the mammalian SLC26 family of anion ex-
changers, of which 10 members have been identified (5,37).
These anion exchangers facilitate the transmembrane move-
ments of monovalent and divalent anions; however, prestin’s
transport capabilities are controversial, with some studies
showing transport capabilities and others not (38–43). It is
interesting to note that the influence of anions on NLC
had been observed before the identification of prestin. For
example, lipophilic anions, but not cations, were shown to
influence OHC eM and NLC (44), and it has been known
since the mid 1990s that the anion salicylate blocks
NLC and eM, working on the intracellular aspect of the
OHC (45,46). Notwithstanding the controversy of anion
transport, the existence of voltage-dependent displacement
currents, or NLC, has been taken to indicate an evolutionary
change that enables eM, since SLC26a5’s closest mamma-
lian homolog, SLC26a6, lacks this capability, as assessed
by standard high-frequency admittance techniques (13).
Whether other SLC26 family members actually possess
NLC is a subject for future investigation, since our data
indicate that we must now consider the occurrence of
charge movements that are slower than typically expected.
Should other family members possess slow voltage-sensor
charge movements, a scenario wherein kinetic modifications
within the family underlie prestin’s change to a molecular
motor would be compelling. Interestingly, zebra fish
prestin shows a lower-pass frequency response than rat
prestin (33).
In 2001, Oliver et al. (13) identified the chloride anion as
a key element in prestin activation by voltage. They specu-
lated that extrinsic anions serve as prestin’s voltage sensor
(17), moving only partially through the membrane. Our ob-
servations and those of others over the ensuing years have
challenged this concept, and we have suggested that chlo-
ride works as an allosteric-like modulator of prestin. These
observations are as follows. 1) Monovalent, divalent, and
trivalent anions, which support NLC, show no expected
changes in z or Qmax (47). 2) A variety of sulfonic anions
shift Vh in widely varying magnitudes and directions along
the voltage axis (47). 3) The apparent anion affinity changes
depending on the state of prestin, with anions being released
from prestin upon hyperpolarization, opposite to the
extrinsic sensor hypothesis (48). 4) Mutations of charged
residues alter z, our best estimate of unitary sensor charge
(41). 5) Prestin shows transport properties ((40,41,43); how-
ever, see (39,42)). Despite these challenges, the extrinsic
voltage-sensor hypothesis is still entertained. For example,
Geertsma et al. (49) used their recently determined crystal
structure of SLC26Dg, a prokaryotic fumarate transporter,
to speculate on how prestin’s extrinsic voltage sensor might
work. They reasoned that a switch to an outward-facing
state could move a bound anion a small distance within
the membrane. Unfortunately, there are no data showing
an outward-facing state, only an inward-facing one. Indeed,
if prestin did bind chloride but was incapable of reaching the
outward-facing state (a defunct transporter), no chloride
movements would occur upon voltage perturbation. Further-
more, the fact that the anion-binding pocket is in the center
of the protein would mean that if an outward-facing state
were achieved with no release of chloride, the monovalent
anion would move a very small distance through the electric
field of the membrane. However, z, from Boltzmann fits, in-
dicates that the anion moves three-quarters of the distance
through the electric field. Unless the electric field is inordi-
nately concentrated only at the binding site, it is difficult to
envisage this scenario. The data presented here clearly indi-
cate that no direct relation between chloride level and Qmax

exists, further suggesting that chloride does not serve as an
extrinsic voltage sensor for prestin. Nevertheless, our recent
work and meno presto model indicate that chloride binding
to prestin is fundamental to the activation of this unusual
motor. The model and data indicate that a stretched expo-
nential intermediate transition between the chloride binding
and the voltage-enabled state imposes lags that are ex-
pressed in whole-cell mechanical responses (28). This inter-
mediate transition also accounts for our frequency- and
chloride-dependent effects on measures of total charge
movement, Qmax. Indeed, based on site-directed mutations
of charged residues, we favor intrinsic charges serving as
prestin’s voltage sensors (41).

Recently, Gorbunov et al. (50), used cysteine accessibility
scanning and molecular modeling to suggest structural ho-
mology of prestin to UraA. Notably, the crystal structure
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of SLC26Dg (49) supports Gorbunov et al.’s structural inter-
pretations of prestin. Given the deduced structure, Gorbunov
et al. identified possible chloride-binding residues within
prestin’s central permeation pathway. When those residues
were mutated, the protein became anion-insensitive, yet
maintained NLC. For example, in the rPres mutation,
R399S, which maintains NLC, salicylate inhibition of
NLC was abolished. These data are in line with our observa-
tions that truncated Cl� movements are not responsible for
voltage sensing, namely, the generation of NLC.

We suggest, instead, that various anions differentially
modulate the transition rates of prestin, likely as a conse-
quence of their different binding affinities, thereby influ-
encing Vh (i.e., the distribution of compact and expanded
states of prestin) and the apparent Qmax obtained via
discrete frequency admittance measures. This concept may
explain the wide variability in prestin’s Boltzmann parame-
ters that we and others have found with various anions
(13,47).
Some of prestin’s voltage-dependent
characteristics are inadequately assessed using
admittance analysis

The prevailing concept of prestin activity has been that of an
ultrafast two-state Boltzmann process. This is not surpris-
ing, since the OHC can change its length at acoustic rates
up to 80 kHz (8–11). Consequently, this reasoning has
guided our assessment method of prestin activity, where
AC NLC measures have usurped the more tedious gating-
current methods that were utilized early on (32,35,51).
Nevertheless, even gating-charge evaluations have suffered
from problems associated with inadequate integration times
and the shallow voltage dependence of prestin, which makes
adequate linear leakage subtraction nearly impossible. Our
data now show that AC capacitance measures do not corre-
spond to full motor capability (18). The inaccuracies that
fast single or dual AC measurements provide needn’t
preclude their use, however, now that we have uncovered
their limitations. Thus, by measuring Cm with a range of
frequencies, with proper calibration for stray capacitance ef-
fects and including long interrogation times, valid measures
of Qmax can be obtained.

We previously noted that Boltzmann fits to the Q-V func-
tion of prestin cannot reliably predict unitary motor charge,
Qm, since even Langevin fits are reasonable, which would
place Qm values 3 times higher relative to two-state fits
(26). This has been clearly emphasized by the Gummer
group (52). One outcome of our study indicates that regard-
less of unitary charge magnitude (which remains stable
across frequency, as indicated by invariant z values), the
larger Qmax estimates from long interrogation times point
to a higher density of prestin within the OHC lateral mem-
brane. Consequently, the changes in prestin charge density
observed in previous studies by narrow-band admittance
2558 Biophysical Journal 110, 2551–2561, June 7, 2016
techniques may have been due to the effects of altered ki-
netics rather than prestin membrane content.
Frequency dependence of OHC chargemovement

The frequency dependence of OHC charge movement has
been investigated previously (12,31). Using the methodol-
ogy of Fernandez et al. (53), we showed that capacitive reac-
tance of the OHC with 140 mM intracellular solution in the
whole-cell voltage-clamp configuration was voltage- and
frequency-dependent, rising as zero frequency was ap-
proached (31). Subsequently, Gale and Ashmore (12)
measured NLC in OHC membrane patches, where clamp
time constants were better suited to high-frequency assess-
ment. They found flat responses out to ~10 kHz at room
temperature. Importantly, the direct effects of temperature
on OHC displacement currents and NLC have been evalu-
ated and shown to substantially affect NLC Vh (indicative
of transition-rate effects) of both OHC and prestin-
transfected cells when the bath temperature is altered
(30,54,55). Shifts of ~20 mV/�C were found. Additionally,
temperature jumps using an infrared laser on prestin-trans-
fected cells (56) induced Cm changes attributable to NLC
as well as linear Cm, as originally described by Shapiro
et al. (57). NLC Vh shifted with rates up to 14 V/s over
the course of a 5 ms infrared pulse. Thus, it is clear that
temperature will influence the frequency dependence of
OHC NLC. Consequently, after correcting for temperature,
Gale and Ashmore (12) arrived at a 25 kHz cutoff for
NLC, still far below the eM cutoff observed at room temper-
ature (11). We suggest that these incompatible measures
arise from technical issues. Considering the characteristics
of our recently espoused meno presto model (24,28), we
further suggest that sufficiently long stimulations of the
OHC will drive substantial numbers of prestins into the
chloride-bound, voltage-enabled state where they may
rapidly respond to voltage perturbations with cutoff fre-
quencies possibly unencumbered by the chloride-binding
step. Thus, the performance of the OHC may modulate be-
tween two frequency regimes, high and low; the latter
likely related to a slow transport function of the protein
(40,41,43).

Recently, Homma et al. (58) have measured the frequency
dependence of OHC NLC using our dual-sine approach, but
only with discrete dual-sine frequencies and without presen-
tation of linear capacitance data. Interestingly, they found
that NLC in control mouse OHCs was frequency indepen-
dent with high intracellular iodide solutions, but frequency
dependent with high intracellular chloride conditions. The
latter results are similar to our results under high-chloride
conditions. Thus, we concur that anions are influential
in controlling prestin kinetics, and we now must consider
the effects of chloride substitutes on prestin kinetics. Here,
we used gluconate—previously confirmed to be similar
to aspartate substitution (18)—to lower chloride to near
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physiological levels (16). Whether any of the effects of
iodide were due to chloride reductions remains to be
investigated.

Interestingly, Albert et al. (33) also presented data
showing low-pass NLC activity in rat prestin using single-
sine measurements (see their Fig. 3 E), which they attributed
to their recording equipment. Yet they note very fast clamp
speeds, and furthermore, they do not claim any untoward in-
fluences on the low-pass nature of zebra fish prestin in that
same study.
How can low-pass prestin sensor charge
movement that directly drives eM underlie
cochlear amplification?

Cochlear amplification provides a boost to auditory sensi-
tivity ranging from 100- to 1000-fold. It is thought to be
maximal at high acoustic frequencies, in the tens of kilo-
hertz range. There is ample evidence that prestin-driven
OHC electromechanical activity underlies cochlear amplifi-
cation, yet how can a voltage-dependent process that relies
on a low-pass voltage sensor to drive mechanical activity
work? We have previously estimated that mechanical re-
sponses at high acoustic frequencies would be markedly
smaller than basilar motion, based on the cell’s RC time
constant. This problem has been addressed by many
investigators, and many ostensible resolutions to the RC
time-constant problem have been proposed (15,25,59–62).
However, we must now consider the slow kinetics of prestin
at physiological chloride levels that we have uncovered.
This can only make matters worse. To be sure, we have
recently found that eM magnitude rolls off faster than
membrane voltage (28), and now we show that this roll-
off corresponds to sensor charge activity (Fig. 4 B). It is
possible that eM is not the main player and that OHC
voltage-dependent stiffness, for which there is a wealth of
evidence (63–65), is important.

On the other hand, we have found that the low-pass ki-
netic features of prestin can have high-frequency effects
that could influence its ability to interact with basilar mem-
brane/cochlear partition mechanics. Notably, we recently
found a frequency-dependent phase lag in eM (re voltage)
that is chloride dependent and is attributable to prestin’s
multistate kinetic features (28). Interestingly, phase lags
are also predicted based on an electrodiffusion model of
prestin (66), although the group that made that prediction
suggested through additional modeling that power-law
viscoelastic properties of the membrane could counter the
effects of such lags (67). Whether such unusual viscoelastic
properties characterize prestin’s membrane environment is
not known; however, our measured eM phase behavior in
OHCs suggests no countering effects of viscoelasticity in
the frequency range we studied. We propose that an accu-
mulating phase lag at the molecular level could have a sig-
nificant influence on the OHC’s ability to inject power into
the cochlear partition, despite an associated magnitude roll-
off dictated by low-pass sensor charge movement.
SUPPORTING MATERIAL

Supporting Materials and Methods and three figures are available at http://

www.biophysj.org/biophysj/supplemental/S0006-3495(16)30278-8.
AUTHOR CONTRIBUTIONS

J.S.S. designed and performed experiments, analyzed data, and wrote the

article. LS performed experiments.
ACKNOWLEDGMENTS

This research was supported by National Institutes of Health National Insti-

tute on Deafness and Other Communication Disorders grants DC00273 and

DC008130 to J.S.S.
REFERENCES

1. Armstrong, C. M., and F. Bezanilla. 1973. Currents related to move-
ment of the gating particles of the sodium channels. Nature.
242:459–461.

2. Schneider, M. F., and W. K. Chandler. 1973. Voltage dependent charge
movement of skeletal muscle: a possible step in excitation-contraction
coupling. Nature. 242:244–246.

3. Bezanilla, F. 2008. How membrane proteins sense voltage. Nat. Rev.
Mol. Cell Biol. 9:323–332.

4. Lacroix, J. J., A. J. Labro, and F. Bezanilla. 2011. Properties of deac-
tivation gating currents in Shaker channels. Biophys. J. 100:L28–L30.

5. Alper, S. L., and A. K. Sharma. 2013. The SLC26 gene family of anion
transporters and channels. Mol. Aspects Med. 34:494–515.

6. Ruggero, M. A., and N. C. Rich. 1991. Furosemide alters organ of Corti
mechanics: evidence for feedback of outer hair cells upon the basilar
membrane. J. Neurosci. 11:1057–1067.

7. Zheng, J., W. Shen, ., P. Dallos. 2000. Prestin is the motor protein of
cochlear outer hair cells. Nature. 405:149–155.

8. Ashmore, J. F. 1987. A fast motile response in guinea-pig outer hair
cells: the cellular basis of the cochlear amplifier. J. Physiol.
388:323–347.

9. Santos-Sacchi, J. 1992. On the frequency limit and phase of outer hair
cell motility: effects of the membrane filter. J. Neurosci. 12:1906–1916.

10. Dallos, P., and B. N. Evans. 1995. High-frequency motility of outer hair
cells and the cochlear amplifier. Science. 267:2006–2009.

11. Frank, G., W. Hemmert, and A. W. Gummer. 1999. Limiting dynamics
of high-frequency electromechanical transduction of outer hair cells.
Proc. Natl. Acad. Sci. USA. 96:4420–4425.

12. Gale, J. E., and J. F. Ashmore. 1997. An intrinsic frequency limit to the
cochlear amplifier. Nature. 389:63–66.

13. Oliver, D., D. Z. He, ., B. Fakler. 2001. Intracellular anions as the
voltage sensor of prestin, the outer hair cell motor protein. Science.
292:2340–2343.

14. Song, L., A. Seeger, and J. Santos-Sacchi. 2005. On membrane motor
activity and chloride flux in the outer hair cell: lessons learned from the
environmental toxin tributyltin. Biophys. J. 88:2350–2362.

15. Rybalchenko, V., and J. Santos-Sacchi. 2003. Cl� flux through a non-
selective, stretch-sensitive conductance influences the outer hair cell
motor of the guinea-pig. J. Physiol. 547:873–891.
Biophysical Journal 110, 2551–2561, June 7, 2016 2559

http://www.biophysj.org/biophysj/supplemental/S0006-3495(16)30278-8
http://www.biophysj.org/biophysj/supplemental/S0006-3495(16)30278-8
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref1
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref1
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref1
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref2
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref2
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref2
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref3
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref3
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref4
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref4
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref5
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref5
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref6
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref6
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref6
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref7
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref7
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref8
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref8
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref8
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref9
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref9
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref10
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref10
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref11
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref11
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref11
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref12
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref12
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref13
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref13
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref13
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref14
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref14
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref14
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref15
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref15
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref15
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref15


Santos-Sacchi and Song
16. Santos-Sacchi, J., L. Song, ., A. L. Nuttall. 2006. Control of mamma-
lian cochlear amplification by chloride anions. J. Neurosci. 26:3992–
3998.
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22. Schnee, M. E., M. Castellano-Muñoz, ., A. J. Ricci. 2011. Tracking
vesicle fusion from hair cell ribbon synapses using a high frequency,
dual sine wave stimulus paradigm. Commun. Integr. Biol. 4:785–787.

23. Santos-Sacchi, J., and E. Navarrete. 2002. Voltage-dependent changes
in specific membrane capacitance caused by prestin, the outer hair cell
lateral membrane motor. Pflugers Arch. 444:99–106.

24. Santos-Sacchi, J., and L. Song. 2014. Chloride and salicylate influence
prestin-dependent specific membrane capacitance: support for the area
motor model. J. Biol. Chem. 289:10823–10830.

25. Santos-Sacchi, J., S. Kakehata, ., T. Takasaka. 1998. Density of
motility-related charge in the outer hair cell of the guinea pig is
inversely related to best frequency. Neurosci. Lett. 256:155–158.

26. Huang, G., and J. Santos-Sacchi. 1993. Mapping the distribution of the
outer hair cell motility voltage sensor by electrical amputation.
Biophys. J. 65:2228–2236.

27. Oliver, D., and B. Fakler. 1999. Expression density and functional
characteristics of the outer hair cell motor protein are regulated during
postnatal development in rat. J. Physiol. 519:791–800, (In Process
Citation).

28. Santos-Sacchi, J., and L. Song. 2014. Chloride-driven electromechan-
ical phase lags at acoustic frequencies are generated by SLC26a5, the
outer hair cell motor protein. Biophys. J. 107:126–133.

29. Bezanilla, F., and C. M. Armstrong. 1977. Inactivation of the sodium
channel. I. Sodium current experiments. J. Gen. Physiol. 70:549–566.

30. Santos-Sacchi, J., and G. Huang. 1998. Temperature dependence of
outer hair cell nonlinear capacitance. Hear. Res. 116:99–106.

31. Santos-Sacchi, J. 1991. Reversible inhibition of voltage-dependent
outer hair cell motility and capacitance. J. Neurosci. 11:3096–3110.

32. Ashmore, J. F. 1989. Transducer motor coupling in cochlear outer hair
cells. In Mechanics of Hearing. D. Kemp and J. P. Wilson, editors.
Plenum Press, New York, pp. 107–113.

33. Albert, J. T., H. Winter, ., D. Oliver. 2007. Voltage-sensitive prestin
orthologue expressed in zebrafish hair cells. J. Physiol. 580:451–461.

34. Santos-Sacchi, J., and J. P. Dilger. 1988. Whole cell currents and me-
chanical responses of isolated outer hair cells. Hear. Res. 35:143–150.

35. Santos-Sacchi, J. 1989. Asymmetry in voltage-dependent movements
of isolated outer hair cells from the organ of Corti. J. Neurosci.
9:2954–2962.

36. Gale, J. E., and J. F. Ashmore. 1997. The outer hair cell motor in mem-
brane patches. Pflugers Arch. 434:267–271.

37. Mount, D. B., and M. F. Romero. 2004. The SLC26 gene family of
multifunctional anion exchangers. Pflugers Arch. 447:710–721.

38. Schaechinger, T. J., D. Gorbunov, ., D. Oliver. 2011. A synthetic pres-
tin reveals protein domains and molecular operation of outer hair cell
piezoelectricity. EMBO J. 30:2793–2804.
2560 Biophysical Journal 110, 2551–2561, June 7, 2016
39. Schaechinger, T. J., and D. Oliver. 2007. Nonmammalian orthologs of
prestin (SLC26A5) are electrogenic divalent/chloride anion ex-
changers. Proc. Natl. Acad. Sci. USA. 104:7693–7698.

40. Mistrı́k, P., N. Daudet, ., J. F. Ashmore. 2012. Mammalian prestin is a
weak Cl–/HCO3

– electrogenic antiporter. J. Physiol. 590:5597–5610.

41. Bai, J. P., A. Surguchev, ., D. Navaratnam. 2009. Prestin’s anion trans-
port and voltage-sensing capabilities are independent. Biophys. J.
96:3179–3186.

42. Tan, X., J. L. Pecka, ., D. Z. He. 2011. From zebrafish to mammal:
functional evolution of prestin, the motor protein of cochlear outer
hair cells. J. Neurophysiol. 105:36–44.

43. Schänzler, M., and C. Fahlke. 2012. Anion transport by the cochlear
motor protein prestin. J. Physiol. 590:259–272.

44. Wu, M., and J. Santos-Sacchi. 1998. Effects of lipophilic ions on
outer hair cell membrane capacitance and motility. J. Membr. Biol.
166:111–118.

45. Kakehata, S., and J. Santos-Sacchi. 1996. Effects of salicylate and lan-
thanides on outer hair cell motility and associated gating charge.
J. Neurosci. 16:4881–4889.

46. Tunstall, M. J., J. E. Gale, and J. F. Ashmore. 1995. Action of salicylate
on membrane capacitance of outer hair cells from the guinea-pig co-
chlea. J. Physiol. 485:739–752.

47. Rybalchenko, V., and J. Santos-Sacchi. 2008. Anion control of voltage
sensing by the motor protein prestin in outer hair cells. Biophys. J.
95:4439–4447.

48. Song, L., and J. Santos-Sacchi. 2010. Conformational state-dependent
anion binding in prestin: evidence for allosteric modulation. Biophys. J.
98:371–376.

49. Geertsma, E. R., Y. N. Chang, ., R. Dutzler. 2015. Structure of a pro-
karyotic fumarate transporter reveals the architecture of the SLC26
family. Nat. Struct. Mol. Biol. 22:803–808.

50. Gorbunov, D., M. Sturlese, ., D. Oliver. 2014. Molecular architecture
and the structural basis for anion interaction in prestin and SLC26
transporters. Nat. Commun. 5:3622.

51. Santos-Sacchi, J. 1990. Fast outer hair cell motility: how fast is fast? In
The Mechanics and Biophysics of Hearing. P. Dallos, C. D. Geisler,
J. W. Matthews, M. A. Ruggero, and C. R. Steele, editors. Springer-
Verlag, Berlin, pp. 69–75.

52. Scherer, M. P., and A. W. Gummer. 2005. How many states can the
motor molecule, prestin, assume in an electric field? Biophys. J.
88:L27–L29.

53. Fernández, J. M., F. Bezanilla, and R. E. Taylor. 1982. Distribution and
kinetics of membrane dielectric polarization. II. Frequency domain
studies of gating currents. J. Gen. Physiol. 79:41–67.

54. Santos-Sacchi, J., L. Song, and X. T. Li. 2009. Firing up the amplifier:
temperature, pressure and voltage jump studies on ohc motor capaci-
tance. In Proceedings of the International Workshop on the Mechanics
of Hearing (Keele University): 363–370.

55. Meltzer, J., and J. Santos-Sacchi. 2001. Temperature dependence of
non-linear capacitance in human embryonic kidney cells transfected
with prestin, the outer hair cell motor protein. Neurosci. Lett.
313:141–144.

56. Okunade, O., and J. Santos-Sacchi. 2013. IR laser-induced perturba-
tions of the voltage-dependent solute carrier protein SLC26a5.
Biophys. J. 105:1822–1828.

57. Shapiro, M. G., M. F. Priest, ., F. Bezanilla. 2013. Thermal mecha-
nisms of millimeter wave stimulation of excitable cells. Biophys. J.
104:2622–2628.

58. Homma, K., C. Duan, ., P. Dallos. 2013. The V499G/Y501H muta-
tion impairs fast motor kinetics of prestin and has significance for
defining functional independence of individual prestin subunits.
J. Biol. Chem. 288:2452–2463.

59. Ospeck, M., X. X. Dong, ., K. H. Iwasa. 2006. Electromotility in
outer hair cells: a supporting role for fast potassium conductance.
ORL J. Otorhinolaryngol. Relat. Spec. 68:373–377.

http://refhub.elsevier.com/S0006-3495(16)30278-8/sref16
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref16
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref16
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref17
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref17
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref17
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref18
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref18
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref18
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref18
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref19
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref19
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref19
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref20
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref20
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref20
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref21
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref21
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref21
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref22
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref22
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref22
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref23
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref23
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref23
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref24
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref24
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref24
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref25
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref25
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref25
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref26
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref26
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref26
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref27
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref27
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref27
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref27
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref28
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref28
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref28
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref29
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref29
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref30
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref30
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref31
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref31
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref32
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref32
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref32
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref33
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref33
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref34
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref34
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref35
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref35
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref35
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref36
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref36
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref37
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref37
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref38
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref38
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref38
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref39
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref39
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref39
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref40
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref40
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref40
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref40
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref40
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref41
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref41
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref41
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref42
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref42
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref42
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref43
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref43
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref44
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref44
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref44
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref45
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref45
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref45
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref46
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref46
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref46
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref47
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref47
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref47
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref48
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref48
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref48
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref49
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref49
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref49
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref50
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref50
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref50
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref51
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref51
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref51
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref51
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref52
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref52
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref52
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref53
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref53
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref53
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref55
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref55
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref55
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref55
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref56
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref56
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref56
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref57
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref57
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref57
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref58
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref58
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref58
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref58
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref59
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref59
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref59


Chloride Controls Prestin Kinetics
60. Spector, A. A., W. E. Brownell, and A. S. Popel. 2003. Effect of outer
hair cell piezoelectricity on high-frequency receptor potentials.
J. Acoust. Soc. Am. 113:453–461.

61. Johnson, S. L., M. Beurg, ., R. Fettiplace. 2011. Prestin-driven
cochlear amplification is not limited by the outer hair cell membrane
time constant. Neuron. 70:1143–1154.

62. Corbitt, C., F. Farinelli, ., B. Farrell. 2012. Tonotopic relationships
reveal the charge density varies along the lateral wall of outer hair cells.
Biophys. J. 102:2715–2724.

63. He, D. Z., S. Jia, and P. Dallos. 2003. Prestin and the dynamic stiffness
of cochlear outer hair cells. J. Neurosci. 23:9089–9096.
64. He, D. Z., and P. Dallos. 2000. Properties of voltage-dependent
somatic stiffness of cochlear outer hair cells. J. Assoc. Res. Otolar-
yngol. 1:64–81.

65. He, D. Z., and P. Dallos. 1999. Somatic stiffness of cochlear outer hair
cells is voltage-dependent. Proc. Natl. Acad. Sci. USA. 96:8223–8228.

66. Sun, S. X., B. Farrell, ., A. A. Spector. 2009. Voltage and frequency
dependence of prestin-associated charge transfer. J. Theor. Biol.
260:137–144.

67. Roy, S., W. E. Brownell, and A. A. Spector. 2012. Modeling electrically
active viscoelastic membranes. PLoS One. 7:e37667.
Biophysical Journal 110, 2551–2561, June 7, 2016 2561

http://refhub.elsevier.com/S0006-3495(16)30278-8/sref60
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref60
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref60
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref61
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref61
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref61
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref62
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref62
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref62
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref63
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref63
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref64
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref64
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref64
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref65
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref65
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref66
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref66
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref66
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref67
http://refhub.elsevier.com/S0006-3495(16)30278-8/sref67


Biophysical Journal, Volume 110
Supplemental Information
Chloride Anions Regulate Kinetics but Not Voltage-Sensor Qmax of the

Solute Carrier SLC26a5

Joseph Santos-Sacchi and Lei Song



Supporting material 
 
Removal of stray capacitance at Cm measuring frequencies 
 We use an Axon 200B patch clamp amplifier to measure OHC capacitance. Methodology was coded 
in jClamp and utilizes admittance measures at 2 frequencies to measure capacitance (1, 2). A linear cell 
model is depicted below, where Rs, Rm and Cm at each frequency (0, 1) are derived from the 
following equations. 
 
a0=real(Y) @ w0 
a1=real(Y) @ w1 
b0=imag(Y) @ w0 
b1=imag(Y) @ w1 

 
c0=a0^2 + b0^2; 
c1=a1^2 + b1^2; 
  
b=(-0.5) * (-c1+c0 + sqrt(c1^2 - 2*c1*c0 + c0^2 - 4*a1*a0*c1 + 4*a1^2*c0 + 4*a0^2*c1 -  4*a0*a1*c0)) / (a1-a0); 
  
Rs0=(a0-b) ./ (a0.^2 + b0.^2 - a0*b); 
Rm0=1/b * ((a0-b).^2 + b0.^2) ./ (a0.^2 + b0.^2 - a0*b); 
Cm0=((1 ./ (w0.* b0)) .* ((a0.^2 + b0.^2 - a0*b).^2) ./ ((a0-b).^2 + b0.^2)); 
  
Rs1=(a1-b) ./ (a1.^2 + b1.^2 - a1*b); 
Rm1=1/b * ((a1-b).^2 + b1.^2) ./ (a1.^2 + b1.^2 - a1*b); 
Cm1=(1 ./ (w1.* b1)) .* ((a1.^2 + b1.^2 - a1*b).^2 ./ ((a1-b).^2 + b1.^2)); 
 

 
An example of our approach to remove stray capacitance is shown below using jClamp interfaced 

to a MatLab Simulink model. First, the model is evaluated without stray capacitance, where Rs= 10 
Mohm, Rm=200 Mohm, Cm= 15 pF. 

Note that the solutions (Rs and Cm plotted) provide exact parameter estimates regardless of frequency 
of stimulation (or, in fact, regardless of component values). However, real world recording includes 
parasitic capacitances, termed stray capacitance, the inclusion of which is modeled below. 
 



 
Here, utilization of the exact solutions above provides inaccurate measures, showing both Rs and Cm 
decreasing with increasing frequency. Both Rs and Cm are linear, and as defined are neither frequency 
nor voltage dependent. It behooves us then to remove stray capacitance effects during our recordings, 
since only without stray capacitance are our equations valid. Typically, stray capacitance effects (e.g., 
due to pipette holder and pipette – we use thick wall borosilicate glass pipettes coated with M-coat to 
reduce stray capacitance) are cancelled following gigohm seal formation during patch clamp recording 
by utilizing Axon 200B amplifier capacitance compensation controls. Unfortunately, this balancing 
procedure (using voltage steps in the time domain to cancel capacitive spikes) often is imperfect and 
stray capacitance effects can remain at our measurement frequencies. We attempt to overcome this 
problem after establishing whole cell configuration by stimulating in the frequency domain with a multi-
frequency protocol that defines our interrogating frequencies. We then further fine balance with amplifier 
controls until calculated linear Cm and Rs are flat across frequency, as they should be. Any change in 
stray capacitance during the course of a recording session can be cancelled in this manner, e.g., if bath 
fluid levels changes. For our studies on synaptic activity (3-5), we can remove stray capacitance at any 
holding potential since the membranes of cells we study have no large intrinsic voltage dependent 
capacitance. However, in order to balance out stray capacitance for OHCs we hold the cell at positive 
potentials where linear capacitance dominates. Having succeeded in minimizing confounding effects of 
stray capacitance on linear membrane capacitance measurements across frequency, we then can 
investigate the frequency dependence of NLC. As detailed in the Methods section of our manuscript, 
Cm is measured at a range of holding potentials to generate a Cm-Vm plot that is fit with eq. 1, enabling 
extraction of Boltzmann characteristics, Qmax, Vh, and z. When sensor charge (Qmax) is plotted versus 
frequency of interrogation, we find that NLC is frequency dependent but linear capacitance is frequency 
independent (Fig. 2), confirming stray capacitance cancellation at our measuring frequencies. Our 
modelling indicates that the frequency dependence of NLC relates to the transition rates between 
conformational states of prestin. 
 
Rs effects on membrane voltage drop and clamp time constant are removed with our 
methodology 
 Equipment frequency response (magnitude and phase of amplifier and associated equipment in 
the recording path) is corrected for by generating a calibration table across measurement frequencies, 
which is applied post-hoc to correct data for system response characteristics. This is a standard 
approach in all areas of system identification, including patch clamp assessment of Cm (6). 



 Our dual-sine analysis fundamentally corrects for effects of Rs, since it works by finding the 
parameter solutions of the total admittance of the patch clamp-cell circuit (as modelled above), given a 
known voltage across the total admittance. Thus, Cm derivation by this method takes into account the 
voltage drop across Rs at any frequency, providing true measures of Cm across frequency. Fits to Cm-
Vm (or Q-Vm, in the case of current integrations) are made using corrected Vm values based on 
measured Rs, namely, Vm= Vcom – Irs * Rs, where the cell has been held sufficiently long to reach 
steady state voltage levels (in our case, for hundreds of ms before Cm analysis). Below, we show with 
electrical and mathematical models that Rs effects do not interfere with our Cm measures. 

 
 
 

A) An electrical model cell was used to measure Cm, following stray capacitance cancellation as 
above. Model parameters were Rs=10 or 20M, Rm = 500 M, Cm= 33 pF. The plot shows that 
the ratios of Cm@20 M/ Cm@10 M measured at a range of holding potentials and 
frequencies (primary f1 frequency of dual-sine stimulus shown) are essentially identical (ratio ~ 
1), regardless of Rs value. This indicates that Rs (with its influence on clamp time constant) does 
not affect our Cm frequency response measures in the absence of stray capacitance. Average 
Cm across voltages at 195 Hz was 33.0 pF for 10 M Rs and 33.2 pF for 20 M Rs. At 1562 
Hz values were 33.1 pF for 10 M Rs and 33.0 pF for 20 M Rs. Differences arise form variability 
in stray capacitance cancellation, as is evident from model evaluations in B) in the absence of 
stray capacitance. 

B) The meno presto model (7) was used to measure Cm-Vm functions that were fit to extract Qmax. 
Rs ranging from 5-20 M has no effect on the magnitude or frequency response of NLC (Qmax), 
which is frequency-dependent due to model transition rates. Frequency is (plotted on a linear 
scale. Chloride set to 140 mM. Rm=200 M, Clin=20 pF. 
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Chloride-driven Electromechanical Phase Lags at Acoustic Frequencies
Are Generated by SLC26a5, the Outer Hair Cell Motor Protein
Joseph Santos-Sacchi1,2,3,* and Lei Song1
1Surgery (Otolaryngology), 2Neurobiology, and 3Cellular and Molecular Physiology, Yale University School of Medicine, New Haven,
Connecticut
ABSTRACT Outer hair cells (OHC) possess voltage-dependent membrane bound molecular motors, identified as the solute
carrier protein SLC26a5, that drive somatic motility at acoustic frequencies. The electromotility (eM) of OHCs provides for
cochlear amplification, a process that enhances auditory sensitivity by up to three orders of magnitude. In this study, using whole
cell voltage clamp and mechanical measurement techniques, we identify disparities between voltage sensing and eM that result
from stretched exponential electromechanical behavior of SLC26a5, also known as prestin, for its fast responsiveness. This
stretched exponential behavior, which we accurately recapitulate with a new kinetic model, the meno presto model of prestin,
influences the protein’s responsiveness to chloride binding and provides for delays in eM relative to membrane voltage driving
force. Themodel predicts that in the frequency domain, these delays would result in eM phase lags that we confirm bymeasuring
OHC eM at acoustic frequencies. These lags may contribute to canceling viscous drag, a requirement for many models of
cochlear amplification.
The outer hair cell (OHC) is one of two receptor cell types in
the organ of Corti, but unlike the inner hair cell it displays
electromotile behavior distinct from any other form of
cellular motility (1–4). OHC electromotility (eM) arises
from the concerted action of millions of molecular motors
embedded in the lateral membrane of the cell. They respond
directly to membrane voltage and evidence reciprocal activ-
ity; namely, they are piezoelectric-like (5–7). Indeed, there
is clear evidence that surface area changes accompany state
transitions in the motor [see (8)]. The identification of these
motors as members of the anion transporter family SLC26
(9), of which prestin is the 5th member (a5), underscores
an interesting molecular evolution designed to boost the per-
formance of auditory sensitivity and selectivity. This
enhancement is known as cochlear amplification (10).

A class of cochlear models requires an electromechan-
ical phase disparity for effective cochlear amplification
(11–13), OHC eM lagging receptor potentials. Tradition-
ally, these models assign the mechanism to processes other
than the OHC itself. The phase lag provides for the prop-
erly timed injection of mechanical force into the cochlear
partition to counter viscous detriment. Most molecular
models of prestin behavior envision tightly coupled inter-
actions between membrane voltage and eM, arising from
sensor charge movements obeying Boltzmann statistics
(14–20). Thus, Boltzmann characteristics of sensor charge
and eM, namely Qmax /eMmax and Q Vh / eM Vh, are
commonly believed to tightly correspond. However, we
recently showed significant uncoupling of these character-
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istics depending on rate and polarity of voltage stimulation
and on intracellular chloride level (21). We showed that a
slow intermediate transition placed between prestin’s chlo-
ride binding transition and the voltage dependent transition
responsible for eM could qualitatively account for the
data, and we surmised that a molecularly based phase
lag should arise. In this study we test this hypothesis by
measuring eM at acoustic frequencies and find that indeed
substantial frequency dependent phase lags are produced
between membrane voltage and eM, showing chloride
dependence. An enhanced stretched-exponential kinetic
model, termed the meno presto model of prestin, nicely
fits the data, whereas a model lacking the intermediate
transitions fails.
METHODS

Whole cell recordings were made from single isolated OHCs from the or-

gan of Corti. Hartley albino guinea pigs were overdosed with isofluorane,

the temporal bones excised and the top turns of the cochleae dissected

free. Enzyme treatment (1 mg/ml Dispase I, 10 min) preceded gentle tritu-

ration, and isolated OHCs were placed in a glass-bottom recording cham-

ber. Either a Nikon E600-FN microscope with 40� water immersion lens

or an inverted Nikon Eclipse TI-2000 microscope with 40� lens was

used to observe cells during voltage clamp. Experiments were performed

at room temperature.
Solutions

Chloride levels were set to surround the 10 mM intracellular level in intact

OHCs (22). Valid measures of membrane capacitance required an ionic

blocking solution to remove ionic currents. The base high Cl solution con-

tained (in mM): NaCl 100, TEA-Cl 20, CsCl 20, CoCl2 2, MgCl2 1, CaCl2
1, and Hepes 10. Lower chloride concentrations (10, 1, and 0.1 mM) were

achieved by substituting chloride with gluconate. Base intracellular solu-

tions contains (in mM): CsCl 140, MgCl2 2, Hepes 10, and EGTA 10.
http://dx.doi.org/10.1016/j.bpj.2014.05.018
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To unequivocally set intracellular chloride levels in the subplasmalemmal

space of the OHC, both intracellular and extracellular chloride concentra-

tions were set equal. All chemicals used were purchased from Sigma

(Sigma-Aldrich, St. Louis, MO).
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FIGURE 1 Electromechanical measures of prestin activity. (A) Image of

OHC apical region was projected onto a photodiode to measure cell move-

ment. (B) Simultaneous measures of OHC NLC and eM, measured via

photodiode. No averaging. Note that NLC Vh and eM Vh differ (arrows)

with that of eM shifted rightward. Chloride level was 1 mM. To see this

figure in color, go online.
Cell capacitance and mechanical response

An Axon (Molecular Devices, Sunnyvale, CA) 200B amplifier was used for

whole cell recording. Coupled voltage ramps (depolarizing followed imme-

diately by hyperpolarizing ramp) of 100 and 500 ms were delivered to the

cells from a holding potential of 0 mV. No averaging was done.

Nonlinear capacitance was measured using a continuous high resolution

(2.56 ms sampling) two-sine stimulus protocol (10 to 20 mV peak at a pri-

mary frequency of 390.6 and harmonic of 781.2 Hz) superimposed onto the

voltage ramps (23,24). It is mandatory that ionic conductances be blocked

to insure accurate results, and imperative that system calibration be per-

formed, as specified in our software design, jClamp (Scisoft, Ridgefield,

CT). Capacitance data were fit to the first derivative of a two-state Boltz-

mann function (15) as follows:

Cm ¼ Qmax

ze

kT

b

ð1þ bÞ2
þ Clin;

b ¼ exp

�
�zeðVm � VhÞ

kT

�

providing Qmax, the maximum nonlinear charge moved; Vh, the voltage at

peak capacitance or equivalently, at half maximum charge transfer; z, the

valence; and Clin, the linear membrane capacitance.

Simultaneous eM measurements were made either with fast video

recording or photo diode. A Prosilica GE680 camera (Allied Vision Tech-

nologies, Exton, PA) was used for video measures, and details can be

found in a previous publication (21). For photodiode measures, the image

of the OHC apical region was projected onto a photodiode to measure cell

movement, in a similar fashion to the method of Clark et al. (25). Two

aligned, same optical axis, microscope cameras (Logitech webcam

C650, Newark CA) were used: one to image the cell during patch

recording and the other to ensure proper image placement. The inner cam-

era (Fig. 1 A, 1) sensor area (white bordered quadrangles), upon which a

1.1 � 2.67 mm photodiode (SD076-11-31-211, Advanced Photonics, Ann

Arbor, MI) was mounted (yellow boxed area), monitored only the OHC

apex, whereas the other camera (Fig. 1 A, 2) sensor region (which actually

viewed the whole cell) was used for patch electrode placement and moni-

toring image rotation and x-y shifts utilizing a dove prism and gimbaled

mirror, respectively. Video capture was made with the wide field camera

to determine actual cell displacement magnitude. With either the Prosilica

camera or the photo diode approach, the edge of the cuticular plate was

used to track OHC length change, the patch electrode providing a fixed

point at the basal end of the cell. For photodiode measures, calibration

was additionally made by movements of the OHC image via gimbaled

mirror tilt (see Fig. 5). Sigmoidal fits (four parameters) provided estimates

of Vh, maximal movement, and slope factor, b. Shift of motility against

NLC (NonLinear Capacitance) is calculated by subtracting NLC Vh

from eM Vh.

AC analysis of membrane currents (Im) and eM were made by stimu-

lating cells with voltage bursts at harmonic frequencies from 12.207 to

6250 Hz, with a 10 ms sample clock. Voltage bursts were ramped on and

off to avoid transients. Magnitude and phase of responses were computed

by FFT (fast Fourier transform) in jClamp. Fits in Matlab were made using

least squares simultaneously on the transformed real and imaginary compo-

nents of all spectral components of both eM and Im. The effects of turgor

pressure and magnitude of voltage stimulation on eM phase were also

investigated. Turgor pressure was modified by applying pressure to the

patch pipette using an ALA’s High Speed Pressure Clamp, HSPC-1 (West-

bury, NY).
Model assessment

A kinetic model, termed the meno presto model of prestin, was used to fit

the eM data. The meno presto model (Fig. 3) was assessed using Matlab

Simulink in conjunction with jClamp. It is an extension of the simple model

in Song and Santos-Sacchi (2013) that now introduces stretched exponen-

tial behavior in the intermediate transition between chloride binding and

voltage dependency.

XO#
k1

k2
XC

#
a1

b1

X1#
a1

b1

, , ,
#

an

bn

Xn#
an

bn

Xd#
a

b
C

Xo state is unbound by anion. Xc state is bound by anion but intrinsic voltage

sensor charge is not responsive to membrane electric field. A slow, multi-

exponential conformational transition to Xd state via Xn states enables

voltage sensing within the electric field. Depolarization moves positive

sensor charge outward, simultaneously resulting in compact state C, which

corresponds to cell contraction. The differential equations are as follows:

dXo

dt
¼ Xc , k2 � Xo ,

�
Cl�

�
k1

dXc � �� X27 X27

dt
¼ Xo , Cl k1 þ

n¼ 1

Xn , bn � Xc , k2 �
n¼ 1

Xc ,an

dXn ¼ X ,a þ X , b � X ,a � X , b

dt

c n d n n n n n
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dX X27 X27

d

dt
¼ C , bþ

n¼ 1

Xn ,an � Xd ,a�
n¼ 1

Xd , bn

dC
dt
¼ Xd ,a� C , b

where an¼ A*(exp(-(n-1)))w, bn¼ an, w¼ 0.6, A¼2.5e4 for n¼ 0.25, k1¼
1.5e5, k2 ¼ k1*kd, kd ¼.012, z ¼ 0.7, nPres ¼ 25e6, a ¼ 1.3e6 *

exp((z*F*Vm/(2*R*T))), b ¼ 7.7e4 * exp((-z*F*Vm/(2*R*T))). Equiva-

lence of an and bn transition rates assures detailed balance of the reaction

scheme (26). Parameters were varied until a good approximation of the

data was obtained. We used 27 intermediate transitions to get as many expo-

nential components such that a range of frequencies could be fit by the

model. A single exponential intermediate transition will only influence

one small frequency range, as we showed in our PNAS paper (21). Basically

the prestin model is frequency sensitive, showing effects across our

measured frequency range.

jClamp provides an automation link to Matlab that allows voltage stimuli

to be delivered to and current responses to be obtained from Simulink

models. Solutions were obtained with the ode45 (Dormand-Prince) solver

at a fixed absolute tolerance of 10�6. The meno presto model was interfaced

to jClamp via a model of the patch clamp amplifier and OHC. The linear

component of the patch-cell model was composed of Rs (pipette resistance)

in series with a parallel combination of Rm (membrane resistance) and Clin

(linear capacitance). For the AC data fits, an additional uncompensated

stray pipette capacitance modeled as a series combination of resistance

(Rp) and capacitance (Cp) was included (24). Given the above meno presto
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model parameters, fits of AC data were made with patch clamp parameters

of Rs¼ 6.1 MU, Rm¼ 275 MU, Clin¼ 23 pF, Rp¼ 15 MU, Cp¼ 0.4 pF for

the 140 mM chloride condition, and Rs ¼ 6.6 MU, Rm ¼ 265 MU, Clin ¼
26.5 pF, Rp¼ 10 MU, and Cp¼ 0.4 pF for the 1 mM chloride condition. The

exact same voltage stimuli and exact same analysis of model data were per-

formed as with the biophysical data. For comparison purposes, a model

emulating a fast two-state Boltzmann, with the intermediate transitions

removed and k1 rate constant set to 1.5e10, was evaluated, as well. Mechan-

ical contraction data of the model, namely eM, was taken as the accumu-

lated residence in the C state (see Fig. 3).
RESULTS

Under whole cell voltage clamp, OHCs change length when
membrane voltage is altered. Fig. 1 B shows an example of
an OHC mechanical response (eM) measured with photo-
diode during a voltage ramp. Simultaneously, a bell-shaped
nonlinear capacitance (NLC) is measured, an estimate of
prestin’s voltage sensor charge movement. Note that the ar-
rows depicting NLC Vh and eM Vh are separated, with eM
shifted rightward along the voltage axis. This disparity un-
derscores an uncoupling between voltage sensor and eM.

The magnitude of this Vh disparity is dependent both on
the polarity of the voltage ramp that is used to obtain
Cm-Vm functions and on intracellular chloride level. Hyper-
polarizing ramps (Fig. 2 A) produce a maximal disparity
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FIGURE 2 Chloride dependence of Boltzmann

characteristics of eM and NLC as a function of de-

polarizing and hyperpolarizing ramps. (A) NLC Vh

disparities arise as chloride levels are decreased,

with effects being larger on eM, and larger dispar-

ities being observed with depolarizing ramps (B).

(C) Qmax, determined from NLC fits, decreases as

chloride levels are lowered. Hill coefficient (n)

and K1/2 are shown. Contrarily, eM magnitude is

little affected. Similar results are obtained with de-

polarizing ramps (D). Plots are of average (þ/�se)

results from combined responses to 100 ms and

500 ms ramps, (n ¼ 5 to 15). (E) Stretched expo-

nential changes in OHC NLC occur during a con-

stant voltage step from þ 50 mV to -110 mV.

4 msec clock, Cm inspection resolution 0.512 ms.

To see this figure in color, go online.
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appreciably less than depolarizing ramps (Fig. 2 B), each po-
larity, however, showing larger disparities as chloride levels
are reduced. Plots show means and se (5 to 15 cells per point)
of the average responses to 100 and 500 ms ramps. At the
0.1 mM chloride level, eM Vh was 32.9 þ/� 6.9 mV and
NLC Vh was 16.9 þ/� 4.8 mV for hyperpolarizing ramps,
whereas for depolarizing ramps eM Vh was 67.8 þ/�
6.6 mV and NLC Vh was 23.8 þ/� 3.9 mV (n ¼ 5). In
individual cells with faster ramps, we have observed such dis-
parities greater than 60 mV. Similarly, disparities in Q esti-
mates and eM measures are found as chloride levels are
lowered (Fig. 2 C and D). Whereas estimates of Q from
NLC are highly chloride dependent, showing a K1/2 of
0.3 mM from Hill fits, eM changes very little across chloride
levels. These data indicate an uncoupling between sensor
charge movement determined from NLC and OHC mechan-
ical activity. In simple two-state models of electromotility, no
disparities are expected.

Thus, we believe that this uncoupling results from an
additional slow molecular transition in prestin that derives
from a more complicated molecular scheme (21); this
slow process is readily evidenced as a stretched exponential
component of OHC Cm when membrane voltage is stepped.
Fig. 2 E illustrates the resulting complex behavior in Cm

during a fixed step from þ50 mV to -100 mV, showing an
initial rapid rise in Cm followed by a multi-exponential
decay with tau components ranging from millisecond to sec-
onds (27). Unfortunately, our recently developed model
(21), which introduces an intermediate transition between
chloride binding and voltage-dependent mechanical activ-
ity, cannot account for the observations shown in Fig. 2
because it provides only a single exponential transition.
To more accurately account for our experimental findings,
we expanded on this model to give stretched exponential
behavior. A cartoon of the new meno presto model is shown
in Fig. 3 and is described in detail in the Methods section. As
can be seen in Fig. 4, the model results show marked simi-
Xo αn∗

βn∗

α

β

Xc Xd Ck1k2

intracellular 

extracellular 

* Stretched exponen al transi on

FIGURE 3 Stretched kinetic model of prestin activity within the plasma

membrane. Xo state is unbound by anion. Xc state is bound by anion but

intrinsic voltage sensor charge is not responsive to membrane electric field.

Slow, multi-exponential conformational transition to Xd state via Xn state

enables voltage sensing of electric field. Depolarization moves positive

sensor charge outward, simultaneously resulting in compact state C, which

corresponds to cell contraction. Equivalence of an and bn transition rates

assures detailed balance of the reaction scheme. To see this figure in color,

go online.
larities to the biophysical data, with Vh disparities showing
chloride dependence and depolarizing ramps producing
larger disparities (Fig. 4 A and B). K1/2 values for NLC-
derived Q are quantitatively similar to those in OHCs
(Fig. 4 C and D), and importantly, stretched exponential
behavior of Cm arises during step voltages (Fig. 4 E). To
reiterate, these results are not observed with our previous
single exponential model (21). Thus, we believe that an in-
termediate transition with stretched exponential kinetics is
required to recapitulate the biophysical data.

To appreciate the impact of prestin’s complex behavior on
audition, we measured the magnitude and phase of OHC eM
at acoustic frequencies. We stimulated cells with a nominal
50 mV peak AC voltage command under whole cell voltage
clamp. Such magnitudes allowed us to generate eM magni-
tudes easily measurable via photodiode with fairly low num-
ber of averages to ensure maintenance of patch recording
and limit cell damage. Because we were especially inter-
ested in phase behavior of the OHC eM, we ensured that
phase behavior was not stimulus magnitude dependent
(Fig. 5 A). We also determined that phase behavior was
not dependent on steady-state turgor pressure, because this
may vary among cells (Fig. 5 B). Though turgor pressure
did not affect phase, magnitude of eM increased with pres-
sure. Thus, cell magnitudes are reported as relative to lowest
frequency response. Fig. 6 shows the average (þ/� se; n¼ 5
to 8) magnitude and phase of both measured membrane cur-
rent (Im, blue symbols) and eM (red symbols) for two groups
of cells under (A) 140 mM chloride and (B) 1 mM chloride
conditions. The correspondingly colored solid lines are fits
with the meno presto model, quantitatively falling within
the standard errors for each condition at every frequency.
Model parameters are reported in the Methods section.
The thick solid green lines depict the membrane voltage
magnitudes and phases. The striking observation is that
there is a frequency dependent phase lag between Vm and
eM, for both low and high chloride conditions, with the
lag being significantly larger at several frequencies in the
low chloride condition (asterisks in Fig. 7). Furthermore,
the eM magnitude roll-off is greater than that of Vm,
showing some chloride level dependence. For comparison,
the Vm and eM magnitude and phase of a simple fast kinetic
model (see Methods) is plotted (eM, red square symbols;
Vm, dark green dashed line) and demonstrates neither phase
lags nor magnitude disparities between the two. Indeed, the
phase and magnitude of biophysical data cannot be fit by
such simple models. We conclude that a slow, stretched
exponential behavior of prestin generates the disparities
between membrane voltage/sensor charge movement and
electromotility.
DISCUSSION

Our data show marked uncoupling of OHC eM, voltage
sensor charge movement and membrane voltage. The
Biophysical Journal 107(1) 126–133
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ensuing disparities in those measures are chloride depen-
dent, with lower chloride levels producing greater uncou-
pling. In the frequency domain, these disparities display as
a differential roll-off in magnitude and a phase lag between
membrane voltage and electromotility. The meno presto ki-
netic model that we developed fits the data quantitatively,
and illustrates how molecular delays introduced by multi-
exponential transitions can influence OHC electro-me-
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chanics. A simple model without a stretched-exponential
intermediate transition cannot account for our data.
Chloride and the OHC

Prestin is a member of the SLC26 solute carrier family and
as such is expected to bear archetypal interactions with an-
ions. Indeed, early experiments on OHC NLC pointed in this
ncy (Hz)
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g
g
g
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FIGURE 5 Effects of Vm magnitude and turgor

pressure on eM phase. (A) Command magnitude

was varied from 20 to 80 mV peak at 98, 195, and

391 Hz. Example traces are in top panel; average

(þ/�se) phase (re: 20 mV response) is plotted in bot-

tom panel. No differences in phase were found. (B)

Turgor pressure was varied from 0 to 8 mm Hg via

the patch pipette. Though magnitude increased with

pressure, phase remains unaffected. Example traces

are in top panel (low frequency responses to left of

eM response were calibration movements of the im-

age). Note that smart averaging (see Methods) was

performed for each trace, hence the different noise

levels. An example of frequency dependence is in

bottom panel. No changes were observed. Average

results for three cells at 390 Hz (mean þ/� se @ 4,

6, and 8 re: 2 mm Hg condition) are -0.063 þ/�
0.02, -0.055þ/� 0.04, and -0.019þ/� 0.06, respec-

tively. All phase analysis was via FFT. Scale bar: 3

um. Chloride is 140 mM. To see this figure in color,

go online.
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direction. In the mid-1990s, the anion salicylate was shown
to interfere with NLC and eM, working intracellularly with
a Hill coefficient of 1 (28,29). Additionally, the anionic,
lipophilic molecule tetraphenylborate (TPB-), unlike its
cationic counterpart tetraphenylphosphonium (TPPþ), mod-
ulates NLC (30). Thus it was not totally unexpected that
normally residing intracellular anions, including chloride
and bicarbonate, were found to influence prestin activity
(31). We have amassed evidence that chloride ions modulate
prestin in an allosteric-like manner, where intrinsic residue
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line is estimated membrane voltage phase under high chloride condition,

and the blue dashed line under the 1 mM Cl condition. Regardless of chlo-

ride condition, the stretched exponential behavior of prestin results in phase

lags in eM versus membrane voltage. Data from Fig. 6. To see this figure in
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charge provides for voltage sensing (21,32–37). In some
ways, the meno presto model, which fashions chloride as
an enabler of voltage sensitivity, possesses qualities of an
allosteric process whereby binding of a ligand to a remote
site (or in response to other biophysical forces) induces
a conformation state change that promotes the primary
function of the protein (38,39), in our case electromotility.
Though the occurrence of anion transport in prestin is
a controversial issue (33,40–43), we believe that the slow
intermediate transition that we have identified is related to
prestin’s ancestral transporter legacy.
Coupling between charge movement and
electromotility

Our data show an apparent dissociation between voltage
sensor charge movement and electromotility. For example,
Vh of the two during depolarizing ramps under 0.1 mM
chloride conditions can differ by greater than 60 mV, and
NLC Qmax is reduced by one-third with little effect on
eM. The reason for the disparity is the existence of an inter-
mediate transition between chloride binding and mechanical
response. The delays afforded by the stretched exponential
transition may appear to separate sense and effect, but do
not indicate that the two are unrelated. An analogy between
voltage-dependent ion channels can be made where the cur-
rent onset after a step voltage is delayed (44). The greater
the number of intermediate states before pore opening, the
greater is the delay in current onset. In our case, we observe
the mechanical response delayed relative to sensing; how-
ever, according to our meno presto kinetic model the delay
Biophysical Journal 107(1) 126–133
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need not be imposed between charge movements per se and
eM (C state occupancy). In fact, in a linked reaction scheme,
all transitions (including voltage-independent ones) influ-
ence each other (45–47). Thus, what appears to be an event
before voltage sensing (chloride binding and an exponential
evolution into voltage dependence) does in fact alter the bal-
ance of transition rates between states Xd and C, thereby
altering Vh during fast ramps. Indeed, the hysteresis and
charge immobilization that we initially observed in the
Q-Vm response of OHCs (23) and in prestin expressing cells
(48) must arise from a process that is not expected of simple
fast two-state Boltzmanns, such as previous models of pres-
tin (14–20). Consequently, because of the real complexity of
prestin kinetics phase lags between Vm and eM will ensue.
Phase behavior of OHC electromotility

The phase of OHC eM has been studied previously. In 1992,
in an effort to confirm voltage vs. current dependence of eM,
we measured magnitude and phase in a similar manner to
our experiments here (49). We concluded that the phase of
eM followed predicted Vm under whole cell voltage clamp.
This complemented our previous work showing eM voltage
dependence (4). However, whereas there was apparent cor-
respondence between Vm and eM phase, perusal of the
phase data in our previous manuscript clearly indicates a
significant phase lag in all cells studied. In fact, we had cor-
rected for some phase discrepancies by introducing delays
in the fits, and in low frequency data by shifting Vm and
eM to overlap (see Fig. 5 A in (49)). Our current work indi-
cates that those delays were actually correcting for the ki-
netic behavior of prestin. Indeed, our present eM phase
data can be approximated by a delay that is inversely pro-
portional to frequency. In this study, unlike our previous
work, we did not use series resistance compensation, which
can introduce lags in measured phase. Frank et al. (50)
measured magnitude and phase of OHC eM using an extra-
cellular microchamber technique, which although allowing
for extended frequency perturbation, provides for neither
direct membrane voltage control nor measures of membrane
current (51). They provided corrected zero lag phase plots
that were flat out to tens of kilohertz. Still, to fully account
for the frequency response they needed to model the
response with an electrical and mechanical component,
showing second-order resonant effects to fit their data.
Though the microchamber effectively produces a simple
capacitive divider for the linear-membrane capacitance,
any effects on a frequency-dependent, voltage-dependent
and polarity dependent capacitance such as that resulting
from OHC sensor charge movement is presently unresolved.
Thus, they may have been inadvertently correcting for
prestin-based phase characteristics. It will be interesting to
see how simulations of the meno presto model compare
with their data when inserted into a microchamber model.
Regardless, the ability to simultaneously fit both actual Im
Biophysical Journal 107(1) 126–133
magnitude and phase, and eM magnitude and phase, as we
have done in this study (and cannot be done with the micro-
chamber approach), is important for accurately modeling
eM data. We are confident that the correspondence of our
meno presto model responses to the measured frequency
response of eM, to the measured stretched exponential
behavior of NLC, and to the measured chloride dependence
of NLC and eM indicate a successful understanding of pres-
tin behavior on OHC electromechanical behavior.

Our identification of substantial eM phase lag leads us to
concur with early modelers on its role in cochlear amplifica-
tion. A preponderance of cochlea models find that a phase
lag between receptor potential and eM is required for effec-
tive cancellation of viscous drag expected from the cochlea
environment (11–13). Indeed, the dependence of phase on
prestin’s stretched exponential behavior that we find must
also be significant, because it augments the phase lag toward
the 90 degree requirement of cochlear modelers. We have
previously shown that altering perilymphatic chloride
levels, which effectively alters intracellular chloride con-
centration via the lateral membrane chloride conductance,
GmetL (36), can reversibly modify cochlear amplification
(22). Because we have shown here that the magnitude of
eM is little affected by chloride level, we conclude that
phase characteristics provided by the evolution of chlo-
ride-bound prestin into a voltage-enabled state predomi-
nantly underlie the OHC’s role in contributing to hearing
sensitivity and selectivity by cochlear amplification.
Furthermore, contrary to all cochlear models, we place a
significant component of the phase lag not on cochlear parti-
tion super structures, but within the OHC motor itself.
Finally, we note that implications of our in vitro observa-
tions for in vivo performance, where additional loads may
impinge on the OHC requires further exploration. In fact,
any biophysical study of hair cells in isolated or explant con-
ditions in the absence of in vivo structures, such as those
evaluating electro-mechanics or stereociliary transduction
mechanisms, require cochlear modeling to assess physiolog-
ical impact.
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Background: The SLC26a5 outer hair cell motor drives electromechanical behavior of this sensory/effector cell.
Results: A kinetic model fits the combined effects of salicylate and chloride on prestin-associated membrane capacitance.
Conclusion: Data support a theory whereby prestin differentially changes area state upon binding of chloride and salicylate.
Significance: The model of prestin activity points to the molecular underpinnings of electromotility in outer hair cells.

The outer hair cell is electromotile, its membrane motor iden-
tified as the protein SLC26a5 (prestin). An area motor model,
based on two-state Boltzmann statistics, was developed about
two decades ago and derives from the observation that outer
hair cell surface area is voltage-dependent. Indeed, aside from
the nonlinear capacitance imparted by the voltage sensor charge
movement of prestin, linear capacitance (Clin) also displays volt-
age dependence as motors move between expanded and com-
pact states. Naturally, motor surface area changes alter mem-
brane capacitance. Unit linear motor capacitance fluctuation
(�Csa) is on the order of 140 zeptofarads. A recent three-state
model of prestin provides an alternative view, suggesting that
voltage-dependent linear capacitance changes are not real but
only apparent because the two component Boltzmann functions
shift their midpoint voltages (Vh) in opposite directions during
treatment with salicylate, a known competitor of required chlo-
ride binding. We show here using manipulations of nonlinear
capacitance with both salicylate and chloride that an enhanced
area motor model, including augmented �Csa by salicylate, can
accurately account for our novel findings. We also show that
although the three-state model implicitly avoids measuring
voltage-dependent motor capacitance, it registers �Csa effects as
a byproduct of its assessment of Clin, which increases during
salicylate treatment as motors are locked in the expanded state.
The area motor model, in contrast, captures the characteristics
of the voltage dependence of �Csa, leading to a better under-
standing of prestin.

The piezoelectric-like motor molecule SLC26a5 (prestin)
underlies the ability of OHC2 to enhance hearing (1–3). This
boost in performance is driven by a voltage-dependent
mechanical response, termed somatic electromotility (4 – 6).

Associated with the mechanical response is a bell-shaped non-
linear capacitance (NLC), which results from the voltage sensor
activity of the motor (7, 8). Long before the molecular identifi-
cation of the motor, two-state Boltzmann models of the motor
incorporating state-dependent surface areas were developed
(9 –12). These were founded on experimental evidence that
surface area in the OHC is voltage-dependent (13). In support
of these models, we measured changes in specific membrane
capacitance that corresponded to the distribution of motors,
evidencing an increase in linear capacitance as more motors
were driven into the expanded state by hyperpolarization (14).
Membrane capacitance necessarily depends on membrane sur-
face area and/or associated changes in membrane thickness. A
derived equation based on that observation, termed the two-
state Csa model equation, is far superior in fitting NLC data than
is a simple two-state one. Recently, Homma and Dallos (15)
proposed a three-state Boltzmann model that rivals the two-
state Csa model in the data-fitting precision of salicylate-treated
OHCs, but that additionally challenges the existence of a volt-
age-dependent area change accompanying the conformational
transitions of prestin. Here we provide further evidence that an
area motor model better describes the biophysical behavior of
the motor. Through modeling, we show how salicylate compe-
tition with chloride may result in state-dependent modification
of specific membrane capacitance.

EXPERIMENTAL PROCEDURES

The methods for single hair cell recordings were the same as
described previously in detail (16). Hartley albino guinea pigs
were sacrificed with halothane. Temporal bones were excised,
and the top three turns of the cochleae were dissected for
enzyme treatment (0.5 mg/ml dispase I, 10 –12 min). Individual
outer hair cells were isolated by gentle trituration. Isolated sin-
gle outer hair cells were then studied under whole cell voltage
clamp and were held at 0 mV to eliminate the electrical drive for
chloride across the lateral membrane. A custom made Y-tube
perfusion system was used to deliver experimental solutions to
isolated OHCs. The base extracellular solution contained, in
mM, 140 NaCl, 2 CaSO4, 1.2 MgSO4 and 10 Hepes. Chloride
concentration was adjusted from 1 to 140 mM by substituting
chloride with gluconate. Final solutions were adjusted to �300

* This work was supported, in whole or in part, by National Institutes of Health
Grant NIDCD DC00273 (to J. S. S.).
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mosM with D-glucose and adjusted to pH 7.2–7.3 with NaOH.
Pipette solutions (same as extracellular solution except with the
addition of 10 mM EGTA) contained chloride ranging from 1 to
140 mM. The extracellular perfusion solution (1–140 mM chlo-
ride) also contained graded concentrations of salicylate (1 �M to
10 mM).

Nonlinear capacitance was measured using a continuous
high resolution (2.56-ms sampling) two-sine stimulus protocol
(10-mV peak at both 390.6 Hz and 781.2 Hz) superimposed
onto a voltage ramp from �150 to �140 mV at a clock sample
period of 10 �s (17, 18). Capacitance data were fit to the first
derivative of a two-state Boltzmann function with an additional
component describing the changes in specific membrane
capacitance generated by motor state transitions (14). This
equation is termed the two-state Csa model equation.

Cm � Qmax

ze

kT

b

�1 � b�2 �
�Csa

(1 � b�1)
� C0 (Eq. 1)

where

b � exp��ze�Vm � Vh�

kT � (Eq. 2)

Qmax is the maximum nonlinear charge moved, Vh is voltage at
peak capacitance or equivalently, at half-maximum charge
transfer, Vm is membrane potential, z is valence, e is electron
charge, k is Boltzmann’s constant, and T is absolute tempera-
ture. C0 is defined as the capacitance of the membrane when all
motors are in their compact state, the minimum membrane
capacitance; �Csa is the maximum increase in capacitance that
occurs when all motors change from compact to expanded
state, each motor contributing a unit response of �Csa. Voltage-
dependent NLC was calculated from estimates of Qmax, namely
NLC � Qmax/(4kT/ze). The number of motors is: N � Qmax/ze.

Alternatively, NLC was fit with the three-state model equa-
tion, possessing two sets of Boltzmann parameters (z1, Vh1, z2,
Vh2, N � N1 � N2) of Homma and Dallos (15).

Cm � NkT �
�1

2K12 � ��1 � �2�
2 K12K23 � �2

2K12
2 K23

�1 � K12 � K12K23�
2 � C0

(Eq. 3)

where

�1 �
z1e

kT
, �2 �

z2e

kT
, K12 � exp(Vm � Vh1), K23 � exp(Vm � Vh2)

(Eq. 4)

Fits and plots were made in SigmaPlot. Data points from pub-
lished plots were extracted using Plot Digitizer version 2.0
(University of South Alabama).

A kinetic model describing prestin activity, which we used
previously to explain chloride-dependent coupling between
prestin charge movement and electromotility (19) and the
effects of thermal jumps on prestin voltage dependence (20),
was extended to provide competitive binding of salicylate to the
chloride binding site of the protein. The model was assessed
using MATLAB Simulink in conjunction with jClamp. The new

model, which includes a stretched exponential transition that
accounts for stretched exponential behavior of NLC (21) and
accurately reproduces magnitude and phase behavior of the
electromotility frequency response,3 is presented below with
the new salicylate binding component.

L|;
�0

	0

X0 L|;
�0

	0

Xsal º
c2

c1

XO º
k1

k2

XC � � � Xd º
�

	

C

L|;
�n

	n

Xn L|;
�n

	n

(Eq. 5)

Xsal state is bound by salicylate. Xo state is unbound by anion. Xc
state is bound by chloride, but intrinsic voltage sensor charge is
not responsive to the membrane electric field. A slow, multiex-
ponential conformational transition to Xd state via Xn states
enables voltage sensing within the electric field. Depolarization
moves positive sensor charge outward, simultaneously result-
ing in compact state C, which corresponds to cell contraction.
The differential equations are

dXsal

dt
� Xo � 	Sal
c1 � Xsal � c2 (Eq. 6)

dXo

dt
� Xc � k2 � Xsal � c2 � Xo � 	Cl�
 k1 � Xo � 	Sal
c1

(Eq. 7)

dXc

dt
� Xo � [Cl�] k1 � �

n � 0

25

Xn � 	n � Xc � k2 � �
n � 0

25

Xc � �n

(Eq. 8)

dXn

dt
� Xc � �n � Xd � 	n � Xn � �n � Xn � 	n

(Eq. 9)

dXd

dt
� C � 	 � �

n � 0

25

Xn � �n � Xd � � � �
n � 0

25

Xd � 	n

(Eq. 10)

dC

dt
� Xd � � � C � 	 (Eq. 11)

where �n � A � (exp(�n))w, w � 0.6, A � 2.5 � 104 for N �
0.25, 	n � �n, k1 � 1.5 � 105, k2 � k1 � Clkd, Clkd � 0.012, c1 �
3 � 108, c2 � c1 � Salkd, Salkd � 30 � 10�7, � � 1.3 � 106 �
exp((z � F � Vm/(2 � R � T))), 	 � 7.7 � 104 � exp((�z � F �
Vm/(2 � R � T))), z � 0.7, nPres � 25 � 106, or in the case of
Fig. 5, N determined from fits to the biophysical data. The

3 Santos-Sacchi, J. and Song, L. Abstracts of the Association for Research in Oto-
laryngology, 2014.
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equivalence of �n and 	n transition rates assures detailed bal-
ance of the reaction scheme (22).

jClamp provides an automation link to MATLAB, which
allows voltage stimuli to be delivered to and current responses
to be obtained from Simulink models. Thus, biophysical and
model data are analyzed exactly the same. Solutions were
obtained with the ode45 (Dormand-Prince) solver at a fixed
absolute tolerance of 10�6. The meno presto model was inter-
faced to jClamp via a model of the patch clamp amplifier and
OHC. The linear component of the patch-cell model was com-
posed of Rs in series with a parallel combination of Rm and Clin.
Given the above meno presto model parameters, model results
were obtained with patch clamp parameters of Rs � 6.1 mego-
hms, Rm � 275 megaohms, and C0 � 23 pF. To reiterate, the
exact same voltage stimuli and exact same analysis of model
data were performed as with the biophysical data. Model
responses were allowed to reach steady state prior to ramp
perturbations.

RESULTS

We previously showed that the effectiveness of salicylate
inhibition of NLC is chloride-dependent (3). Fig. 1A shows
NLC traces of an OHC with 140 mM intracellular chloride.
Increasing concentrations (0.001, 0.01, 0.1, 1, 10 mM) of salicy-
late reduce the magnitude of NLC and shift its voltage depen-
dence in the depolarizing direction. The traces were fit to the
two-state Csa model equation (Equation 1) and the three-state
model equation (Equation 3) (see “Experimental Procedures”).
Note that each fit is indistinguishable without statistical analy-
sis. In fact, Homma and Dallos (15) found that Equation 1 gave
a 4� better fit. Nevertheless, it is not the quality of the fit that is
of concern here; it is the underlying mechanism. In Fig. 1B, the
0.1, 1, and 10 mM traces are replotted with the subcomponents
of the two equations shown. In the left panels, two independent
Boltzmann functions underlie the full fit. In the right panels, a
single Boltzmann function and a coupled sigmoidal function,
sharing the same Vh and number of motors, contribute to the
full fit. Within the data region, each fit is quite reasonable.
However, whereas the two-state Csa fit shows an increasing
membrane surface area/reduced membrane thickness,
reflected in Cm, as the motors redistribute to the extended state,
the three-state fit indicates no such changes. Similar results are
found when intracellular chloride is set to 5 mM (Fig. 1, C and
D). Note, however, that with reduced chloride there is a differ-
ent dose-dependent effect of salicylate on �Csa as compared
with the 140 mM chloride condition. As with the 140 mM chlo-
ride data, the three-state model shows no differences in linear
capacitance at voltage polarity extremes. A more telling evalu-
ation of the two models is shown in Fig. 2, where both equations
are used to fit the data of Santos-Sacchi and Navarrete (14) who
utilized extreme voltages of �200 mV to measure NLC. Those
fits indicate that one Boltzmann component of the three-state
model may actually serve as a surrogate for the sigmoidal com-
ponent of the two-state Csa model equation. Below we evaluate
the interaction of salicylate and chloride effects on prestin to
explore the appropriateness of the two models.

To help understand the effects of salicylate, we extended a
kinetic model of prestin we are currently working on, termed

the meno presto model because it includes a slow, stretched
exponential intermediate transition between chloride binding
and the voltage-enabled state (Fig. 3). We have used this model
previously to explain chloride-dependent uncoupling between
prestin charge movement and electromotility (19) and the
effects of thermal jumps on prestin voltage dependence (20).
Because we will use this model to evaluate the interaction of
salicylate and chloride on �Csa, we first confirm its ability to
reproduce known chloride-dependent salicylate effects on NLC
(3). Fig. 4A shows the model results illustrating that the IC50sal
reduces when intracellular chloride is reduced. Five publica-
tions report on salicylate effects on NLC (all reporting at least
the 140 mM chloride condition), and from those we estimate
IC50sal by fitting Hill functions with the coefficient n set to 1
(Fig. 4B), as experimentally determined (23). Three values arise
from studies on guinea pigs (3, 23, 24), being 1.67, 1, and 1.42
mM; a value of 0.64 mM comes from rat prestin-transfected cells
(25), and a value of 0.22 mM comes from mouse OHCs (15).
These values are plotted in Fig. 4C along with the extended
measures of IC50sal reported in Santos-Sacchi et al. (3). The
model IC50sal data (open white triangles) from Fig. 4A shows
chloride dependence similar to our previous biophysical data
(filled black circles) (3), indicating that our model may be useful
in characterizing any chloride-dependent behavior of �Csa.

Homma and Dallos (15) uncovered behavior of �Csa that
they believed was incompatible with our two-state Csa area
motor model (see their Fig. 2H). They found that �Csa increases
with salicylate concentration before it decreases. Because we
determined that the conformational switch of the motor from
compact to expanded state results in a 130 zF/motor (�Csa)
increase in Cm (23), they reasoned that as salicylate removed
motors from the active pool there should only be a decrease in
�Csa with increasing salicylate concentration. This reasoning
disregards our published observation that salicylate increases
�Csa above that measured in its absence. Thus, we contend that
when salicylate binds to a motor, either its surface area is
greater than an unbound expanded motor and/or the mem-
brane thickness is reduced when bound. We and others have
shown that salicylate in the absence of prestin has no measur-
able effects on membrane capacitance (23, 24). Homma and
Dallos (15) also show this. Clearly, then, the salicylate effect
results from interaction with prestin. Fig. 5A shows the effects
of salicylate with 140 mM intracellular chloride on �Csa. The
data have been normalized by motor number, N, in the absence
of salicylate for comparisons (�Csa/Nsal�0). A non-monotonic
increase followed by a decrease is similar to the Homma and
Dallos data (15). At this chloride concentration, in the absence
of salicylate, a unit �Csa per motor is calculated to be 141 zF,
similar to our previous estimates (14). In our model, to account
for the salicylate dose-response function, each salicylate-bound
motor unit �Csa had to be factored by 1.9 (solid line), in line with
our previous observations (14). We also observed similar
behavior when chloride levels were reduced; however, the salic-
ylate dose-response function shifted leftward along the concen-
tration axis with reduced chloride. With a fixed unit �Csa scale
factor of 1.9 for salicylate-bound motors, the model response
also shifted when chloride was reduced, and exhibited appro-
priate response magnitude.
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We previously showed that the effects of externally applied
salicylate (1 mM) on NLC required about 60 s to reach steady
state (23). Because Homma and Dallos (15) used a 1-min per-
fusion to change salicylate from 0 to 1.5 mM, during which time
they evaluated NLC, steady state effects were only achieved
before and after perfusion. For this reason, we evaluate the data
from their supplemental Fig. S3A (140 mM chloride, intracellu-
lar) where salicylate concentration was set definitively. Inter-
estingly, those data (Fig. 5B) required that the salicylate Kd

(Salkd) or equivalently the rate constant c2 of our model be
reduced by an order of magnitude, in line with their more sen-
sitive estimated IC50sal (Fig. 4B). Additionally, the �Csa scale
factor had to be increased to 3. It must be emphasized that the
Salkd and Clkd in our model do not necessarily correspond in
magnitude to IC50 values of NLC effects that we and others have
measured, because through our experiments on NLC we nei-
ther inspect these directly, nor should IC50 values necessarily
agree with Kd values in other than a simple two-state system.
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FIGURE 1. Model-dependent differences in salicylate effects on the NLC of prestin. Contributions of area fluctuations in prestin differ with the three-state
model of Homma and Dallos (15) or the two-state Csa model of Santos-Sacchi and Navarrete (14). A, data from Fig. 1B of Santos-Sacchi et al. (3) (S-S et al, 2006)
showing effects of different salicylate concentrations on NLC at an intracellular chloride level of 140 mM. Each trace was fit with both models, each providing
near equivalent fit quality. B, details of fits by each model for the 0.1, 1, and 10 mM salicylate conditions, top, middle, and bottom panels, respectively. Each model
is composed of two components, labeled part 1 and part 2. Essentially, the sum of each component produces the full fit. Although the two-state model gives
an offset in Cm at hyperpolarized levels, the three-state model does not. C, data from Fig. 1A of Santos-Sacchi et al. (3) with an intracellular chloride level of 5 mM

showing an enhanced effect of salicylate. As above, fits of both models were made, both showing good correspondence. Some small differences are noted at
depolarized levels. D, fit components of both models. Again, an offset in Cm arises at hyperpolarized levels for the two-state model, but not the three-state
model. Note that for each chloride condition, the offset in Cm (�Csa) increases and then decreases with increasing chloride concentration.
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The utilized kd values, however, produce IC50 values for NLC
that are consistent with our experimental observations.

Finally, we investigated the behavior of Clin. For the two-state
Csa model equation, Clin is the linear capacitance, which is the
minimum capacitance at extreme depolarized voltages where
all motors are in the compact state. For the three-state model
equation, Clin is equivalently the capacitance at either hyperpo-
larized or depolarized extremes. Similar to Homma and Dallos
(15), we find a monotonic increase in Clin in our data when fit
with the two-state Csa equation (Fig. 5C). It reaches an asymp-
tote when �Csa vanishes, that is, when salicylate binds to all
motors and locks them in the expanded state. Thus, Clin tells
about the state residence of motors, just as �Csa does; the mea-
sures are reciprocal. Importantly, just as �Csa is dependent on
the interaction of salicylate and chloride (Fig. 5A), so too is Clin
(Fig. 5C). In Fig. 5D, we plot Clin that arises from three-state fits

of our model data that explicitly incorporate motor-generated
�Csa. As expected, and in agreement with Homma and Dallos
(15), Clin rises monotonically to an asymptote, until all motors
are in the salicylate-bound extended state. Unfortunately,
Homma and Dallos (15) only report on salicylate effects on Clin
using a 1-min perfusion of extracellular salicylate, so we cannot
unequivocally determine intermediate concentrations of salic-
ylate from their data (see their Fig. 2C) except at the onset of
perfusion (zero salicylate) and at the steady state end of perfu-
sion (1.5 mM salicylate). Thus, we only plot those two points,
and they lie on our model prediction curve. Thus, although the
three-state model cannot identify the voltage-dependent
nature of prestin-associated capacitance change, it nevertheless
reports on it as Clin.

DISCUSSION

The area motor model of OHC motor activity was based on
biophysical evidence that OHC surface area increases upon
hyperpolarization (13). Given the constraints of a cylindrically
shaped cell and a constant cytoplasmic volume, alterations in
surface area result in cell length changes that correspond to
measured characteristics of OHC electromotility (9, 11).
Although various models of OHC electromechanical activity
have arisen, including electro-osmosis (26, 27) and membrane
flexo-electricity (28), several arguments against them have been
made (29 –31), chief among them the identification of the volt-
age-dependent motor protein prestin (1). Considering the vast
number of prestin motors embedded in the OHC lateral mem-
brane, whose membrane residence contributes markedly to
OHC surface area (32, 33), unit area changes, ranging from 0.4
to 8 nm2 (9, 11, 12, 34, 35), will have substantial effects on
membrane surface area. Linear membrane capacitance is
expected to change when either membrane surface area or
associated changes in membrane thickness occur.

Recently, Homma and Dallos (15) have developed a three-
state model of prestin activity, which challenges those earlier
area motor models. In their model, no changes occur in linear
capacitance at extreme hyperpolarizations or depolarizations
despite very nice fits of NLC data within a restricted voltage
range. In contrast, fits with the two-state Csa model equation
(14) predict that linear capacitance increases when motors
redistribute into the expanded state, reaching an asymptote,
�Csa, at extreme hyperpolarizations where all motors reside in
the expanded state. There are two reasons why Homma and
Dallos (15) championed their new model over the area model,
despite a better fit by the latter model. First, they observed that
when fitting with the two-state Csa model equation there is a
non-monotonic change in �Csa as salicylate concentration
rises, an increase followed by a decrease. It was assumed that
salicylate simply removes motors from the active pool, and thus
motor contribution to area changes should monotonically
decrease. However, we previously showed that salicylate
increases �Csa above that measured in its absence (14), imply-
ing that salicylate-bound motors are augmented in surface area
and/or decrease membrane thickness. To be sure, we and oth-
ers have shown that salicylate in the absence of prestin has no
measurable effects on membrane capacitance (15, 23, 24). Con-
sequently, when we use our new meno presto model incorpo-
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FIGURE 2. Two-state Csa and three-state fits of NLC determined over a
very wide voltage range. A, two-state Csa fit, showing underlying compo-
nents. B, three-state fit with underlying components. Note that the uncon-
strained fit of the three-state equation found one component Vh that effec-
tively placed a sigmoidal-like Cm function at the hyperpolarized extreme,
mimicking the two-state Csa model’s constrained fit of its single Vh. Data are
from Santos-Sacchi and Navarrete (14) (S-S. & Navarrete, 2002).

FIGURE 3. Extension of the stretched kinetic model of prestin activity to
provide salicylate competition with chloride. Xsal state is bound by salicy-
late. Xo state is unbound by anion. Xc state is bound by chloride, but intrinsic
voltage sensor charge is not responsive to membrane electric field. Slow,
multiexponential conformational transition to Xd state via Xn states enables
voltage sensing of electric field. The �n and 	n transitions are multiexponen-
tial (see “Experimental Procedures”). Depolarization moves positive sensor
charge outward, simultaneously resulting in compact state C, which corre-
sponds to cell contraction. Equivalence of �n and 	n transition rate constants
assures detailed balance of the reaction scheme.
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rating salicylate effects on the motor, we satisfactorily fit the
non-monotonic �Csa behavior caused by salicylate. Further-
more, we show that this non-monotonic biophysical behavior
varies with chloride level, with the model capable of describing
the chloride dependence. Curiously, the three-state model
accurately identifies a biophysical change in linear capacitance
that is salicylate-dependent, which is precisely expected of that
model should surface area increase due to increasing residence
of prestin in the expanded state. Thus, although that model is
built to ignore the voltage-dependent surface area changes due
to prestin, it unavoidably detects that surface area change as a
voltage-independent one.

The other reason why Homma and Dallos (15) favor their
three-state model is that the coupling between sensor charge
movement and electromotility is not tight, with zero charge
extrapolations giving non-zero mechanical responses, regard-
less of the model equation. We previously observed uncoupling
between sensor charge and electromotility (23, 36, 37). Indeed,

we had shown that salicylate even at 10 mM, whereas nearly
abolishing NLC, had much less of an effect on electromotility
(23). Recently, we determined that the discrepancy between
charge movement, measured with the dual sine admittance
approach (17, 18) (also coded into jClamp), and electromotility
is chloride-dependent (19), and thus, considering its competi-
tion with chloride, salicylate-dependent. Furthermore, we
showed that a model incorporating slow intermediate kinetics
between chloride binding and a two-state Boltzmann process
substantially predicted disparities between sensor charge and
electromotility (19). The meno presto model presented here,
which integrates characteristics of the two-state Csa model,
possesses this capability as well. It should be noted that the
three-state model, as is, can neither reproduce this result nor
generate stretched exponential kinetics that is evident in OHC
NLC (18, 21, 39) and prestin-transfected cell NLC (40). The
meno presto model exhibits stretched exponential kinetics in
capacitance measures similar to biophysical observations. One

FIGURE 4. Model results of salicylate effect on NLC correspond to biophysical data. A, model predicts chloride dependence of salicylate effects, showing
that reduced IC50sal as chloride is lowered, as determined experimentally by Santos-Sacchi et al. (3) (see their Fig. 2). B, comparison of IC50sal from different
studies. Because only one study fully evaluated the chloride dependence of IC50sal, IC50sal was estimated by fitting a Hill function through the single data points
obtained at 140 mM chloride with the Hill slope, n, fixed at 1, as experimentally determined (3). Biophysical data points were from guinea pig OHCs (Tunstall et
al. (24), extracted from their Fig. 5C; Kakehata and Santos-Sacchi ((24)), extracted from their Fig. 1C; Santos-Sacchi et al. (3), extracted from their Fig. 2); rat prestin
transfected HEK cells (Oliver et al. (25), extracted from their Fig. 5b); and mouse OHCs (Homma and Dallos (15), extracted from their Fig. 2). C, comparison
between model and biophysical data shows that the model recapitulates biophysical data. Straight line fit is through model points. Legend: O. et al 2001, Oliver
et al. (25); K. & S-S 1996, Kakehata and Santos-Sacchi ((24)); H. & D. 2001, Homma and Dallos (15); T. et al 1995, Tunstall et al. (24); S-S et al, 2006, Santos-Sacchi et
al. (3).
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other point should be mentioned about the three-state model.
Although the two-state Csa model derives from biophysical evi-
dence showing voltage-dependent surface area changes, the
rationale for two independent Boltzmann processes in the
three-state model is curiously lacking a rationale, other than its
ability to fit NLC data within a restricted voltage region. In this
regard, it is not at all clear why the Vh of each Boltzmann pro-
cess should shift in an opposite direction during salicylate treat-
ment (15). Even if salicylate could charge screen the membrane
(41), voltage-dependent processes should shift in the same
direction. The mechanism whereby the three-state model
works is especially clear in the absence of salicylate when
extended voltage ranges are used to measure NLC as in Fig. 2.
One underlying Boltzmann process is simply shifted such that it
mimics the sigmoidal nature of �Csa generation that is revealed
by the two-state Csa model.

Interestingly, inspection of the literature on salicylate inhibi-
tion of prestin shows that mouse prestin appears more suscep-
tible to inhibition than guinea pig prestin, with the guinea pig
IC50sal being �1–1.5 mM and mouse IC50sal being �0.2 mM.
Consequently, our new meno presto model was able to fit the
mouse data of Homma and Dallos (15) by the reducing the

forward rate constant, c2 (see “Experimental Procedures”), by
an order of magnitude. Although homology is high between the
two species, perhaps some key residue differences could
account for this. Alternatively, chloride and/or salicylate con-
centration may differ within the minute space between plasma
membrane and subsurface cisternae among species. This fem-
toliter compartment is exactly where interactions between
anions and prestin occur. Thus, it may be interesting to com-
pare salicylate sensitivity among OHCs from a wide range of
species.

In summary, we find that an area motor model, such as our
meno presto model, accurately accounts for interactions between
salicylate and chloride on the OHC motor, and that models that do
not explicitly incorporate a motor-dependent area change will
nevertheless detect one as an increase in linear capacitance. To be
sure, it is crucial that a model be appropriate to understand the
elementary nature of a voltage-dependent molecule (38).

Acknowledgment—We thank Fred Sigworth for discussions on the
salicylate and chloride microscopic binding efficiencies of the model
relative to the observed effects on nonlinear capacitance.

FIGURE 5. Chloride and salicylate dependence of specific membrane capacitance. �Csa is normalized by dividing by N (Qmax/ze) at 0 salicylate conditions.
A, dashed lines show initial �Csa for each chloride condition in the absence of salicylate: upper panel, 140 mM chloride, 141 zF; middle panel, 20 mM chloride, 110
zF; lower panel, 10 mM chloride, 88 zF. Note that in each case �Csa is stable until a particular concentration of salicylate induces an increase in �Csa followed by
a decrease. The onset of salicylate effects is chloride-dependent, arising at lower salicylate levels as chloride is reduced. The meno presto model, which
incorporates prestin-dependent changes in Cm arising from changes in motor surface area/membrane thickness, follows this pattern. B, data from Homma and
Dallos (15) (H. & D. 2011); see their supplemental Fig. S3A (140 mM [chlorine] internal). The dashed line shows an initial �Csa of 96 zF. A similar pattern of �Csa
change is observed when salicylate concentration is changed. Both the salicylate Kd and the �Csa scaling factor for salicylate bound motors required
adjustment to fit their data and are related to the higher salicylate sensitivity of mouse prestin (see “Results” for details).C, Clin also depends on the interaction between
salicylate and chloride, showing a leftward shift along the salicylate concentration axis as chloride is reduced. The area motor model (gray lines) recapitulates this
behavior. D, Homma and Dallos (15) Clin data are well described by the area motor model (see “Results”).
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Article

Voltage Does Not Drive Prestin (SLC26a5)
Electro-Mechanical Activity at High Frequencies
Where Cochlear Amplification Is Best
Joseph Santos-Sacchi1,2,3,4,* and Winston Tan1

SUMMARY

Cochlear amplification denotes a boost to auditory sensitivity and selectivity that is dependent on

outer hair cells fromCorti’s organ. Voltage-driven electromotility of the cell is believed to feed energy

back into the cochlear partition via a cycle-by-cycle mechanism at very high acoustic frequencies. Here

we show using wide-band macro-patch voltage-clamp to drive prestin, the molecular motor underly-

ing electromotility, that its voltage-sensor charge movement is unusually low pass in nature, being

incapable of following high-frequency voltage changes. Our data are incompatible with a cycle-by-cy-

cle mechanism responsible for high-frequency tuning in mammals.

INTRODUCTION

In some mammalian species, hearing capabilities can extend out to 60–160 kHz (Heffner and Masterton, 1980;

Castellote et al., 2014; Szymanski et al., 1999; Heffner et al., 2001). Indeed, tuned hair cell receptor potential-

derived cochlear microphonic potentials have been measured beyond 60 kHz in the bat (Pollak et al., 1972). Un-

derlying this electrical behavior are sharp frequency tuning and enhanced cochlear partition vibration, which are

susceptible to outer hair cell (OHC) damage; studies in laboratory rodents provide such evidence, e.g., in the

mouse sharp basilar membrane tuning is measurable beyond 60 kHz (MelladoLagarde et al., 2008). This

enhancement over Bekesy’s passive partition vibration (von Bekesy, 1960) is termed cochlear amplification

(CA) (Davis, 1983) and amounts to an apparent gain of 100–1000 at best frequency locations along the cochlear

duct. DC andAC trans-membrane voltages are sensed by themembrane protein prestin (SLC26a5) (Santos-Sac-

chi andDilger, 1988; Iwasa and Kachar, 1989), a special member of the SLC26 family of anion transporters (Zheng

et al., 2000), that populates the OHC lateral membrane at molecular densities up to 8,000/mm2 (Santos-Sacchi

et al., 1997; Gale and Ashmore, 1997b). Voltage is thought to faithfully govern prestin’s conformational state,

evoking rapid switching between expanded and contracted molecular conformations that leads to rapid length

changes (termed electromotility; eM) (Ashmore et al., 2010). Current dogma has it that evokedOHCeMprovides

mechanical feedback into the organ of Corti on a cycle-by-cycle basis to power CA. In fact, Frank et al. measured

high-fidelity OHC AC eM responses beyond 80 kHz (Frank et al., 1999). During the last few years, however, the

kinetics or frequency dependence of prestin’s electromechanical capabilities have been reassessed in OHCs

(Santos-Sacchi and Song, 2014; Santos-Sacchi, 2019). Both the frequency of prestin chargemovement (measured

as a nonlinear capacitance [NLC]) and that of its associated eM were found to be low-pass, precipitously rolling

off within the bandwidth of human speech (200–8000 Hz) (Santos-Sacchi and Tan, 2018; Santos-Sacchi et al.,

2019). However, those data must be viewed cautiously because measures were made in whole cell mode. In

fact, being a piezoelectric-like protein (Iwasa, 1993; Gale and Ashmore, 1994; Kakehata and Santos-Sacchi,

1995), where reciprocal influences of mechanical load and voltage are at play, whole cell measures of OHC elec-

tromechanical activitymay fail to establish the actual frequency capabilities of prestin. Here we address this issue

by measuring the frequency response of prestin’s NLC with on-cell and excised macro-patches from the cell’s

lateral membrane where isolation from external whole cell loads can be achieved. The macro-patch is the

preferred methodology to gauge fast charge movement in voltage sensitive membrane proteins (Lu et al.,

1995). Our patch data in mouse and guinea pig show low pass, voltage-driven electromechanical behavior of

the protein, whose frequency response alters over time but still falls far short of its expected influence on

cochlear amplification at very high frequencies, leading us to question prestin’s role in this process.

RESULTS

Our recording system response (Figures S1A andS1B), and results on an electrical model of a membrane

patch (Figures S1C–S1F), confirming our capability to measure capacitance flat out to 20 kHz, is provided
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in the Transparent Methods section of the supplement. Figures1A–1D illustrate our basic experimental strat-

egy. Macro-patches (3.5–4 mm inner diameter) weremade on the lateral membrane of OHCs (Figure 1A) and a

voltage chirp array delivered to the patch superimposed on stepped holding voltages (�160 to 160 mV) to

Figure 1. Measures of NLC in Macro-Patches from Outer Hair Cells (OHC)

(A) An image of an OHC (10 mm wide) showing a patch pipette sealed to the lateral membrane. Inset: enlarged view of

patch. Red lines outline pipette, dotted yellow line outlines membrane patch.

(B) Section of command voltage stimulus, composed of 35 repeats of a chirp stimulus of 10 mV peak.

(C) Expanded view of individual chirp stimuli at the range of holding potential delivered to the patch (�160 to 160 mV).

(D) Extracted AC displacement (‘‘gating’’) currents, representative of voltage sensor charge movements during

conformational changes in prestin. Evoked raw currents at each holding potential were averaged from parts 2–32, then

the averaged current at 160 mV, where prestin activity is absent, was subtracted from all raw currents at each holding

potential, revealing prestin displacement currents. Here, for illustration, we plot the average of currents from all cells, but

for subsequent data analysis each cell was individually analyzed to provide statistics. The magnitude of AC currents peaks

near Vh, where prestin charge movement vs. voltage is maximal. The displacement currents were used to analyze for

nonlinear capacitance (NLC).

(E) Extracted membrane capacitance at two stimulating frequencies, (390 Hz [red circles]) and 19,500 Hz [blue triangles]).

Mean G SE. Solid lines are fits based on Equation 1 (see Methods).

(F) Membrane capacitance as a function of voltage and frequency. Black lines are averages from 13 patches, and pink lines

show mean +SE. Smooth multicolored surface is fit to averaged data.

(G) Extracted NLC. Note the roll-off in peak NLC magnitude as frequency of stimulation increases from 390 to 20,000 Hz.

(H) Csa component of fit. Note frequency independence.
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extract prestin displacement currents (Figure 1D), following subtraction of currents at +160 mV where NLC is

absent (Santos-Sacchi and Navarrete, 2002). Single-sine or dual-sine admittance analysis of the displacement

currents provides estimates of NLC. Figure 1E shows average (+/� SE) cell capacitance data fitted with Equa-

tion 1 (seeMethods) at 2 frequencies (390 and 19,500 Hz). Note the substantial drop in peakmembrane capac-

itance at the higher frequency. Figure 1F displays in a 3D rendition all frequencies studied across holding

voltage. Black lines are average data and pink lines are mean +SE, whereas the multicolored plot shows

fits. The extracted NLC is shown in Figure 1G and illustrates the continuous roll-off of NLC with increasing fre-

quency. Figure 1H shows the largely frequency independent component of membrane capacitance (Csa) at

negative holding potentials that we previously attributed to membrane surface area/thickness changes dur-

ing prestin’s conformational changes between compact and expanded states (Santos-Sacchi and Navarrete,

2002). The clear roll-off differences between NLC and this Csa response (Figures 1G and 1H) indicate that our

previous interpretation of the Csa component may need reevaluation.

NLC at Vh reflects the charge distribution where an equal amount of voltage sensor charge resides on either

side of the plasma membrane. Furthermore, that characteristic voltage (Vh) is a reflection of the ratio of for-

ward and backward rates of prestin transitions, providing a voltage at which to measure the characteristic

rate or frequency of sensor charge movement. The coupling of charge movement and eM (Santos-Sacchi

and Tan, 2018) also indicates that at this voltage OHCeM gain (cell length change/membrane potential) is

maximal. In Figure 2A, we plot the frequency response of NLC at Vh (mean: blue line; mean +SE: light blue

dotted line). The roll-off is precipitous commencing at the lowest measured frequency. It is clear that our

data, collected at 24.4 Hz resolution, requires a multi-Lorentzian (double in this case), or a power function fit

(Figure 2B). The double Lorentzian fit indicates a slow and fast component with frequency cut-offs (Fc) at

about 1.5 and 16.2 kHz, respectively. For the power fit, we estimate a cut-off at one-half magnitude of

11.3 kHz. Figure 2C indicates that the frequency response of NLC is the same with on-cell or immediately

excised macro-patches in the guinea pig. In Figure 2D, we show that the frequency response of NLC in

mouse patches is similar to that of the guinea pig. Half-magnitude cut-off of the power fit is at 10.5 kHz.

For comparison, we plot the chloride dependent capacitance frequency response of GAT1 (triangles)

(Lu et al., 1995), and its power function fit (green line), indicating that it is somewhat faster than the fre-

quency response of prestin. The guinea pig response (pink line) is replotted in the figure along with scaled

eM data (OHC 65: magenta solid line; OHC84: dashed magenta line) from Frank et al. (1999) (Figure 2A),

showing that the speed of prestin conformational transitions falls far below OHC mechanical responses.

In other words, the drive for eM (voltage-dependent conformational changes in prestin) does not corre-

spond to their measured eM. Can NLC frequency response be augmented?

We have previously shown that NLC is not stationary in time (Santos-Sacchi et al., 2009). Step changes in

voltage evoke initial rapid changes in NLC, which immediately alter in magnitude in a stretched exponen-

tial fashion, accompanied by shifts in Vh. In Figure 3, we explore the frequency response of NLC along the

duration of our holding potential steps. Figure 3A shows the regions of chirp currents that were averaged

for comparison. The extracted NLC from the three regions are shown in Figure 3B, and for the first region

(p3-8) a red line is plotted along the slope of NLC at Vh across frequency. That same red line is recast onto

the two other plots of regions p13–18 and p23-28, showing alterations in the frequency response of NLC as

duration of the step increases. A quantification of the frequency responses is made in Figure 3C. Power fits

indicate that low frequency components are reduced over time such that the frequency cut-off effectively

increases over time. Figures 3D–3G plot the fitted parameters of the power fit across holding potential

duration, showing reductions in NLC0, and time-dependent changes in the power parameters that control

frequency dependence, with frequency cut-offs increasing over time.

It has been observed that patch size can change during the course of experiments (Sokabe et al., 1991). It is

unlikely that patch size alterations across the duration of our voltage protocol account for the changes in

frequency responses that we find because such changes would likely alter the size of NLC across the full

frequency range (e.g., see Figure 2D, where smaller mouse patches simply shift all components of NLC

downward relative to guinea pig patches). Indeed, Figures 3H and 3I illustrate that NLC across holding po-

tential duration exhibits shifts in Vh that correspond to the nonstationary behavior of NLC that we previ-

ously found (Santos-Sacchi et al., 2009), rather than changes in patch area.

Salicylate is a known intracellular blocker of NLC (Kakehata and Santos-Sacchi, 1996; Tunstall et al., 1995),

working in a competitive fashion on chloride binding (Oliver et al., 2001). Chloride anions are not extrinsic
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voltage sensors for prestin but instead likely work allosterically (Song and Santos-Sacchi, 2010; Rybal-

chenko and Santos-Sacchi, 2003) (also see our comment #1 on Walter et al. [2019]—https://elifesciences.

org/articles/46986). In Figure 4, we explore the effects of salicylate on NLC frequency response. Blue sym-

bols denote responses after salicylate treatment, and red symbols denote response before treatment.

Extracellular perfusion of high concentrations of salicylate (10 mM) substantially reduces NLC but not

completely (Figure 4A). The effect results from intracellular loading of the ionized form of the molecule,

working in the micromolar range (Kakehata and Santos-Sacchi, 1996). In order to gauge salicylate effects

Figure 2. Frequency Response of NLC at Vh

(A) Blue line indicates mean NLC, dotted light blue line shows mean +SE. We require at least a double Lorentzian fit that

indicates low and high pass components.

(B) Power fit of our data illustrating the continuous roll-off of NLC across frequency. One-half magnitude (red circle) is near

10.5 kHz.

(C) Average of three patches before and after inside-out patch excision, illustrating similar frequency response for each.

(D) Mouse NLC frequency response (mean, mean +SE, blue line, dotted light blue line, respectively) is similarly low pass

compared with guinea pig response (pink line). Red circle shows one-half magnitude at 10.5 kHz. For comparison, we plot

the capacitance function of Lu et al. (1995) (Figure 4A) for GAT1, fitted with a power function (solid green line). Also, for

comparison, the scaled electromotility for the two presented cells from Frank et al. (1999) (Figure 2A) is shown. Note

prestin’s voltage-driven charge movements are remarkably lower-pass than eM.
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on NLC frequency response, we utilized lower concentrations (10 mM), assessing the response before (Fig-

ure 4B, top panel) and after (Figure 4B, bottom panel) treatment. Figure 4C shows that low-frequency com-

ponents of NLC were reduced by 10 mM salicylate, effectively increasing the frequency cut-off. None of the

NLC frequency modulations we observed, due to time dependence or salicylate interference with chloride

binding, sufficiently increased the response to promote very high frequency electromechanical activity.

DISCUSSION

The identification of AC electromotile responses of the OHC (Kachar et al., 1986) offered a clue to the

OHCs’ ability to promote high-frequency enhancement of hearing in mammals (Dallos, 2008). The

subsequent identification of the response’s voltage dependence and associated voltage-sensor activity

(Santos-Sacchi, 1990, 1991; Santos-Sacchi and Dilger, 1988; Ashmore, 1990) suggested that OHC receptor

potentials, evoked by acoustic stimulation, drive feedback of mechanical energy into the cochlear partition.

It is current dogma that this feedback is cycle-by-cycle, working best at high frequencies, where tonotopic

Figure 3. NLC Frequency Response Alters Over Time

(A) Currents were averaged at three time regions, six chirp responses each, over the duration of holding potential, p3-8,

p13-18, and p23-28, and NLC was extracted for each region.

(B) NLC for the three durations is shown. The red line demarks the slope of NLC at Vh for the first region (p3-8) and is recast

on the others. Note the change in NLC as duration of holding voltage increases.

(C) The frequency response of NLC at Vh is fit with a power function and shows that low-frequency regions of the response

decreases over time. Circles depict one-half magnitude, which increases over time.

(D–G) Plots show the parameters of the power fits ([D] NLC0, [E] a, [F] b, and [G] Fc) that alter over time.

(H and I) Vh shifts over the duration of holding voltage steps. (H) Vh across frequency (colors correspond to those in [C]).

(I) Mean Vh across frequency corresponding to data and colors in (H).
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frequency tuning is best (Ashmore et al., 2010). Indeed, OHC eM had been measured in a whole-cell micro-

chamber configuration to work without attenuation beyond 80 kHz at room temperature (Frank et al., 1999),

this in spite of initial studies showing more limited charge movement (Gale and Ashmore, 1997a). More

recent investigations on whole cells have challenged the concept of OHC high-frequency electromechan-

ical activity, with both NLC and eM exhibiting significant low-pass behavior below 10 kHz (Santos-Sacchi,

2019; Santos-Sacchi et al., 2019; Bai et al., 2019). Our current data on excised and on-cell macro-patchmea-

sures of NLC, where whole-cell mechanical loads on the piezoelectric-like protein prestin are absent,

directly show continuous roll-off of prestin’s conformational activity and indicate that attenuation of

sensor-charge movement in both mouse and guinea pig is not single Lorentzian in nature, but instead

fit well by a power function of frequency. This frequency response is not very different from that of capac-

itance measures in the GAT1GABA transporter (Lu et al., 1995). Mechanisms that we find to enhance the

frequency response of prestin, namely, time-dependence or motor block with salicylate, do not increase

its high-frequency behavior, but simply work by reducing the magnitude of low-frequency components.

These observations place a severe restraint on the effectiveness of voltage (i.e., receptor potentials) to

drive electromechanical responses of the OHC at very high acoustic frequencies where several mammals

possess hearing in the 60–160 kHz range. That is, there can be little or no OHC mechanical feedback in the

absence of prestin sensor charge movement at high frequencies, assuming that prestin works as an ACmo-

tor driven by AC voltage. Interestingly, in vivo indications of OHC electromechanical activity in the gerbil

obtained with OCT show low pass behavior, as well (Vavakou et al., 2019). Those authors considered the RC

filter problem (Santos-Sacchi, 1989), where OHC receptor potentials are expected to be attenuated at very

high frequencies by more than 20 dB relative to partition movements, and thus not be able to drive prestin.

Our data show that the RC filter problem is inconsequential, in as much as the ability of prestin to follow

wide-band voltage perturbations is insufficient in and of itself.

There is no doubt that normal prestin activity is involved in the process that enhances hearing capabilities

(Dallos et al., 2008; Santos-Sacchi et al., 2006). Knock-in of prestin mutations that alter its voltage operating

range (i.e. Vh) or manipulations of OHC chloride, known to influence prestin activity, are catastrophic to

cochlear amplification in the mouse, the latter in a reversible manner. How can a slow motor protein

work to enhance high-frequency hearing? Could low pass eM actually be countering low-frequency acous-

tic responses in order to ‘‘highlight’’ high-frequency input to the cochlea? Intriguing results on basilar

Figure 4. Salicylate Blocks NLC by Reducing Low Frequency Components

Blue color denotes responses after salicylate treatments. Red color denotes control prior to treatment.

(A) NLC is substantially reduced by 10 mM salicylate.

(B) Top panel: control before and bottom panel: after application of 10 mM salicylate to a single patch to provide partial

block of NLC.

(C) The resultant partial inhibition of fit extracted NLC illustrates a low-frequency block, which effectively increases NLC

frequency response.
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membrane tuning have been obtained in prestin knock-out/in mice that may point to possible mechanisms

of OHC action (MelladoLagarde et al., 2008). Alternatively, a rectified DC component of prestin activity

(Evans et al., 1991; Santos-Sacchi, 1989) could contribute to effects on high-frequency tuning, as Vavakou

et al. (Vavakou et al., 2019) have intimated. Finally, global hydromechanical influences of theOHCmay be at

play (He et al., 2018). In any case, the long-held cycle-by-cycle hypothesis of cochlear amplification at very

high frequencies is directly countered by our present observations.

Limitations of the Study

Ion concentrations in pipette and cell over the timescale of recording are likely fixed; however, conceivably,

as in any macro-patch experiment, ion depletion or accumulation on the patched membrane could influ-

ence electrical measures.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2019.11.036.
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Transparent Methods 

OHCs were isolated from guinea pig and mouse as described previously (Santos-Sacchi et 

al., 2019; Santos-Sacchi and Tan, 2018). Briefly, animals were killed by anesthetic overdose, the 

cochleas removed and the organ of Corti of the top two coils dissected out. Following 5 minutes 

of enzymatic digestion with trypsin (0.5mg/ml), the OHCs were isolated by gentle trituration and 

placed in a petri dish on a Nikon Eclipse TI-2000 microscope for recording. Extracellular solution 

was (in mM): NaCl 100, TEA-Cl 20, CsCl 20, CoCl2 2, MgCl2 1, CaCl2 1, Hepes 10, pH 7.2. 

Extracellular solution was in the patch pipette. Macro-patches on the OHC lateral membrane were 

made near the middle of the cylindrical cell; since prestin density/activity is uniform within the 

lateral membrane (Dallos et al., 1991; Huang and Santos-Sacchi, 1993), they provide 

representative information. For the guinea pig on-cell macro-patch approach we used pipette inner 

diameters of 3.38 +/- 0.20 m (electrode resistance in bath 1.46 +/- 0.06 M n=13), with M-coat 

applied within about 20 m of the tip to minimize pipette capacitance. Hemispheric estimate of 

patch surface area was 179 fF. Mouse pipette tip size was smaller at 2.29 +/- 0.024 m (n=3). In 

order to establish Gohm seals (5.54 +/- 0.59 Gn=13) we supplemented extracellular solution 

with 5-7.5 M Gd+3; we have shown previously that theses low concentrations help to form seals 

without affecting NLC (Santos-Sacchi and Song, 2016; Santos-Sacchi et al., 2019). Fig. 1A-D 

illustrates our protocol to measure high frequency NLC. Voltage steps from -160 mV to 160 mV 

were superimposed with an array of voltage chirps. We have previously shown that breakdown of 

prestin expressing membrane occurs at voltages greater than 300 mV (Navarrete and Santos-

Sacchi, 2006). Nevertheless, patches where instabilities of the membrane produced erratic currents 

at the largest potentials were removed from our data set. An Axon 200B amplifier was used with 

jClamp software (www.scisoftco.com). An Axon Digidata 1440 was used for digitizing at 10 s 

(Nyquist frequency of 50 kHz). Currents were filtered at 10 kHz with a 4-pole Bessel filter. The 

voltage chirps were generated in the software program jClamp (www.scisoftco.com) using the 

Matlab logarithmic “chirp” function (10 mV pk; pts=4096; F0=24.4141 Hz; F1=50 kHz; 

t1=0.04095 s).  Subtraction of currents at very depolarized potentials (160 mV) where NLC is 

absent (Santos-Sacchi and Navarrete, 2002), provided prestin-associated nonlinear currents, absent 

stray capacitive currents. Subsequently, these subtracted nonlinear membrane currents were used 

http://www.scisoftco.com/


 

for dual-sine or single-sine based capacitance estimation by evaluating real and imaginary 

components of the differential input admittance (Ydiff) derived from the subtracted currents 

(Santos-Sacchi, 2004; Santos-Sacchi et al., 1998). The removal of stray capacitance is required for 

the application of membrane capacitance algorithms (see below). Briefly, real and imaginary 

components of the nonlinear membrane admittance at all chirp frequencies were determined by 

FFT in jClamp, and corrected for the roll-off of recording system admittance (Gillis, 1995). That 

is, the frequency response of the system, including all components (AD/DA, amplifier and filter) 

was assessed by placing a small shielded resistor, 10 M, into the head stage input. Stray 

capacitance was balanced out with amplifier circuitry prior to grounding the resistor. Then, 

following grounding, voltage chirps (frequency span from 3.05 to 50 kHz, 32768 points at 10 s 

clock) were delivered, and currents recorded to provide system admittance. The magnitude and 

phase of our system response is shown in Figure S1 A and B. That system admittance is used to 

correct experimental data admittance. The necessity for such corrections are shown in Figure S1 

C-D, where an electrical cell model (Rs: 10 M, Rm: 2 G, and Cm: 1 pF) was analyzed similar 

to macro-patches, after stray capacitance compensation with amplifier circuitry. It can be seen, for 

both the dual sine and single sine analysis, that uncorrected responses are aberrant, but following 

correction for system magnitude and phase (i.e., dividing the complex response admittance by 

system admittance at each stimulus frequency), the subsequently estimated capacitance is flat at 

about 1 pF across frequency, regardless of holding potential. Thus, our methodology permits us to 

measure capacitance with high fidelity out to 20 kHz across holding potentials. We and others 

have previously used such an approach, though at lower interrogating frequencies, to measure 

NLC, as well as capacitance associated with synaptic vesicle release (Santos-Sacchi, 2018; Schnee 

et al., 2011b; Schnee et al., 2011a; Santos-Sacchi et al., 1998). 

 

For the dual sine method, the solution of the standard electrode-cell model is obtained from 

the admittances at 2 interrogating frequencies (Santos-Sacchi et al., 1998; Santos-Sacchi, 2018), 

based on the original single sine solution of Pusch and Neher (Pusch and Neher, 1988). The 

component solutions at harmonic angular frequencies n, where n=0, 1 and n=2πfn, are 
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where from the measured input admittance Yin we obtain 
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Thus, membrane currents evoked by two voltage frequencies can be used to solve for Rs, 

Rm and Cm, even in the face of resistive changes, but only in the absence of stray capacitance. This 

applies to measures of patch capacitance, as well. We report on Cm measures derived from fn, 

where n=0.  

For single sine analysis, capacitance was estimated from the imaginary component of the 

admittance, Cm=Im(Ydiff)/ , where =2πf, after minimizing the real component of admittance by 

rotating the phase angle of the complex admittance. Single and dual sine frequency response 

estimates were essentially the same (for example, see Figure S1 D and F).  

To extract NLC at each frequency, we fit Vm-Cm data to the following eq. 1 (Santos-Sacchi 

and Navarrete, 2002). This equation extracts NLC based on a 2-state charge movement 

(Boltzmann) model, which predicts symmetrical NLC on either side of Vh. In fact, measured 

membrane capacitance in OHCs or prestin-expressing heterologous cells is greater at 

hyperpolarized potentials than at depolarized potentials. This voltage-dependent sigmoidal offset 

is removed by the fit (see Fig. 1H). The equation has been routinely used to evaluate NLC (Santos-

Sacchi and Song, 2014; Homma and Dallos, 2011; Duret et al., 2017; Chessum et al., 2018; 

Harasztosi and Gummer, 2016). 

 



 

eq. 1 

𝐶𝑚 = 𝑄𝑚𝑎𝑥 

𝑧𝑒

𝑘𝑇
 

𝑏

(1 + 𝑏)2 
+

∆𝐶𝑠𝑎

(1 + 𝑏−1)
+  𝐶0 

where  

 

𝑏 = 𝑒𝑥𝑝 (
−𝑧𝑒(𝑉𝑚 − 𝑉ℎ)

𝑘𝑇
) 

 

Qmax is the maximum nonlinear charge moved, Vh is voltage at peak capacitance or equivalently, 

at half maximum charge transfer, Vm is membrane potential, z is valence, e is electron charge, k is 

Boltzmann’s constant, and T is absolute temperature. C0 is defined as the capacitance of the 

membrane when all motors are in their compact state, the minimum membrane capacitance; Csa 

is the maximum increase in capacitance that occurs when all motors change from compact to 

expanded state, each motor contributing a unit response of Csa. 

Data are presented as mean +/- standard error (SE). Data points from previous publications were 

extracted from plots using the application Grabit (written by Jiro Doke) in Matlab. 

 

  



 

 

 

Figure S1 Requirement to correct for the frequency response of the patch clamp system prior to 

capacitance estimation, Related to Figure 1 and 2. A) Magnitude and B) phase of the system. 

Determination is detailed in the Methods. In C-D, a model electrical patch (Rs: 10 M, Rm: 2G, 

Cm: 1 pF) is used to confirm proper system performance. C,D) illustrate capacitance measures 

utilizing dual sine analysis and E,F) using single sine analysis as detailed in Methods. In C) and 

E) capacitance measures are not corrected for system frequency response. Responses are aberrant. 

In D) and F) corrections are made to the measured model patch admittance based on measured 

system admittance. Following corrections, capacitance measures are flat out to 20 kHz, across 

holding potentials of -160 to 160 mV.   
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Cellular/Molecular

The Frequency Response of Outer Hair Cell Voltage-Dependent
Motility Is Limited by Kinetics of Prestin

X Joseph Santos-Sacchi1,2,3 and Winston Tan1

1Department of Surgery (Otolaryngology), 2Department of Neuroscience, and 3Department of Cellular and Molecular Physiology, Yale University School of
Medicine, New Haven, Connecticut 06510

The voltage-dependent protein SLC26a5 (prestin) underlies outer hair cell electromotility (eM), which is responsible for cochlear ampli-
fication in mammals. The electrical signature of eM is a bell-shaped nonlinear capacitance (NLC), deriving from prestin sensor-charge
(Qp ) movements, which peaks at the membrane voltage, Vh , where charge is distributed equally on either side of the membrane. Voltage
dependencies of NLC and eM differ depending on interrogation frequency and intracellular chloride, revealing slow intermediate con-
formational transitions between anion binding and voltage-driven Qp movements. Consequently, NLC exhibits low-pass characteristics,
substantially below prevailing estimates of eM frequency response. Here we study in guinea pig and mouse of either sex synchronous
prestin electrical (NLC, Qp ) and mechanical (eM) activity across frequencies under voltage clamp (whole cell and microchamber). We find
that eM and Qp magnitude and phase correspond, indicating tight piezoelectric coupling. Electromechanical measures (both NLC and
eM) show dual-Lorentzian, low-pass behavior, with a limiting (�2 ) time constant at Vh of 32.6 and 24.8 �s, respectively. As expected for
voltage-dependent kinetics, voltage excitation away from Vh has a faster, flatter frequency response, with our fastest measured �2 for eM
of 18.2 �s. Previous observations of ultrafast eM (� � 2 �s) were obtained at offsets far removed from Vh. We hypothesize that trade-offs
in eM gain-bandwith arising from voltage excitation at membrane potentials offset from Vh influence the effectiveness of cochlear
amplification across frequencies.

Key words: capacitance; cochlear amplification; electromotility; membrane proteins; outer hair cell; sensor charge

Introduction
The voltage-dependent protein SLC26a5 (prestin) underlies outer
hair cell (OHC) electromotility (eM; Zheng et al., 2000; Liberman
et al., 2002), considered to be responsible for cochlear amplifica-

tion in mammals (Santos-Sacchi et al., 2006; Dallos et al., 2008).
This mechanism provides 40 – 60 dB gain in our perceptions of
sound. eM has been characterized biologically as ultrafast, exhib-
iting no attenuation beyond 70 kHz (Frank et al., 1999), and such
uniform mechanical activity across frequencies is assumed to be
required for cochlear amplification by some mammalian species
that have hearing capabilities well beyond the range of human
frequency detection.

While cochlear amplification clearly results from the voltage-
dependent mechanical activity of the OHC, it behooves us to
understand frequency-response characteristics of eM, since
amplification may extend to very high frequencies in some
mammals. There are at least two independent influences on eM
frequency response. The first is the ability of the cell to provide

Received Feb. 16, 2018; revised May 14, 2018; accepted May 16, 2018.
Author contributions: J.S.-S. designed research; J.S.-S. and W.T. performed research; J.S.-S. analyzed data; J.S.-S.

wrote the paper.
This work was supported by National Institutes of Health–National Institute on Deafness and Other Communi-

cation Disorders Grants R01 DC000273, R01 DC016318, and R01 DC008130 to J.S.-S. We appreciate thoughtful
discussions with Fred Sigworth, and help with statistics from Fangyong Li.

Correspondence should be addressed to Joseph Santos-Sacchi, Surgery (Otolaryngology), Neuroscience, and
Cellular and Molecular Physiology, Yale University School of Medicine, BML 224, 333 Cedar Street, New Haven, CT
06510. E-mail: joseph.santos-sacchi@yale.edu.

DOI:10.1523/JNEUROSCI.0425-18.2018
Copyright © 2018 the authors 0270-6474/18/385495-12$15.00/0

Significance Statement

Of two types of hair cells within the organ of Corti, inner hair cells and outer hair cells, the latter evolved to boost sensitivity to
sounds. Damage results in hearing loss of 40 – 60 dB, revealing amplification gains of 100 –1000� that arise from voltage-
dependent mechanical responses [electromotility (eM)]. eM, driven by the membrane protein prestin, may work beyond 70 kHz.
However, this speed exceeds, by over an order of magnitude, kinetics of typical voltage-dependent membrane proteins. We find eM
is actually low pass in nature, indicating that prestin bears kinetics typical of other membrane proteins. These observations
highlight potential difficulties in providing sufficient amplification beyond a cutoff frequency near 20 kHz. Nevertheless, observed
trade-offs in eM gain-bandwith may sustain cochlear amplification across frequency.
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the drive for eM, namely, the attenuating influence of the mem-
brane resistive– capacitive (RC) time constant on receptor poten-
tials at high frequency; the second is the ability of the prestin
motor protein to follow voltage changes at high frequencies. It is
this second issue, the focus of the pioneering work of Dallos and
Evans (1995) and Frank et al. (1999), that we explore here.

The electrical correlate of eM is a bell-shaped nonlinear capac-
itance (NLC; Ashmore, 1990; Santos-Sacchi, 1991), which peaks
at the membrane voltage (Vh) where the prestin voltage-sensor charge
(Qp) is equally distributed across the OHC membrane field in a way
that is analogous to voltage-dependent ion channel capacitance/
gating behavior (Armstrong and Bezanilla, 1974; Kilic and
Lindau, 2001). We recently determined that the apparent, simul-
taneously evaluated, voltage dependence of NLC and eM differs
depending on intracellular chloride level and interrogation fre-
quency, revealing slow (multiexponential) intermediate confor-
mational transitions between required anion binding and Qp

movements (Song and Santos-Sacchi, 2013). Consequently, analysis
of NLC across frequency has revealed significant low-frequency
roll-off (Santos-Sacchi and Song, 2014, 2016) that is incompati-
ble with the demonstration of ultrafast eM lacking any evidence of
low-pass components (Frank et al., 1999). Additionally, disparities
that we and others have reported between electrical and mechanical
properties (Gale and Ashmore, 1997) of the OHC motor appear to
challenge the concept of tight electromechanical coupling in OHCs,
namely, its piezoelectric-like behavior (Iwasa, 1993; Gale and Ash-
more, 1994; Mountain and Hubbard, 1994; Kakehata and Santos-
Sacchi, 1995; Dong et al., 2002).

Here we study simultaneously evoked prestin electrical (both
NLC and Qp) and mechanical (eM) responses, synchronously
measured across frequencies to quantify electromechanical cou-
pling in OHCs. We find that while Qp and eM are indeed tightly
coupled, NLC reports not on the frequency response of eM, but
only on the limiting kinetics of eM. Finally, we identify two fre-
quency components of NLC and eM (one slow, one fast), and
show that trade-offs between frequency response and gain of eM,
similar to the gain– bandwidth product optimization used in op-
erational amplifiers, may be obtained by excitation of the OHC at
a resting voltage offset from Vh. We conclude that voltage-depen-
dent eM is intrinsically low-pass, in line with behavior of most
voltage-dependent proteins, relative to the highest frequencies
perceivable by certain mammals. However, we hypothesize that
mechanisms that provide stimulus offsets from Vh, either shifts in
resting potential or prestin’s voltage dependence, may actually
work to enhance the bandwidth of cochlea amplification.

Materials and Methods
Whole-cell recordings were made from single isolated OHCs from the
apical turns of organ of Corti of guinea pigs and mice of either sex. Since
prestin’s identification in 2000 (Zheng et al., 2000), there is no evidence
that prestin itself or its behavior differs in long or short OHCs from
different regions of the cochlea (Santos-Sacchi et al., 2017). An inverted
Nikon Eclipse TI-2000 microscope with a 40� lens was used to observe
cells during voltage clamp. Experiments were performed at room
temperature. Blocking solutions were used to remove ionic currents,
thus limiting confounding effects on NLC determination and voltage
delivery under voltage clamp (Santos-Sacchi, 1991; Santos-Sacchi and Song,
2016). Extracellular solution was as follows (in mM): 100 NaCl, 20
tetraethylammonium-Cl, 20 CsCl, 2 CoCl2, 1 MgCl2, 1 CaCl2, 10 HEPES.
Intracellular solution was as follows (in mM): 140 CsCl, 2 MgCl2, 10
HEPES, and 10 EGTA. Contamination of prestin NLC by ion channel
gating current is negligible since channel charge movement is orders of
magnitude smaller than the OHC charge due to prestin (2– 4 pC; Santos-
Sacchi, 1991). All chemicals were purchased from Sigma-Aldrich.

Cell capacitance, prestin charge, and mechanical response. An Axon
200B amplifier was used for whole-cell (head stage � � 1) and micro-
chamber (head stage � � 0.1) recording with jClamp software (www.
scisoftco.com). A National Instruments 6550 AD/DA or Axon Digidata
1440 was used for digitizing. To avoid time-dependent influences on our
measures, no averaging was done, except where noted. AC analysis of
membrane currents (Im) and eM were made by stimulating cells with
individually delivered or summed voltages at harmonic frequencies from
48.8 to 12,500 Hz (depending on recording configuration) with a 10 �s
sample clock. Magnitude and phase of responses were computed by FFT
in Matlab. Integration of AC currents to extract charge was performed in
the frequency domain (Qp � Im/j�; � � 2�f; j � � �1). Since prestin
charge movement has very shallow voltage dependence (z � 0.85),
charge at very positive voltages where NLC is minimized (�50 or �130
mV) was subtracted following scaling to estimated values at 300 mV
(�0.875– 0.9), based on two-state Boltzmann fits, thereby removing
charge generated by linear capacitance. Capacitance was measured using
dual-sine analysis at harmonic frequencies (Santos-Sacchi et al., 1998;
Santos-Sacchi, 2004). To extract Boltzmann parameters, capacitance-
voltage data were fit to the first derivative of a two-state Boltzmann
function as follows:

Cm � Qmax

ze

kT

b

�1 	 b�2 	 Clin where b � exp� �ze�Vm � VpkCm�

kT �
Qmax is the maximum nonlinear charge moved, VpkCm or Vh is voltage at
peak capacitance or equivalently, at half-maximum charge transfer,
Vm is membrane potential, z is valence, Clin is linear membrane ca-
pacitance, e is electron charge, k is Boltzmann’s constant, and T is
absolute temperature.

NLC determination requires stray capacitance removal due to analysis
constraints (viz, admittance solutions assume no stray capacitance;
Santos-Sacchi et al., 1998; Santos-Sacchi and Song, 2016). NLC was not
measured following changes in series resistance compensation circuitry
because phase lags introduced by compensation circuitry invalidate the
system calibration used to correct for the system’s frequency response.
The system response is required for NLC measures. Patch pipettes were
coated with M-coat (Micro Measurements) to reduce stray capacitance.
Remaining stray capacitance was removed by amplifier compensation
circuitry before whole-cell configuration. If necessary, additional compen-
sation was applied under whole-cell conditions (Schnee et al., 2011a,b)
and/or through a software algorithm to ensure expected frequency-indepen-
dent linear capacitance (Santos-Sacchi, 2018).

Simultaneous eM measures were made with fast video recording or a
photo diode system. The photo diode measurement details have been
published (Santos-Sacchi and Song, 2014). Briefly, we stimulated with
50 mV peak discrete AC bursts across harmonic frequencies (12.2–6250 Hz)
to explicitly excite the OHC eM nonlinearity and generate fundamental and
harmonic responses. For video analyses, a Phantom 110 camera (Vision
Research) was used for video measures at frame rates of 25 kHz (whole
cell) or 50 kHz (microchamber). For whole cell, stimuli were the sum of
nine 15 mV peak harmonic frequencies (48.8 –12,500 Hz). Additional
magnification was set to provide 176 nm/pixel. The bright edge of the
cuticular plate was used to track OHC length change by fitting a Gaussian
to the peak of the image, providing subpixel resolution of movements
(see Fig. 2A). The fitted line (five pixels wide) was drawn to encompass
the cuticular plate at right angles, the number of points (pixels) depend-
ing on the image thickness of the plate, which can vary from cell to cell.
Only a single peak was chosen for tracking.

The patch electrode or microchamber provided a fixed point at the
basal end or middle of the cell, respectively. For cells studied with video
analysis under whole-cell mode, charge-movement magnitude was cor-
rected for the magnitude roll-off of the 10 kHz Bessel filter. Series resis-
tance (Rs) was determined from voltage step-induced whole-cell currents
(Huang and Santos-Sacchi, 1993, their appendix). For the microcham-
ber, a 30 kHz filter (external Frequency Devices 9002 filter with 200B
open filter) was used to collect current data, but because of the complex-
ity of charge movements (moving in opposite directions in each part of
the partitioned cells), no analysis was performed. Resultant movements
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were analyzed by FFT in Matlab. The colors in surface plots were gener-
ated in the Matlab plotting routine surf with shading set to �interp	.
This procedure allows contours to be readily observable. No relation to 3
dB breakpoint is intended.

For the microchamber, voltage across the membrane of the extruded
length of the cell, qL, is estimated as the imposed microchamber voltage,
V, factored by 1 
 q, q being extent (0 –1) of extrusion (Dallos et al., 1993;
Frank et al., 1999). The calculated correction is 0.4539, since our average
q � 0.546. Shunt resistance could also be influential (Dallos et al., 1991;
Huang and Santos-Sacchi, 1993); our average was 4.97 � 0.8 M� (n �
8), approximately estimated from voltage steps. With this shunt resis-
tance, the calculated correction is quite accurate as shown by near equiv-
alence of the Boltzmann z parameter for both eM and NLC (see Fig. 10).
For the microchamber, AC stimuli were the sum of nine 30 mV peak
harmonic frequencies (48.8 –12,500 Hz), and given the correction factor
above 0.4539, 13.62 mV was delivered to the extruded cell membrane,
similar to whole-cell conditions. Microchamber eM responses were cor-
rected for extrusion factor to equate to whole-cell measures (eM/q; Frank
et al., 1999).

At other than DC, the frequency cutoff [fc, 3 dB down point, or time
constant � (1/2�fc)] of voltage delivery will be determined, as in whole-
cell voltage clamp, by Rs and predominantly cell capacitance, since for the
OHC, cell capacitance dominates any stray capacitance of the macropi-
pette. Additional lumped stray capacitance of the amplifier, pipette
holder, etc., will not influence clamp � since it only influences the circuit
as a current divider (see Fig. 9). It is typically compensated electronically
(e.g., in whole-cell mode) only to limit amplifier saturation, not to extend
voltage-clamp frequency response. Thus, given a voltage-clamp am-
plifier that can provide sufficient current to the microchamber, voltage
delivery across Rs in series with cell impedance will be immune to this
stray capacitance. Thus, fc will chiefly depend on q, where at q � 0.5, a
balanced capacitance divider can be achieved (assuming inserted and
extruded membrane �’s are equal), and provide a maximally flat fre-

quency response for voltage delivery. The fc will
increase in a U-shaped manner on either side
of q � 0.5, but will depend critically on Rs (see
Fig. 11). We compensated stray capacitance
with our amplifier (Axon 200B) compensation
circuitry before recording to limit amplifier
saturation. eM was corrected for micro-
chamber clamp time constant effects based
on voltage-induced transient responses of
measured currents following AC stimulation
(see Figs. 9, 10). Measurement noise floor was
estimated from the saturated AC eM responses
at �200 mV offset. Cells displaying maximum
steady-state (DC) microchamber eM responses
�1.0 �m were discarded, since such small re-
sponses may be a sign of reduced turgor pres-
sure, which can reduce eM (Santos-Sacchi,
1991). Models were implemented in Matlab
Simulink and Simscape, as detailed previously
(Song and Santos-Sacchi, 2013; Santos-Sacchi
and Song, 2014). Data points from previous
publications were extracted from plots using
the application Grabit (written by Jiro Doke) in
Matlab.

Statistics. Rs-corrected Vm versus NLC, Qp,
and eM data were fit with the first derivative
of a two-state Boltzmann function to provide
comparable Boltzmann parameters z and Vh

for each measure (Santos-Sacchi, 1991). Data
are presented as mean � SE. Regressions were
performed in Matlab. Using SAS 9.4 (SAS
Institute), the mean phase data in Figure 9C
were tested for significance from zero. A one-
group t test was used to test the null hypoth-
esis. The results are reported in the figure.

Results
In whole-cell mode, we simultaneously measured the first (fun-
damental), second, and third harmonic of both eM and mem-
brane current Im using single sinusoidal bursts of voltage (Fig.
1A). For the OHC under voltage clamp, the following equations
apply:

Im � iRs � iRm 	 iClin 	 iNLC

Im �
Vm

Rm
	 Clin

dVm

dt
	 NLC

dVm

dt

iNLC �
dQp

dt

where Qp is prestin charge. In our experiments, NLC is the dom-
inant nonlinearity, since nonlinear ionic membrane currents are
blocked. Nonlinear harmonic currents thus predominantly rep-
resent voltage-driven displacement currents arising from prestin
sensor charge movements normal to the membrane field. Prestin
charge at these harmonic frequencies, Qp, is obtainable by inte-
gration of current, signifying that the phases of harmonic charge
components will lag current phase by 90°.

While the nonlinear harmonic currents arise from prestin charge
movements alone, those of the fundamental have additional contri-
butions from linear components (Clin, Rm) of the cell. To remove
those linear components, so we can additionally compare electri-
cal and mechanical responses at the fundamental, we note that
the relationship between second harmonic eM and second har-
monic nonlinear current should hold for the fundamental re-

Figure 1. Gating charge and eM are coupled. A, Example of currents and eM at 97.7 Hz. Harmonics (1, 2, 3) are generated by
nonlinearities in the process generating mechanical responses. B, Comparison of average (n � 6) relative magnitude and phase of
eM and prestin sensor charge (Qp) for harmonics 1, 2, and 3, illustrating tight coupling between the two measures of prestin activity
across frequencies. Responses were time averaged 8 – 64 times to achieve an equal signal-to-noise ratio across frequencies. Fifty
millivolt peak discrete AC bursts across harmonic frequencies were delivered to explicitly excite the OHC eM nonlinearity and
generate fundamental and harmonic responses.
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sponses (confirmed through modeling).
Thus, the complex ratio of eM and current
at the second harmonic will approximate
that at the first harmonic (fundamental),
expressed as follows:

eMf 2

Imf 2
�

eMf 1

Imf 1 � Imf 1lin

The linear component of Imf1, namely,
Imf1 lin, was solved for and subtracted
from Imf1. These manipulations only af-
fect fundamental frequency comparisons.
The underlying premise to be confirmed
is that the electromechanical activity of
the OHC is piezoelectric-like, and that
prestin sensor charge movements (Qp) cor-
respond to eM, despite recently identified
phase differences between Vm and eM
(Santos-Sacchi and Song, 2014), and pre-
viously identified timing disparities be-
tween Qp and eM (Gale and Ashmore,
1997; Santos-Sacchi and Song, 2014). In
our kinetic models, we assume eM corre-

Figure 2. Low-pass electromechanical behavior of the OHC under whole-cell voltage clamp. A, Video frame of an OHC whose eM was measured by tracking the edge of its cuticular plate. Inset,
Bright edge (green line) is fitted with a Gaussian (red line) and tracked across frames (25,000 fps). B, Raw eM responses (colored traces) generated by the multifrequency voltage stimulus (black
trace) summed to differing holding potentials. eM responses are arbitrarily offset and colored for easy visualization. Vertical scale bar is 0.45 �m for eM and 50 mV for voltage (sum of 9 15 mV peak
harmonic frequencies starting at 48.8 Hz). C, NLC, in contrast to linear capacitance, is frequency dependent, showing low-pass behavior. Rightmost panels show alternative view of surface plots to
appreciate frequency response. D, eM shows lower-pass behavior compared with NLC. E, Prestin sensor charge (Qp) shows behavior similar to eM. eM and Qp frequency-response time constants at
Vh are statistically indistinguishable by t test ( p � 0.134). Average responses from five cells.

Figure 3. Whole-cell clamp time constant limits eM frequency response. A, Left panel shows NLC in an OHC, whose eM was
measured at three different values of Rs (achieved through amplifier Rs compensation circuitry). As clamp time constant is decre-
mentally reduced (clamp � � Rs * Cm), eM frequency response approaches that of NLC. Symbols correspond for all plots.
B, Magnitude–frequency plot illustrating enhanced frequency response of eM at Vh. C, Linear relationship between eM and clamp
time constants. eM �Vh approaches this cell’s NLC �Vh, determined from a single exponential fit (blue asterisk). Stimulus was 15 mV
peak at each frequency.
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sponds to the occupancy of the protein in the contracted state
where positive sensor charge accumulates during depolarization/
cell shortening. Thus, the validity of our model and of other
similar (e.g., two state) models depends on tight coupling.

In Figure 1B, average (�SE; n � 6) magnitude and phase of
first, second, and third harmonics of Qp and eM are shown. The
eM and Qp data compare favorably, indicating that eM is tightly
coupled in magnitude and time (phase) to prestin charge, as
expected for a piezoelectric process. Considering the phase lag
between OHC Vm and eM (Santos-Sacchi and Song, 2014), our
observation of tight coupling between Qp and eM identifies the
piezoelectric nature of the OHC as being one with hysteresis.
Namely, there is a delay between voltage drive and charge mo-
tion, but no delay between charge motion and OHC motion. We
previously observed Vm– eM hysteresis in OHC electromechani-
cal behavior (Santos-Sacchi et al., 1998, 2001).

Recently, NLC has been shown to present low-pass frequency-
dependent behavior that we attributed to a slow, multiexponen-
tial kinetic process within prestin state transitions (Santos-Sacchi
and Song, 2016). How does the frequency response of OHC NLC
relate to eM? To answer this question, we measured eM, NLC,
and Qp simultaneously across stimulation frequency. Figure 2A,B
presents an example of an OHC whose eM was measured with
video analysis at 25,000 fps during multifrequency voltage stim-
ulation. In Figure 2C–E, average responses (n � 5) are depicted
for NLC, eM, and Qp, respectively. NLC shows low-pass behavior
as we reported on previously (Santos-Sacchi and Song, 2016), but
Qp and eM show even lower pass behaviors. The latter two mea-
sures are remarkably similar, in line with our Qp/eM data of
Figure 1. The underlying mechanism for the differences between
NLC and eM/Qp is explored in the next couple of figures, where
the influence of the whole-cell voltage-clamp time constant is
considered. In Figure 3, an example of clamp � effects on eM is

shown. As clamp speed is increased via amplifier Rs compensa-
tion circuitry, the frequency response of eM is similarly in-
creased; eM �Vh approaches this cell’s NLC �Vh, determined from
a single exponential fit (Fig. 3C, blue asterisk), where prestin’s
kinetics are limiting. We had previously shown this effect for both
AC and step eM responses (Santos-Sacchi, 1992), and this result
derives from the voltage-dependent nature of eM (Ashmore,
1987; Santos-Sacchi and Dilger, 1988; Iwasa and Kachar,
1989).

Whereas eM (and Qp; see below) measures mirror clamp
speed, NLC frequency-dependent behavior is independent of
clamp speed. NLC estimates derive from the solution of the cell’s
admittance (Santos-Sacchi et al., 1998; Santos-Sacchi, 2004),
essentially providing the ratio dQp/dVm. Thus, in the face of Vm

roll-off due to clamp time constant, the ratio of changes in Vm-
driven Qp and the driving force Vm remains unaffected by clamp
�, and therefore reports simply on the limiting kinetics of prestin
transitions. This is confirmed through modeling (Fig. 4). Here
clamp � is altered by changes in Rs (clamp � � Rs * Cm). In Figure
4A, a model of an OHC possessing an NLC with frequency-
independent Boltzmann characteristics shows an unencumbered
increase in eM (i.e., Qp) frequency response as Rs is lowered.
However, the OHC possessing a multistate kinetic (meno presto)
model of NLC (Santos-Sacchi and Song, 2016; Fig. 4B) shows that
the frequency response of eM is governed by the kinetics revealed
by NLC. That is, NLC specifies limits to the frequency behavior of
eM or Qp.

Figure 5 shows average (n � 21) guinea pig OHC NLC fre-
quency dependence, and corresponding Qp measures. For the
NLC Lorentzian fit, we use the geometric mean of the dual stim-
ulating frequencies, as we have done previously (Santos-Sacchi
and Song, 2016). Only AC NLC was estimated with dual sine, but
neither eM nor Qp, so that eM and Qp data correspond to the

Figure 4. Models show that kinetics underlying NLC frequency response restrain frequency response of eM (Qp). A, NLC of a two-state Boltzmann model is frequency independent. However, eM
(Qp; right) faithfully follows clamp time constant. B, NLC of meno presto model incorporating slow multiexponential kinetics is low-pass. Note that eM (Qp) frequency response is also increased by
reducing clamp time constant, but is limited by kinetics that define NLC response. AC stimulus was 15 mV peak at each frequency.
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primary frequencies directly. To estimate
peak NLC at DC (33.5 pF, plotted leftmost
on x-axis), measures were derived from
voltage step-induced transients (Huang
and Santos-Sacchi, 1993), namely, during
changes in command holding potential.
The mean (SE) Boltzmann characteristics
of NLC at the lowest primary frequency of
48.8 Hz (geometric mean, 69.1 Hz) are
NLCpk: 32.03 (0.76) pF; Vh: 
52.8 (4.1)
mV; z: 0.86 (.016); and Qmax: 3.875 (0.17)
pC. Clin for this group of cells was 22.57
(0.46) pF. For comparison, our standard
estimates of NLC at 390.6 Hz (geometric
mean, 552.4 Hz) gives Vh: 
53.3; z: 0.86;
and Qmax: 3.24 pC. Note here that Qmax is
larger at the lower frequency. At 97 Hz
(near that of the NLC geometric mean of
69.1 Hz), Qp fits provide Vh: 
56.3 (2.6)
mV; z: 0.836 (0.021); and Qp: 127.9 (6.8)
fC. AC voltage stimulation was 5 mV.

Normalized NLC (Fig. 5A) is character-
ized by two distinct kinetic components,
one slow component (�1 � 1.12 ms) and
one fast component (�2 � 32.6 �s). The lat-
ter component’s amplitude is only a cou-
ple of decibels down from the former.
Thus, the limiting frequency response of
eM, dictated by the NLC frequency re-
sponse, will derive from the second, faster
component. The speed of Qp (determined
from single Lorentzian fits above 100 Hz
stimulation), in agreement with eM mea-
sures, is dictated by whole-cell clamp
speed (Fig. 5C,E). Here, we increased clamp speed (reduced
clamp �) to the point just before amplifier oscillation and corre-
lated with Qp speed, in an effort to predict prestin’s cutoff � at Vh.
A linear extrapolation to zero clamp time constant (which works
reasonably well for two-state kinetic models of differing kinetics;
Fig. 5B) provides a limiting � of 49 �s, compared with the fast
NLC component � of 32.6 �s. Notably, the apparent speed of Qp

increases when interrogated at voltages offset from Vh. At an offset of
30 mV from Vh, �Qp reduces to 13.3 �s, in a tradeoff between gain
and bandwidth.

Figure 6 explores this gain– bandwidth trade-off in our eM
data. We replot (Fig. 6A) the average data and Boltzmann fits
from Figure 2, and construct eM–frequency plots at different
offset voltages from Vh (Fig. 6B). The frequency responses further
away from Vh are flatter and have faster time constants. These
were single Lorentzian fits, and clearly even the fastest time con-
stant (198 �s) is constrained by a slow whole-cell clamp �.

To obtain faster clamp time constants, we recorded from
mouse OHCs, where the reduced magnitude of both linear and
nonlinear capacitances will enhance the speed of voltage delivery
under whole-cell conditions (clamp � down to 15 �s). In Figure
7, we show kinetic behavior similar to that of guinea pig OHCs,
with Qp frequency response being clamp-speed dependent. Lin-
ear extrapolation provides a limiting �Qp of 27 �s.

Clearly, despite reductions in clamp time constant, the fre-
quency responses of eM and Qp are limited in whole-cell mode, to
a limiting rate being, at best, approximate. Thus, to avoid whole-
cell clamp � effects, we measured Qp frequency response in mem-
brane patches, where speed of voltage delivery is unquestionably

fast. Figure 8 shows average responses (n � 10) of Qp from on-cell
patch recordings before establishment of whole-cell configura-
tion. Patches (Fig. 8A,B) show frequency responses that are
slower than whole-cell responses. This likely arises from physical
constraints on patch membrane movements, as previously sug-
gested by Gale and Ashmore (1997). That is, because eM is mir-
rored in Qp, since each are tightly coupled, our measures of patch
Qp will show evidence of physical constraints in patch move-

Figure 5. NLC has two frequency components whose kinetics limits Qp frequency response. Average responses from 21 cells. A,
Magnitude–frequency plot of average NLC at Vh. A dual-Lorentzian fit reveals slow and fast components (A1: 0.2453; �1: 1.12 ms;
A2: 0.7469; �2: 32.6 �s). NLC is plotted relative to values at lowest frequency, which is NLC determined from step-induced (DC)
transients (Huang and Santos-Sacchi, 1993) during changes in command holding potential. Error bars indicate SE. Dotted green
line is plot of faster component. B, Relationship between clamp � and Qp � for three two-state models of differing rate constants,
illustrating that regressions to zero clamp � can identify each model’s characteristic time constant. C, Similarly, regressions on OHC
Qp provide a limiting time constant approaching the fast � component of NLC. D, a– d, Five cell-binned averages computed and
plotted, illustrating the enhanced frequency response as clamp � decreases (a: 153.0 � 1.75 �s; b: 100.9 � 1.2 �s; c: 70.9 � 1.4
�s; d: 55.7 � 1.9 �s. Qp Lorentzian fits data and model are from 100 to 3200 Hz. E, Plot of Qp at an offset voltage of 30 mV from
Vh, showing that �Qp decreases at voltages away from Vh (with gain– bandwidth tradeoffs). Five millivolt peak AC stimulation. See
text for Boltzmann mean (SE).

Figure 6. Similar to Qp results, eM � decreases at voltages offset from Vh. A, eM and Boltz-
mann fits from cells depicted in Figure 2 at the various recorded frequencies. B, Frequency plots
derived from data at vertical lines in A. The further away from Vh, the faster is the frequency
response, with a trade-off between gain and bandwidth.
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ments. Indeed, Adachi and Iwasa (1999) have shown that NLC
can be blocked by physical constraints on the membrane. On the
other hand, following whole-cell establishment (Fig. 8C,D), con-
formational changes in prestin are freely expressible, and an increase
in bandwidth is found.

Finally, we directly studied eM frequency
response using the microchamber tech-
nique, which theoretically has enormous
wideband voltage delivery (Dallos and Ev-
ans, 1995; Frank et al., 1999) and, similar
to whole-cell configuration, allows for un-
encumbered conformational changes in
prestin.

It is well known that the relaxation
time course of measured currents induced
by voltage perturbation in whole-cell volt-
age clamp mirrors the time course (fre-
quency response) of the voltage imposed
across the cell membrane (Sigworth, 1995).
We discussed some electrical characteris-
tics of the microchamber in Materials and
Methods. In Figure 9C–E, we additionally
emphasize that the frequency response of
the currents measured in the microcham-
ber configuration also characterizes the
frequency response of the voltages deliv-
ered to the membranes inside and outside
the chamber. In this figure, we show re-
sults from a Matlab Simscape model of the
microchamber using our stimulus pro-
tocol (see Fig. 11, model parameters in
legend). The time constants of current in
Figure 9C (fitted black lines; �ta � 19.5 �s;
�tb � 16.2 �s) are the same for membrane
voltage inside (Fig. 9D; �ta � 19.4 �s; �tb �
15.9 �s) and outside (Fig. 9E; �ta � 19.5
�s; �tb � 16.5 �s) the microchamber. A
Lorentzian function A � 1/[1 � (2�f�)2]1/2

is used to generate a normalized magni-
tude frequency response that can be used
to correct the frequency roll-off of voltage-
dependent processes driven by the clamp,
which we do below for our microchamber
eM data. It is important to have frequency
response estimates coincident with proto-
col stimulation, as drifts in the resistive
components of the microchamber can
have dramatic effects on the speed of volt-
age excitation (see Fig. 11).

Figure 10 shows microchamber mea-
sures of OHC eM at DC and across fre-
quencies. Maximum DC eM gain (peak of
the Boltzmann fit derivative) is 16.8 nm/mV
in excellent agreement with earlier reports
(Ashmore, 1987; Santos-Sacchi, 1989; Fig.
10A). The z parameter of the microcham-
ber eM Boltzmann fit (0.83) also com-
pares favorably to that of NLC (0.86) and
Qp (0.84), detailed above (Fig. 5). Based
on our microchamber clamp � (Fig. 10B),
eM data were corrected for a cutoff
frequency of 6.17– 6.64 kHz. The micro-
chamber approach reveals a second expo-

nential component (�2) of eM that was unseen in the whole-cell
data because of clamp � limitations. Fitted sums of two
Lorentzians were made at two microchamber offset voltages.
At zero microchamber offset, A1: 1.63 nm/mV; A2: 3.45 nm/
mV; �1: 0.68 ms; �2: 18.19 �s. At 
68 mV microchamber

Figure 7. Mouse OHC recordings have reduced clamp time constants, but show low-pass frequency-response behavior similar
to guinea pig OHCs. A, B, NLC is low pass at Vh (A) and clamp � influences Qp frequency response (B). Extrapolation estimate of �Qp

is 27 �s. Five millivolt peak AC stimulation.

Figure 8. Average Qp frequency response for on-cell patches compared with subsequent whole-cell measures. A, On-cell Qp

with Boltzmann fits to data from individual frequencies. B, Frequency response in patches is low pass. C, D, Following patch
rupture, Qp increases (C) and frequency response extends (D). These data possibly signify that patch movements are constrained
compared with whole-cell conditions, as previously suggested (Gale and Ashmore, 1997). Five millivolt peak AC stimulation. Patch
responses were averaged 32 times.
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offset, near Vh, A1: 11.52 nm/mV; A2: 4.32 nm/mV; �1: 3.45
ms; �2: 25.26 �s. Both slow and fast exponential component
magnitudes and time constants were influenced by offsets
from Vh, in a similar fashion to whole-cell data (Fig. 7). This
indicates that the kinetics of the second component takes on
increasingly greater dominance as excitation moves away from
Vh, and that prestin follows the kinetic rules governing
voltage-dependent proteins.

Discussion
NLC reflects the restricted movement of sensor charge (or gating
charge) in response to transmembrane voltage perturbations,
and is a characteristic of membrane-bound, voltage-dependent
proteins, such as ion channels and some transporter family mem-
bers, including prestin. The time constant of charge movement in
voltage-dependent proteins is typically within the 100 –1000 �s
range. For example, Lu et al. (1995), using very wideband capac-
itance measures, have shown that the GAT1 cotransporter and
the cardiac Na, K pump present capacitance frequency responses
over an order of magnitude slower than that produced by
voltage-induced translocations of the small hydrophobic ion di-
picrylamine across the membrane field: a rate of 9500 s
1 (� �
105 �s, fc � 1.5 kHz). Similar time constant estimates of ion
channel gating currents are also within this range, and differences
in kinetics among voltage-sensitive proteins likely arise from mo-
lecular variation within the protein (even within a single residue),
leading to alterations in energy barriers between conformational
states (Lacroix and Bezanilla, 2012). In the case of prestin, dis-
placement currents represent charge movements that drive con-
formational changes in the protein, and effect voltage-dependent
mechanical responses in OHCs, so-called electromotility. Since
the initial identification and characterization of NLC/gating cur-

rents in OHCs (Ashmore, 1989, 1990; Santos-Sacchi, 1990, 1991), it
has been viewed as a frequency-independent, fast two-state
Boltzmann process. In fact, the frequency extent of NLC and eM
has been documented out to progressively higher limits over the
years (Ashmore, 1987; Santos-Sacchi, 1990, 1992; Dallos and Ev-
ans, 1995; Frank et al., 1999). Indeed, electrically evoked eM pres-
ents well above the auditory frequency requirements of species
that have been studied (Frank et al., 1999; Grosh et al., 2004). In
the present study, we provide evidence that counters the prevail-
ing concept of ultrafast, voltage-driven eM.

By analyzing simultaneous and synchronous measures of eM,
NLC, and sensor charge (Qp) at voltage-stimulating frequencies
from DC to 12.5 kHz, we show that within this bandwidth NLC
displays a low-pass nature that reveals the limiting kinetics acting
on eM and Qp. Both eM and NLC display slow and fast compo-
nents, the eM components near Vh [�1 � 3.45 ms (33.8 Hz); �2 �
25.26 �s (6.25 kHz)] being similar to our current estimate of NLC
cutoff frequency at Vh [�1 � 1.16 ms (137.2 Hz); �2 � 32.6 �s
(4.88 kHz)] at room temperature. At zero microchamber offset,
eM time constants are faster [�1 � 0.68 ms (234 Hz); �2 � 18.2 �s
(8.74 kHz)]. Earlier, Gale and Ashmore (1997) found a time con-
stant of 16 �s (9.94 kHz) for NLC. Corrections for in vivo tem-
peratures could extend the bandwidth. Indeed, we have found
significant effects of temperature on NLC (Santos-Sacchi and
Huang, 1998; Meltzer and Santos-Sacchi, 2001; Santos-Sacchi et
al., 2009; Okunade and Santos-Sacchi, 2013), giving approxi-
mately a Q10 of 2. A previous Q10 estimate was 1.33 (Ashmore and
Holley, 1988). Assuming a Q10 of 2, Gale and Ashmore’s fc for
NLC is 22.8 kHz. Our fastest eM response would indicate an fc of
20 kHz at 37°C. Thus, even correcting voltage-dependent NLC
kinetics to body temperature would not match the widest eM

Figure 9. Electrical configuration of whole-cell and microchamber voltage clamp. A, Whole-cell clamp speed is limited by � � Rs * Cm. Stray capacitance (amplifier, pipette holder, and pipette)
is typically modeled in a position that does not interfere with voltage-clamp speed, but can influence measured high-frequency currents if not compensated. B, The microchamber partitions the cell
partway within the orifice of the macropipette. Stray Cs1 is as with whole-cell mode. The frequency response of voltage clamp also depends on Rs and Cm, since stray Cs2, if it contributes at all, is
dominated by Cm. The configuration in the figure is for a cell midway in the microchamber, membrane Cm equally divided. At high frequencies, the input capacitance will be the series combination
of Cm/2 and Cm/2, giving a value of Cm/4. Thus, �� Rs * Cm/4 provides a faster clamp than whole cell, but the configuration suffers from lack of DC voltage-clamp control across the membranes. With
partitioning of the cell more or less within the chamber, the series combination of the nonequal partitioned cell Cm will provide an input Cm less than the smaller of the two partitioned capacitances,
regardless of its location inside or outside the microchamber. Thus, clamp � for both inserted and extruded membranes will have the same U-shaped speed function, being slowest at the
half-inserted condition, as depicted. C, Displayed are two current traces (ta and tb) generated by a Matlab Simscape microchamber model using a voltage protocol similar to our DC off-set AC voltage
protocol (Fig. 10B, inset). The red trace (also marked with a downward red triangle) is at zero offset, and the blue trace (also marked with an upward blue triangle) is at an offset of 
65 mV. Black
lines are single exponential fits. Under voltage clamp, the time course of capacitive currents mirrors the time course of the voltage delivered to the cell membrane, as shown in D and E. See text for
more details.

5502 • J. Neurosci., June 13, 2018 • 38(24):5495–5506 Santos-Sacchi and Tan • Prestin Obeys Voltage-Dependent Kinetics



bandwidth estimate (80 kHz or 2 �s �, fc
being given by 1/2�t) of Frank et al.
(1999) found at room temperature.

Our observation of low-pass electro-
mechanical behavior within our investi-
gated bandwidth is clearly related to offset
position along the eM–Vm Boltzmann re-
lation where measures were made (Fig.
10). Frequency response measures arising
from voltage perturbations away from Vh

provide enhanced Vm following fidelity,
i.e., a faster and flatter frequency response.
It is well known that two-state, voltage-
dependent transition kinetics between
conformations is slowest at Vh (where the
peak energy barrier resides), and speeds
up on either side of Vh (Hodgkin and
Huxley, 1952; Hille, 1992; Destexhe and
Huguenard, 2000). The replotted eM gain
data of Frank et al. and Dallos et al. (Fig.
10) clearly show that their measures were
taken at significant offsets from Vh, where
we also find flatter frequency responses.
This likely explains the missing slower
component in their data. However, what
about the high-frequency limit derived from
our eM/NLC and Gale and Ashmore’s NLC
measures? Why would the Frank et al. eM re-
sponse extend beyond the limits indicated by
NLC kinetics? That is, why is there an ap-
parent uncoupling between prestin charge
movement and OHC motility, which we
have demonstrated should exist (Figs. 1,
2)? Possible explanations for these kinetic
disparities between charge movement and
eM may be due to experimental differ-
ences among studies.

In voltage-clamp experiments, includ-
ing the microchamber method, correc-
tions for voltage delivery roll-off must be
made since the fidelity of voltage clamp
across frequencies suffers from the effects
of electrode resistance and membrane ca-
pacitance. Accounting for these effects is
simply a matter of correcting for the time
course of relaxation of measured capaci-
tive currents, as we did. This is a valid and
standard approach. Only in the unattain-
able absence of electrode resistance would
no correction be necessary. In Frank et al.
(1999), voltage corrections for micro-
chamber frequency response were based
on assumed stray capacitance influences,
which they explicitly identified, in the ab-
sence of compensation circuitry, as limit-
ing their microchamber voltage delivery.
However, the microchamber voltage clamp
behaves exactly as that of the whole-cell volt-
age clamp where the bulk of stray capaci-
tance (amplifier, pipette holder, and
pipette) does not diminish clamp speed.
Indeed, in simulations of models shown
in Figure 9, stray capacitance Cs1 has no

Figure 10. eM evoked with the microChamber wide-band stimulus delivery system and video captured at 50,000 fps. No frame
averaging. Two components are evident, whose frequency response is dependent on offset from Vh. A, DC eM magnitude versus
offset voltage. Cells were partitioned near midway along cell length (schematic), with average length (L) being 55.3 � 3.0 �m,
and the average portion outside the chamber (qL) being 30.2 � 2.8 �m. The Boltzmann fit provides a z parameter of 0.83, in good
agreement with our estimates from NLC and Qp. Our eM gain of 16.8 nm/mV is typical of reported whole-cell responses. In the
absence of a voltage offset, stimulation is substantially removed from Vh, the location of maximal gain. B, Magnitude–frequency
plot of average eM from two regions of the DC plot (denoted by solid triangles). DC average gains derived from A are replotted on
left gain (nm/mV) axis. The boxed inset shows the current relaxations after return to zero voltage (red and blue), fit with a single
exponential (black lines), and used to correct for voltage frequency roll-off. Clamp � at zero offset: 25.8 �s; near Vh: 23.96 �s.
Colors and symbols correspond to offsets and match those of the model of Figure 9C–E. See text for more details. Responses
obtained from an offset close to Vh (upward blue triangles) show a large low-pass component, whereas responses without an offset
(downward red triangles) show a reduced low-pass component. Each has faster components away from Vh. Thin, black asterisk line
is noise floor estimated from �200 mV offset in A, where AC responses are saturated. For comparison, magenta lines depict patch
NLC from Gale and Ashmore. Brown lines show microchamber eM gain functions for two cells from Frank et al. Green line from
Dallos et al. shows microchamber eM gain derived from their reported excitation voltage of �0.6 mV. Clearly, these eM data were
collected at offset from Vh. See text for discussion. C, eM phase shows differences depending on voltage offset that may be due to
differing eM gain. While a clear frequency-dependent lag relative to voltage occurs near Vh, it is less clear for responses away from
Vh. Statistical significance ( p � 0.05) from zero is indicated by correspondingly colored asterisks. The red line depicts the eM phase
lag found by us previously under whole-cell conditions (Santos-Sacchi and Song, 2014). AC voltage stimulation at each frequency
was 14 mV (see Materials and Methods).
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effect on clamp frequency response, and Cs2, which might arise at
the extreme tip of the pipette, would be extremely small with
negligible influence on clamp speed. Thus, correction for an as-
sumed effect of voltage roll-off due to stray capacitance could
likely have resulted in voltage overcorrections. On the other
hand, we agree with Frank et al. that mechanical responses may
be impeded by physical constraints, and this is potentially borne
out by our very low pass Qp behavior in patches, compared with
subsequent whole-cell measures (Fig. 8). Indeed, Gale and Ashmore
found a time constant for patch movements 84 �s, compared with
16 �s for NLC. So, we might surmise for our measures, that the fast
time constant of eM, even in whole-cell mode, could have been
physically constrained. It is noteworthy that Frank et al. found a
wide range of cutoffs depending on OHC qL, and that for our
average qL of 30 �m, their roll-off was at 33 kHz, still substan-
tially faster than our measure at 8.74 kHz.

This possibility of eM physical constraints is highlighted by
Frank et al.’s Figure 3A, where eM fc continuously increases as qL
decreases, showing an apparent length-dependent cutoff (Fig.
11A). In Figure 11B, we show that this behavior is not expected
for an ultrafast process that relies upon and can faithfully follow
voltage excitation within the microchamber (see Fig. 9B, legend).
That is, the efficacy of AC voltage delivery (fc) in the microcham-
ber should follow a U-shaped function of cell extrusion, with
qL � 0.5 providing the slowest voltage-dependent frequency re-
sponse. That is, the fc of microchamber voltage delivery is sym-
metrical on either side of qL � 0.5, since the reduced capacitance
of the smaller pole, regardless of whether it is the included or
excluded pole, will present to the voltage clamp a series combi-
nation of the partitioned capacitances. The observation that for

qL 	 0.5 mechanical fc does not follow voltage fc indicates that the
response is not strictly voltage-dependent or that the movement
of that excluded pole is mechanically impeded. Interestingly,
Frank et al. required an additional overdamped resonance to fit
their ultrafast eM data, which they attribute to an inertial contri-
bution (6% of the cell’s mass).

The relation between resting membrane potential and NLC
Vh will determine where along the eM gain function the OHC
works. Receptor potentials driving eM at a location away from Vh

will provide reduced gain, but enhanced frequency response. Which
characteristic is more important for cochlear amplification is diffi-
cult to assess; however, it is known that mouse mutants showing
one-third of prestin expression and Qp hear normally at low and
middle frequencies (Yamashita et al., 2012), indicating that full gain
may not be required. Currently, we do not know Vh in vivo. Even the
value of resting potential of the OHC in vivo is contested (Dallos et
al., 1982; Russell and Sellick, 1983; Johnson et al., 2011). To com-
plicate matters, there is a plethora of biophysical forces that can
alter Vh, including intracellular Cl
 level, membrane tension,
and even membrane potential itself (Iwasa, 1993; Gale and Ash-
more, 1994; Kakehata and Santos-Sacchi, 1995; Santos-Sacchi et
al., 1998, 2017; Oliver et al., 2001; Rybalchenko and Santos-
Sacchi, 2003, 2008). We hypothesize that feedback mechanisms
that influence these biophysical forces, and efferent feedback
(Brown et al., 1983) that alters resting membrane potential, con-
tribute to a mechanism where eM gain– bandwidth trade-offs
influence the effectiveness of cochlear amplification, similar to
the tuning performed on operational amplifiers.

A note should be made about the implications of isolated
OHC studies to the cell’s role in vivo. Currently, it is impossible to
monitor, across acoustic frequencies, the length changes in indi-
vidual OHCs within the organ of Corti. However, tremendous
strides have been made using optical coherence tomography to
visualize movements within the intact living organ. Thus, unex-
pected observations of low-frequency mechanical behavior of
supporting cells in the cochlear apex (Gao et al., 2014), and in-
triguing observations of motions at the OHC–Deiters cell inter-
face deep within the organ (Cooper and van der Heijden, 2017)
are changing the way we view OHC mechanical influences in the
cochlea that underlie cochlear amplification. However, until
more precise measures evolve, single-cell studies, which are re-
quired to determine intrinsic capabilities of the OHC that may
influence cochlear mechanics, remain important for cochlear
modelers.

In summary, we find that OHC eM and associated electrical
correlates (NLC, Qp) are low pass in nature, presenting behavior
that is not very different from other voltage-dependent proteins,
including characteristic changes in kinetics with voltage. We es-
tablish that eM and sensor charge are coupled in magnitude and
time (phase), and confirm, with the microchamber technique,
that driving voltage and eM phase differs, as we have shown
under whole-cell voltage clamp (Santos-Sacchi and Song,
2014). eM phase lags voltage, similar to a piezoelectric with
hysteresis. We speculate that the identification by some ultra-
fast eM in vivo (Grosh et al., 2004) simply reflects the effects of
eM at very low gain levels, which are sufficient to influence
structures within the cochlear partition. In other words, co-
chlear amplification does not require the full magnitude of eM
observed at very low frequencies. Finally, it should be noted
that intriguing indications exist that within the organ of Corti,
mechanical loads on the OHC could alter the cell’s frequency
response (Iwasa, 2017).

Figure 11. Apparent disparity between microchamber voltage and eM. A, Fit of eM fc for 57
cells from Frank et al. Figure 3A, and response of same cell with differing cell extrusion, qL.
Asterisk denotes fc at a qL similar to our present average. B, Vm cutoffs for a cell model possess-
ing NLC (capacitor with 2-state Boltzmann characteristics), indicating marked dependence of fc

on Rs. Cell parameters are Clin: 22 pF; Rm: 300 M�; Rs: 0.5 (red), 1.0 (green), or 1.5 (blue) M�;
Rsh: 5 M�; NLC parameters are z: 0.85; Qmax: 3.8 pC; Vh: 0 mV. fc is a U-shaped function of qL.
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Abstract. Outer hair cells from the mamma*lian
cochlea are mechanically active cells that rely on
charged voltage sensors within their lateral plasma
membrane to gate the integral membrane motor
protein, prestin, into one of two area states. Here we
use protein and lipid reactive reagents to probe the
influence of these bilayer components on motor-in-
duced nonlinear membrane capacitance. Of the pro-
tein-reactive reagents tested, cross-linking and
sulfhydryl reagents were most effective in altering
steady state and time-varying motor activity. Of the
lipid-altering agents, chloroform and HePC were
most effective. Chloroform, in particular, drastically
modified the susceptibility of the motor to prior
voltage (initial conditions). Our data suggest that
outer hair cell motor activity derives substantially
from interactions with its lipid environment.

Key words: Motility — Gating charge — Membrane
capacitance — Protein — Lipid

Introduction

Mechanical activity of the outer hair cell (OHC)
underlies the enhanced sensitivity and frequency-
resolving power of the mammalian cochlea (Dallos,
1992). The molecular motors that drive this activity
harness electrical energy in a manner similar to other
integral membrane proteins that generate gating
currents upon voltage-induced conformational
change (Armstrong & Bezanilla, 1974; Hilgemann,
Nicoll & Philipson, 1991; Alkon, Etcheberrigaray, &
Rojas, 1993, Bezanilla, 2002), namely, a motor-re-
lated displacement current or equivalently, a non-
linear capacitance (NLC) has been identified within

the OHC’s lateral membrane, which reflects con-
formational fluctuations of the motor (Ashmore,
1990; Santos-Sacchi, 1991; Huang & Santos-Sacchi,
1993; Wu & Santos-Sacchi 1998). Recently, Dallos
and colleagues have identified the OHC motor pro-
tein as prestin, a member of the SLC26 transporter
family (Zheng et al., 2000). Thus far, when expressed
in non-auditory cells, this integral membrane protein
displays all the known biophysical characteristics of
the OHC lateral membrane motor (Zheng et al., 2000;
Ludwig et al., 2001; Meltzer & Santos-Sacchi, 2001;
Santos-Sacchi et al., 2001; Santos-Sacchi & Navarr-
ete, 2002).

Integral membrane proteins, such as ionic chan-
nels and transporters, are influenced by their lipid
bilayer environment (Goulian et al., 1998). Predict-
ably, then, both protein-and lipid-reactive reagents
would be capable of modulating prestin’s function.
We report here on the modulation of OHC NLC,
including the effects of prior voltage on OHC NLC
(Santos-Sacchi, Kakehata & Takahashi, 1998), by
such agents and find that OHC motor protein func-
tional characteristics likely arise from interactions
with the lipid environment. Preliminary accounts of
some portions of this work have been presented in
abstract form (Santos-Sacchi & Wu, 1998).

Materials and Methods

CELL PREPARATION

Guinea pigs were anesthetized with halothane and killed by cervical

dislocation. OHCs and supporting cells were isolated enzymatically

with dispase I (0.5mg/ml for 10 min followed by gentle trituration

through a polyethylene pipette) in a modified Leibovitz medium

that contained (in mM): NaCl 142, KCl 5.37, MgCl2 1.47,

HEPES 5, CaCl2 2 and dextrose 5; 300 mOsm, pH7.2. The cells

were then transferred to a 700-ll perfusion chamber. Most

experiments were conducted at room temperature (�23�C). Tem-

perature for a subset of experiments was set by a Peltier device. A
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Nikon Diaphot inverted microscope with Hoffmann optics was

used to observe the cells during electrical recording.

VOLTAGE CLAMP

Single OHCs were studied under whole-cell voltage-clamp condi-

tions using anAxon 200A amplifier at a holding potential of)80mV.

Initial resistances of patch pipettes were 2–3 MX, corresponding to

tip sizes of 1–2 lm.Residual series resistance ranged from 3 to 7MX.

All data collection and analysis were performed with a Windows-

based program, jClamp (SciSoft, CT). Ionic blocking solutions were

used to remove voltage-dependent ionic conductances so that

capacitive currents could be analyzed in isolation (Santos-Sacchi,

1991; Huang & Santos-Sacchi, 1993). The patch-pipette solution

contained (in mM): CsCl 140, MgCl2 2, EGTA 10, HEPES 5, with

pH 7.2 and osmolarity 300 mOsm (adjusted with dextrose). The

external ionic blocking solution contained (in mM): BaCl2 10, CoCl2
2, MgCl2 1.47, NaCl 100, CaCl2 2, HEPES 5, with pH 7.2 and

osmolarity 300 mOsm (adjusted with dextrose). Whole-chamber

perfusion was continuous. Protein- and lipid-reactive reagents were

perfused via a Y-tube directly onto the cell under study for short

periods of time (1.5–10 min).

REAGENTS

Several protein-reactive reagents were tested, including glutaral-

dehyde (0.3%), N-ethylmaleimide (NEM; 2 mM), p-chloromercu-

riphenylsulfonate (pCMPS; 2 mM), dithiolthreitol (DTT; 2 mM)

and diamide (2–5 mM). Glutaraldehyde is a dialdehyde fixative that

works by crosslinking peptide chains; NEM, pCMPS and diamide

are sulfhydryl reagents that react with cysteine groups; DTT is a

reducing agent that breaks disulfide bonds [(Stirling,1975); see also

Lundblad (1995) and references therein]. Lipid-reactive reagents

included saturated chloroform, hexadecylphosphocholine (HePC;

2–10 mM), filipin (0.75 mg/ml), phospholipase A2 (PLA2; 1ng/ml),

and triton (0.01%). Triton is a commonly used laboratory deter-

gent. Chloroform is a commonly used lipid solvent. Filipin binds to

cholesterol in membranes (Stetson & Wade, 1983). PLA2 cleaves

fatty acyl chains from phospholipids (Danthi, Enyeart & Enyeart,

2003). HePC is a lysophospholipid analogue that can intercalate

within plasma membrane (Rakotomanga, Loiseau & Saint-Pierre-

Chazalet, 2004). The effects of these agents on the membrane likely

ranges from altering its viscosity to changing its curvature and

thickness, with subsequent effects on integral proteins.

CAPACITANCE MEASUREMENTS

Continuous high-resolution capacitance measures were acquired

through admittance (Y) analysis at time resolutions of 5.12 or 2.56

ms, utilizing a two-sine-wave voltage-stimulus protocol (Santos-

Sacchi et at., 1998). The stimulus consisted of the sum of two

voltage sine waves (390.625 and 781.25 Hz), each at a magnitude

(V) of 10 mV peak. This AC stimulus was superimposed on

voltage-ramp or step stimuli. Capacitance-voltage functions were

fit to the first derivative of a two-state Boltzmann function relating

nonlinear charge to membrane voltage (dQ/dV; (Santos-Sacchi,

199l; Huang & Santos-Sacchi, 1993))

Cm ¼ Qmax
ze

kT

b

ð1þ bÞ2
þ Clin

Where

b ¼ exp
�ze V� Vpkcm

� �

kT

� �

Qmax is the maximum nonlinear charge moved, VpkCm is voltage at

peak capacitance or equivalently, at half-maximal nonlinear charge

transfer, Vm is membrane potential, z is valence, Clin is linear

membrane capacitance, e is electron charge, k is Boltzmann’s

constant, and T is absolute temperature. All results are reported as

mean ± SE. Gating currents were measured with the P/-5 technique

at a subtraction holding potential of +50 mV (Armstrong &

Bezanilla, 1977).

Pipette pressure was monitored via a T-connector to a pres-

sure monitor (WPI, Sarasota, FL), and modified when required

with a syringe connected to the Teflon tubing attached to the patch-

pipette holder (Kakehata & Santos-Sacchi, 1995). The cylindrical

shape of OHCs was maintained with slight positive pressure during

data collection.

There are two potential, non-specific problems that must be

considered when treating cell membranes with reactive agents. The

membrane resistance (leakage) and/or the linear capacitance (e.g.,

membrane thickness) might be altered. With our dual-sine mea-

surement technique, however, capacitance measures are resistant to

membrane resistance changes. Also, linear as well as nonlinear

capacitance are simultaneously measured. Changes in linear capa-

citance will simply shift the baseline of the NLC function, and

should not interfere with the Boltzmann fit. Other than correcting

steady-state voltages for series-resistance errors, which we do, we

cannot correct for space-clamp changes. Nevertheless, estimates of

delayed electrotonic spread in the OHC, about 70 ls for a cell of 70

lm (Ashmore 1986), indicate that our measures, which use fre-

quencies below 800 Hz, should be reliable. Additionally, since the

voltage-dependent conductances in the OHC are located in the

basal pole of the cell (Santos-Sacchi, Huang & Wu 1997), the

voltage drop along the lateral membrane where the motors are

should be close to isopotential.

Results

PROTEIN-REACTIVE REAGENTS

OHCs present a voltage-dependent Cm that arises
from restricted charge movement within the lateral
plasma membrane and this electrical measure of
motor activity is modifiable by protein-reactive
reagents (Fig. 1A, B). Low concentrations of the
cross-linking fixative, glutaraldehyde (0.3%), caused a
reduction in charge movement that probably indi-
cates an abridged conformational change of the mo-
tor protein. Simultaneously, in all tested cells (n= 5)
Vpkcm shifted in the hyperpolarizing direction. The
effects were cumulative over the perfusion period (10
min in this case), indicating progressive inactivation
of motors. In the control condition, prior to glutar-
aldehyde treatment, dc steps in voltage resulted in an
immediate change in OHC Cm (Fig.1C, top trace),
followed by an exponential decay that obtains from a
voltage- and time-dependent shift in the voltage
operating range (i.e., Vpkcm) of motor charge move-
ment. This phenomenon is referred to hereafter as an
amplificatory shift, since at a fixed voltage it repre-
sents a time-dependent recruitment of motors into the
same conformational state evoked by the eliciting
voltage step (Santos-Sacchi et al., 1998). Glutaralde-
hyde treatment prevented this time-dependent change
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in capacitance (Fig. 1C, bottom traces), even at post-
treatment times where substantial charge movement
or NLC was evidenced.

Other protein-reactive agents altered OHC
NLC to varying extents. Average results are pre-
sented for N-ethylmaleimide (NEM; 2 mM; n = 4),
p-chloromercuriphenylsulfonate (pCMPS; 2 mM;
n = 7), dithiolthreitol (DTT; 2 mM; n = 7) and
diamide (2–5 mM; n = 7) (Fig. 2; see fit statistics in
legend). Though the average NEM results showed
little effect on Vpkcm, actually, of the four cells
tested, two showed shifts to the left ()12.1 ± 2.9
mV), while the other two shifted to the right
(20.9 ± 3.5 mV). Similarly, DTT caused a positive
shift in 3 of 7 cells (10.7 ± 4.2 mV), while the
remaining cells showed a negative shift
()11.1 ± 2.8 mV). pCMPS, like glutaraldehyde,
was effective in substantially reducing nonlinear
capacitance, but on average shifted Vpkcm in the
positive direction. In 5 of 7 cells, pCMPS caused
Vpkcm to shift in the positive direction (25 ± 4.5
mV); the 2 remaining cells showed a negative shift
()10.1 ± 1.4 mV). However, Fig. 3 illustrates, in
the same OHC, that while nonlinear capacitance
was reduced by pCMPCS, the amplificatory shift in
Vpkcm remained essentially intact. This result is the
same for DTT effects on the amplificatory shift,
where comparing the Cm traces relative to pre- and
post-treatment steady-state Vpkcm indicates similar
relaxation phenomena (see Fig. 6 as well).

LIPID-REACTIVE REAGENTS

Chloroform moderately reduced NLC and shifted
Vpkcm to the left in all cells tested (n = 6) (Fig. 4A).
The effects on the amplificatory shift, however, were
profound (Fig. 4B). Compared to controls, the mag-
nitude and time course of the voltage step-induced
change in Cm were markedly decreased. Gating cur-
rents were only slightly affected by chloroform treat-
ment, other than showing the expected effects of a
shift in Vpkcrn (Vh), namely, changes in the magnitude
of charge movement at a given voltage (Fig. 4C).
Additionally, a slight reduction (�20–30%) in gating
time constants was found. The effects of hexadec-
ylphosphocholine (HePC; 2–10 mM, n = 10), filipin
(0.75 mg/ml, n = 3), phospholipase A2 (PLA2; 1 ng/
ml, n = 4), and triton (0.01%, n=2) are illustrated in
Fig. 5. Triton concentrations above 0.01 caused rapid
and severe cell damage with loss of recordings. Only
HePC significantly affected NLC, shifting Vpkcm in all
cells tested to the right and decreasing peak capaci-
tance slightly. Slight effects of HePC on the amplifi-
catory shift were found, but in this case, it appears
that the effects arose, as it did from DTT and
pCMPCS (see above), from the shift in steady-state
Vpkcm, since realigning the traces relative to Vpkcm

results in corresponding traces whose characteristics

Fig. 1. Effect of low concentration (0.3%) of glutaraldehyde on

OHC nonlinear capacitance. (A) C-V functions were obtained in

five OHCs before and after 4.5 ± 1.1 min exposure to 0.3% glu-

taraldehyde. Fits with Eq. 1 were made and the estimated para-

meters were averaged. The resultant average fits (before and after

treatment) are plotted. Control: Qmax, 3.60 ± 0.13 pC; Vpkcm,

)59.6 ± 6.8 mV; z, 0.67 ± 0.06; Clin, 22.6 ± 0.68; glutaralde-

hyde: Qmax, 3.1 ± 0.56 pC; Vpkcm )119 ± 12.4 mV; z

0.43 ± 0.04; Clin 23.7 ± 1.42. (B) Nonlinear capacitance of an

individual OHC is shown over time (0, 5, 10 min) following glu-

taraldehyde treatment. Note progressive shift in voltage depen-

dence and decrease in capacitance. (C) Voltage step from a holding

potential of +50 mV to )100 mV induces an instantaneous jump in

capacitance followed by an exponential decrease in capacitance

(top trace, control). Following glutaraldehyde treatment, this decay

is abolished (middle trace, 5 min; bottom trace, 10 min). Same cell as

in (B).
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are similar (Fig. 6; compare similarity in traces cor-
respondingly labeled 1, 2, and 3).

TEMPERATURE AND OSMOTIC SWELLING

Finally, we looked at the effects of temperature and
membrane tension (osmotic cell swelling) on OHC
capacitance. As we found previously, Vpkcm shifted to
negative potentials and the magnitude of capacitance
decreased with cooling (Santos-Sacchi & Huang,
1998). Interestingly, cooling also caused a decreased
amplificatory shift (Fig. 7). On the other hand,
membrane tension produced little effect on the am-
plificatory shift, despite showing the characteristic
shift of VpkCm to positive potentials (Kakehata &
Santos-Sacchi, 1995) (Fig. 8).

Discussion

The OHC motor is an integral membrane protein that
can be viewed as fluctuating between conformational
states under the control of membrane voltage and
chloride concentration (Santos-Sacchi & Dilger,
1988; Oliver et al., 2001; Rybalchenko & Santos-
Sacchi, 2003). One model that can accurately account
for mechanical and electrical activity of the OHC
posits that the motor occupies two area states, con-
tracted and expanded (Santos-Sacchi, 1993; Iwasa,
1994; Santos-Sacchi & Navarrete, 2002). Measures of
NLC provide estimates of motor-state probability,
and have been used to characterize the effects of a

Fig. 2. Average OHC capacitance functions before and following

treatments with NEM, pCMPS, DTT, and diamide. Data analyzed

and presented as in Fig. 1A. pCMPS showed the greatest average

effect. NEM Control: Qmax, 3.13 ± 0.59 pC; Vpkcm, )46.9 ± 11.5

mV; z, 0.74 ± 0.05; Clin, 23.8 ± 1.6. NEM (3.12 ± 1.0 minutes):

Qmax, 3.1 ± 0.3 pC; Vpkcm, )42.2 ± 6.1 mV; z, 0.69 ± 0.03; Clin,

23.0 ± 0.8.DTT Control: Qmax, 2.82 ± 0.06 pC; Vpkcm,

)55.2 ± 4.3 mV; z, 0.73 ± 0.02; Clin, 20.2 ± 0.35; DTT

(2.85 ± 0.3 minutes): Qmax, 3.03 ± 0.43 PC; Vpkmc, )56.9 ± 2.2

mV; z, 0.73 ± 0.02; Clin, 19.13 ± 0.5. pCMPS Control: Qmax,

2.81 ± 0.18 pC; Vpkcrn, )59.0 ± 6.8 mV; z, 0.77 ± 0.03; Clin,

20.1 ± 0.66; pCMPS (3.05 ±0.44 minutes): Qmax, 2.95 ± 0.25

pC; Vpkcm, )43.4 ± 8.5 mV; z, 0.55 ± 0.02; Clin, 19.6 ±1.23.

Diamide Control: Qmax, 3.64 ± 0.09 pC; Vpkcm, )64.4 ± 6.4 mV;

z, 0.61 ± 0.03; Clin, 20.6 ± 0.02; Diamide (5.43 ± 0.23 minutes):

Qmax, 3.38 ± 1.58 pC; Vpkcm, )64.9 ± 4.6 mV; z, 0.72 ± 0.02;

Clin, 21.0 ± 0.6.

Fig. 3. Nonlinear capacitance of a single OHC before and after

treatment with 2 mM pCMPS. (A) Following treatment, NLC is

markedly reduced and right-shifted. (B) Voltage step from +50 to

)100 mV induces an instantaneous jump in capacitance followed

by an exponential decrease in capacitance. Little difference in the

traces is observed except for the absolute offset magnitude.
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variety of biophysical forces on the motor including
membrane tension and temperature (Iwasa, 1993;
Gale & Ashmore, 1994, Santos-Sacchi & Huang,
1998, Santos-Sacchi & Navarrete, 2002). These forces
are capable of shifting steady-state Vpkcm, the voltage
where the population of motors is equally distributed
between the two area states. Additionally, sensitivity
to initial or prior voltage conditions manifests itself
as a dynamic shift in the gating charge-voltage rela-
tion (Q-V; or correspondingly, the capacitance-volt-
age relation, C-V) along the voltage axis, which is

time-and voltage-dependent (Santos-Sacchi et al.,
1998). That is, membrane voltage change, while
instantaneously altering the probability of the
motors’ occupying either the2 contracted or expanded
state, also influences future motor-state probability.
Since a given polarity of voltage stimulation recruits
additional motors into the same conformational state
evoked by that eliciting voltage step, this dynamic
shift in Vpkcm can be viewed as an amplificatory shift
(Santos-Sacchi et al., 1998). This amplification event
is an intrinsic characteristic of prestin, since this
susceptibility to initial voltage is observed in non-
auditory cells expressing prestin (Santos-Sacchi et al.,
2001).

Our new data indicate that membrane-reactive
agents can alter OHC electro-mechanical activity.
Specifically, both lipid-and protein-altering drugs are
capable of influencing the energy profile of the motor
protein, prestin, as evidenced by shifts in the voltage
at half-maximal charge movement (Vpkcm). Addi-
tionally, some of these agents have significant effects
on the exponential amplificatory shift of Vpkcm.

EFFECTS OF PROTEIN-REACTIVE REAGENTS ON THE

MOTOR

Low concentrations of glutaraldehyde blocked non-
linear charge movement presumably by interfering
with conformational changes normally evoked by
voltage. Yet, during the development of its effects, in
the face of substantial nonlinear charge movement,
the time-dependent change in capacitance during
steady-state voltage step, namely the amplificatory
shift, was abolished. This may indicate that the
mechanism or molecular structure responsible for the
amplificatory shift differs from the one underlying
voltage sensing. Since we previously modeled the
amplificatory shift as resulting from interactions

Fig. 4. Effect of chloroform on OHC nonlinear capacitance. (A) C-

V functions were obtained in seven OHCs before and after expo-

sure to a saturated chloroform solution. Fits with Eq. 1 were made

and the estimated parameters were averaged. The resultant average

fits (before and after treatment) are plotted. Control: Qmax,

4.21 ± 0.26 pC; Vpkcm, )65.4 ± 4.4 mV; z, 0.77 ± 0.09; Clin,

23.3 ± 0.74; Chloroform (5.58 ± 0.39 minutes): Qmax, 4.0 ± 0.21

pC; Vpkcm, )98.5 ± 7.1 mV; z, 0.66 ± 0.02; Clin, 25.0 ± 0.8. (B)

Nonlinear capacitance of an individual OHC is shown during steps

to a range of voltages (lower panel). Note large capacitance relax-

ations in control (upper panel) condition, and markedly attenuated

response at all voltages in chloroform-treated condition (middle

panel). (C) Average gating current time course (single exponential

fits to the decaying current component) is slightly speeded up

(�80% of control tau) after chloroform treatment. Inset: gating

current traces from a single OHC obtained by P/-5 technique. Step

from )120 to )80 mV. Larger trace is before treatment, but dif-

ferences in magnitude largely result from the shift in Vh. Scale: 0.53

nA, 0.2 ms.

b

J. Santos-Sacchi and M. Wu: Outer Hair Cell Membrane Capacitance 87



among motors via motor-induced tension (Santos-
Sacchi et al., 1998), it may be that glutaraldehyde can
interfere with motor-generated tension within the
bilayer.

Kalinec and Kachar (1993) studied the effects of
sulfhydryl reagents on voltage-dependent OHC
mechanical activity. Our complementary data on the
lateral membrane’s voltage-sensor mechanism con-
firm and extend their findings. Thus, they showed
that pCMPS significantly reduced the percentage of
mechanically active OHCs after 60 minutes incuba-
tion, but neither NEM nor diamide were significantly
effective (Kalinec & Kachar, 1993). Similarly, we
found that the sulfhydryl reagent pCMPS had the
most potent effect on NLC, decreasing peak capaci-
tance and shifting Vpkcm to depolarized levels.
Whereas, in our hands, the effects of pCMPS were
fairly rapid in onset, clearly occurring within 2–3
minutes of direct cell perfusion, Kalinec and Kachar
(1993) found that significant effects on motor activity
required greater than 20 minutes incubation. It is
likely that their population measures, based on per-
cent of motile cells, were not as sensitive as our single-
cell gating-charge measures in determining the time
course of effects. Consequently, our data may indi-
cate that affected cysteine residues may reside at ex-
posed sites within prestin. Based on current topology
models (Zheng et al., 2001; Oliver et al., 2001; Adler
et al., 2003; Navaratnam et al., 2004), three cysteine
residues are predicted to lie external to the bilayer. In
most models, only residue C415 resides extracellu-
larly (Oliver et al., 2001; Zheng et al., 2001; Adler
et al., 2003). However, the 10 transmembrane domain
topology model of Navaratnam et al. (2004), predicts

Fig. 5. Average OHC capacitance functions before and following

treatments with HePC, Filipin, PLAZ and Triton. Data analyzed

and presented as in Fig. 1A. HePC showed the greatest average

effect. HePC Control: Qmax, 3.26 ± 0.24 pC; Vpkcm, )59.2 ± 4.4

mV; z, 0.76 ± 0.01; Clin, 21.4 ± 1.6; HePC (4.89 ± 0.8 minutes):

Qmax, 3.0 ± 0.1 pC; Vpkcm, )23.6 ± 9.3 mV; z, 0.72 ± 0.03; Clin,

22.0 ± 0.9. PLA2 Control: Qmax, 3.19 ± 0.22 pC; Vpkcm, )69.8
±8.6 mV; z, 0.69 ± 0.04; Clin, 19.0 ± 0.7; PLA2 (10.5 ± 3.2

minutes): Qmax, 3.36 ± 0.22 pC Vpkcm, 72.2 ± 7.7 mV; z,

0.68 ± 0.02; Clin, 19.2 ± 0.7. Filipin Control: Qmax, 3.18 ±0.47

pC; Vpkcm, )69.9 ± 3.4 mV; z, 0.75 ± 0.03; Clin, 20.6 ± 1.7; Fil-

ipin (3.0 ± 0.3 minutes): Qmax, 3.45 ± 0.3 pC; Vpkcm.

)63.0 ± 12.7 mV; z, 0.69 ± 0.06; Clin, 20.6 ± 2.2. Triton Control:

Qmax, 2.69 ± 0.33 pC; Vpkcm, )74.2 ± 14.6 mV; z, 0.79 ± 0.13;

Clin, 18.1 ± 1.6; Triton (5.0 ± 1.0 minutes):Qmax, 2.56 ± 0.63 pC;

Vpkcm, )72.3 ± 22 mV; z, 0.77 ±0.08; Clin, 17.9 ± 0.6.

Fig. 6. Nonlinear capacitance of a single OHC during steps to a

range of voltages before (upper panel) and after (lower panel)

treatment with HePC. Following treatment, NLC is reduced and

shifted in the depolarizing direction. Note large capacitance

relaxations in control (upper panel) condition, which at any par-

ticular step voltage is modified by HePC. However, the similarity of

relaxations at voltage step magnitudes relative to Vpkcm, i.e.,

comparing, for example, corresponding traces 1, 2 and 3 in each

panel, indicates that changes in relaxations may have resulted from

the shift in Vpkcm.
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that C124, and not C415, resides extracellularly. Thus
it may be that pCMPS works mainly on only one
extracellularly exposed cysteine residue in prestin.
Nevertheless, supplementing any effects on these
putative extracellularly exposed residues, it may be
that pCMPS quickly enters the OHC, possibly via
large aqueous channels in the lateral membrane
(Morimoto et al., 2002; Rybalchenko & Santos-Sac-
chi, 2003), thereby working on intracellular cysteine
residues. In all models, the two other cysteine re-
sidues are found within the N and C termini, which
reside within the intracellular aqueous phase (C52,
C679), and though their co-location may indicate
that these residues could interact, the absence of a
significant effect of the membrane-permeable mono-
thiol stabilizing agent, DTT, on NLC indicates that
such potential interactions are not required for nor-
mal function.

Diamide has a dramatic effect on OHC me-
chanical characteristics (Adachi & Iwasa, 1997). We
found little effect on NLC with our short perfusions.
However, since the effects of diamide on the OHC
cytoskeleton (spectrin, in particular) may require
prolonged incubations, we tested an additional 5
OHCs at incubation times of 1–1.5 h at 5 mM; neither
overall charge movement nor amplificatory shift was
significantly affected, indicating that the diamide-
sensitive subsurface cytoskeleton has little impact on
intrinsic motor activity, though it can have effects on
whole-cell mechanical performance (Adachi & Iwasa,
1997). Similarly, it had been previously reported that

digestion of the OHC cytoskeleton by intracellular
enzymes did not adversely affect NLC (Huang &
Santos-Sacchi, 1994; Santos-Sacchi et al., 1998) or
mechanical activity (Kalinec et al., 1992).

EFFECTS OF LIPID-REACTIVE REAGENTS ON THE MOTOR

Prestin is a protein predicted by topology mapping
programs to reside substantially within the lipid bi-
layer (Zheng et al., 2001). Consequently, it is not
surprising that we find significant effects of drugs that
are known to modify the lipid bilayer. Notably,
chloroform has marked effects on OHC charge
movement, reducing peak capacitance and shifting
the motor’s operating range in the negative direction;
its major effect, however, was on the amplificatory
shift, reducing its magnitude while increasing its
speed. This was observed across a wide voltage range,
and cannot be accounted for by a simple steady-state
shift in Vpkcm. OHC gating-current speed was little
affected by chloroform, and this substantially derives
from the limiting effect of the whole-cell-clamp time
constant (Santos-Sacchi & Huang 1998).

The effects of chloroform on other integral
membrane proteins have been studied. Chloroform
reduces the magnitude of Na channel gating currents
but does not affect their kinetics or their operating
voltage (Fernandez, Bezanilla & Taylor, 1982). On
the other hand, the kinetics of Shaker K channels
were speeded up, though the operating voltage
remained stable (Correa, 1998). In both cases ionic

Fig. 7. Nonlinear capacitance of a single OHC during steps to a

range of voltages at two different temperatures (upper panel: 20.4�C
and lower panel: 27�C). Upon cooling, NLC is reduced but, in this

case, there is little change in Vpkcm. However, Cm relaxations are

markedly attenuated.

Fig. 8. Capacitance relaxations in a single OHC in response to a

step voltage at increasing turgor levels. A switch from 300 mOsm to

239 mOsm caused a slow cell swelling, evidenced as cell shortening

(length changed from 67 to 46 lm over a 5 min interval). Despite

the increasing turgor pressure and marked shift of Vpkcm to hy-

perpolarizing levels (evidenced here as a reduction in baseline Cm

magnitude) the Cm relaxation remains relatively unaltered.

J. Santos-Sacchi and M. Wu: Outer Hair Cell Membrane Capacitance 89



currents were blocked. Interestingly, chloroform has
been found to enhance K currents through two-pore-
domain K channels (Patel et al., 1999). The effects on
these ion channels and other integral membrane
proteins have been suggested to arise from direct
actions on the proteins themselves (Franks & Lieb,
1994). However, despite this possibility it is clear that
chloroform does have substantial effects on the lipid
bilayer since, for example, Fernandez et al. (1982)
also showed by measuring displacement currents that
the hydrophobic anion, dipicrylamine, more rapidly
traverses the bilayer in the presence of chloroform.
Thus, although it cannot be ruled out that the OHC
motor is directly affected by chloroform, the lipid-
altering capabilities of this agent, especially at the
saturating concentrations used in this and the pre-
viously noted studies (Correa, 1998; Fernandez et al.,
1982), indicate a likely lipid-based mechanism of ac-
tion.

The only other lipid-reactive agent tested that
significantly affected NLC was HePC, though the
absence of major effects from some of the other
treatments may have been due in part to the short
exposure times that we employed. HePC is a phos-
pholipid analog that can insert into lipid monolayers
and interact with cholesterol (Rakotomanga et al.,
2004). Although the operating range of the OHC
motor is susceptible to HePC, the amplificatory
shift was minimally affected, showing behavior that
apparently resulted indirectly from the steady-state
shift in Vpkcm. It should be noted, however, that
regardless of the underlying reason for alterations in
the amplificatory shift, such a change at a fixed
resting potential can be physiologically important.
Thus, it may be possible that lipids can modulate
the time course of OHC mechanical activity, just as
they are able to modulate the time course of ionic
currents (Oliver et al., 2004). It should also be
stressed that a simple steady-state shift in Vpkcm

does not necessarily result in changes to the
amplificatory shift. For example, membrane tension
produces marked changes in steady-state Vpkcm but
has little effect on the amplificatory shift at a fixed
voltage.

TEMPERATURE EFFECTS ON THE MOTOR

We have previously shown that OHC NLC is highly
temperature sensitive, shifting steady-state Vpkcm to
the left and reducing peak capacitance as temperature
is decreased (Santos-Sacchi & Huang, 1998; Meltzer
& Santos-Sacchi, 2001). However, we were unable to
evaluate any changes in the speed of gating currents
because the clamp time constant, even at 50 ls, under
whole-cell mode was limiting. Effects of temperature
on the amplificatory shift are clearly observed and a
decrease in temperature markedly reduces the shift.
Since temperature is known to affect both membrane

proteins and lipids, it is possible that effects on motor
activity may be dual.

MECHANISMS OF ACTION ON Vpkcm

The amplificatory shift has been modeled to result
from interactions among motors via induced mem-
brane tension (Santos-Sacchi et al., 1998). Whether
the shift derives from motor interactions directly or
via intervening lipid is an important issue, which can
impact on OHC function. Thus, we have recently
shown that functional motor microdomains may exist
within the OHC, where local biophysical forces foster
independent, local motor activity (Santos-Sacchi
et al., 2001). The efficiency of coupling such forces,
e.g., membrane tension, among motors could depend
heavily upon the physical types of interactions
responsible for motor coupling. For example, inter-
actions via bilayer lipids may limit the distance over
which motors could interact, whereas direct protein
interactions could provide longer-range interactions.
While our data may indicate that both lipid and
protein moieties can influence the amplificatory shift,
the high density of motor protein expression within
the lateral membrane, estimated to be near 8000/lm2

(Huang & Santos-Sacchi 1993; Gale and Ashmore
1997), may significantly promote direct motor-motor
interactions. In this regard, it would be interesting to
test the effect of motor expression density on the
amplificatory shift. Expression density is known to
influence integral membrane protein function; for
example, the fraction of non-inactivating CLC-0
channels is directly related to expression level (Pusch,
Ludewig & Jentsch, 1997).

Regarding the steady-state shifts in Vpkcm, these
modulations can not be due to changes in membrane
viscosity, since forward and backward transition
rates between protein conformations should be
affected equally by changes in viscosity (Lee, 1991).
Thus, based on a two-state model, temperature,
chloroform and other lipid-modifying agents known
to shift Vpkcm must instead alter the relative energy
level of each motor state. Perhaps these manipula-
tions act via perturbation of membrane tension or
membrane bending, resulting in changes in con-
formational stability. Each of these phenomena has
been implicated in motor activity (Iwasa, 1993; Gale
& Ashmore 1994; Kakehata & Santos-Sacchi, 1995;
Raphael, Popel & Brownell, 2000; Lue, Zhao &
Brownell, 2001; Morimoto et al., 2002; Spector &
Jean 2004). However, while viscosity is not likely to
be involved in steady-state shifts, the rate of ampli-
ficatory shift induced by voltage steps might be
expected to be affected. We suggest that chloroform
may be working to reduce membrane viscosity,
thereby speeding up the amplificatory shift.

Finally, we note that while prestin is considered
to be essential for motor activity (Zheng et al., 2000;
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Liberman et al., 2002), and the manipulations that we
have made here may, in fact, alter prestin or its
interactions with the lipid bilayer, it is not certain
whether homo- or heteromeric configurations com-
prise the intact OHC motor (Santos-Sacchi, 2003).
Thus, our manipulations may actually be working on
players besides prestin. Indeed, we must remain
cognizant that unexpected effects of the tested agents
on mechanisms other than those we have highlighted
may come into play, for example, altered anion
binding. We are currently working on these issues
(Navaratnam et al., 2004).

This work was supported by NIH-NIDCD grant DC00273 to

JSS.
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Abstract The outer hair cell motor protein, prestin,
which resides exclusively in the cell’s lateral membrane,
underlies the mammal’s exquisite sense of hearing. Here
we show that photoexposure of the commonly used dyes
Lucifer yellow, 6-carboxy-fluorescein, and 4-{2-[6-
(dioctylamino)-2-naphthalenyl]ethenyl}-1-(3-sulfo-
propyl)-pyridinium (di-8-ANEPPS), that are in contact
with the cell’s lateral membrane can photo-inactivate the
motor irreversibly, as evidenced by reduction in prestin’s
gating charge displacement or non-linear capacitance.
Furthermore, utilizing restricted fiber optic illumination
of the lateral membrane, we show that whole-cell, non-
linear capacitance is depleted beyond that expected for an
immobile population in the exposed area. These data
indicate that lateral diffusion of prestin occurs within the
cell’s lateral plasma membrane.

Keywords Lucifer yellow · Fluorescein · di-8-ANEPPS ·
Outer hair cell · FRAP · Gating charge · Membrane
capacitance

Introduction

The molecular motors of the outer hair cell (OHC) drive a
somatic mechanical response that underlies the enhanced
sensitivity and frequency resolving power of the mam-
malian cochlea [2, 5, 12, 23]. Electrical measures indicate
that these motors reside within the lateral plasma
membrane of the OHC, and probably resemble other
integral membrane proteins that are capable of generating

gating currents upon voltage-induced conformational
changes [3, 10, 11, 22]. In fact, Dallos and coworkers
have cloned the gene for a protein, prestin, that, when
expressed in non-auditory cells, presents electrical and
mechanical signatures that match those of the OHC lateral
membrane motor [25, 31]. Prestin is expressed in exactly
that location, namely, the lateral plasma membrane [4],
predicted by the electrophysiological evidence [10].

Integral membrane proteins are capable of diffusing
through the plasma membrane [7]. To study the con-
straints that maintain prestin’s residence in the lateral
membrane, we have mapped recently the extent of prestin
along the OHC lateral membrane using discrete mechan-
ical stimulation [27], and evaluated the effect of cyto-
skeletal destruction on motor diffusion to areas normally
devoid of motor molecules, namely, the basal region of
the cylindrical cell. Surprisingly, the motors did not
migrate to the basal region, indicating some type of
integral membrane barrier. Here we use a technique to
photo-inactivate motors while monitoring their gating
charge movement so that their ability to diffuse within the
lateral membrane can be assessed. We provide evidence
that prestin, in intact OHCs, is capable of diffusing within
the lateral plasma membrane.

Materials and methods

Guinea pigs were euthanized with halothane. OHCs and supporting
cells were isolated enzymatically with dispase I (0.5 mg/ml for
10 min followed by gentle trituration through a polyethylene
pipette) in a modified Leibovitz medium containing (in mM): NaCl
142, KCl 5.37, MgCl2 1.47, HEPES 5, CaCl2 2 and dextrose 5;
300 mOsm, pH7.2. The cells were then transferred to a 700-�l
perfusion chamber. All experiments were conducted at room
temperature (~23 �C). A Nikon Diaphot inverted microscope with
Hoffmann optics was used to observe the cells during electrical
recording. All experiments were video-taped.

Single OHCs were studied under whole-cell voltage-clamp
conditions using a patch clamp amplifier (200A, Axon Instruments,
Union City, Calif., USA) at a holding potential of �80 mV. Initial
resistances of patch pipettes were 2–3 MW, corresponding to tip
sizes of 1–2 �m. Residual series resistance was 3–7 MW. Data were
collected and analyzed using a Windows-based program (jClamp,
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SciSoft, New Haven, Conn., USA). Ionic blocking solutions were
used to remove voltage-dependent ionic conductances so that
capacitive currents could be analyzed in isolation [10, 22]. The
patch pipette solution contained (in mM): CsCl 140, MgCl2 2,
EGTA 10, HEPES 5, with pH 7.2 and osmolarity 300 mOsm
(adjusted with dextrose). The extracellular ionic blocking solution
contained (in mM): 100 NaCl, 20 TEA, 20 CsCl, 1.25 CoCl2, 1.48
MgCl2, 10 HEPES, pH 7.2 and osmolarity 300 mOsm (adjusted
with dextrose). Whole chamber perfusion was continuous.

OHC capacitance was monitored using transient analysis [10].
Additionally, continuous, high-resolution capacitance measure-
ments were acquired through admittance analysis at time resolu-
tions of 5.12 or 2.56 ms utilizing a two-sine wave voltage stimulus
protocol fully described elsewhere [24]. The stimulus consisted of
the sum of two voltage sine waves (390.625 and 781.25 Hz), each
at a magnitude of 10 mV peak. In some cases, this AC stimulus was
superimposed on voltage ramp or step stimuli. Capacitance-voltage
(C-V) functions were fit to the first derivative of a two-state
Boltzmann function relating non-linear charge to membrane
voltage (dQ/dV; [10, 22]):

Cm ¼ Qmax
ze

kT

b

1þ bð Þ2
þ Clin

where

b ¼ exp
�ze V � VpkCm

� �

kT

� �

and Qmax is the maximum nonlinear charge moved, VpkCm the
voltage at peak capacitance or, equivalently, at half-maximal non-
linear charge transfer, Vm is the membrane potential, z valence, Clin
linear membrane capacitance, e electron charge, k Boltzmann’s
constant, and T absolute temperature.

Patch pipettes were filled with either Lucifer Yellow (5%) or 6-
carboxyfluorescein (5%) to load OHCs with the dye. The lipophilic
dye 4-{2-[6-(dioctylamino)-2-naphthalenyl]ethenyl}-1-(3-sulfo-
propyl)-pyridinium (di-8-ANEPPS) was delivered to the OHC
plasma membrane as previously described [14, 15]. Briefly, cells
were incubated with 1% dye in extracellular solution for 15 min
prior to washing and recording. For whole-cell exposure, the dyes
were excited with blue light (450–490 nm filter; Nikon 100-W
high-pressure mercury lamp). For discrete excitation, a pulled
quartz fiber optic (tip size ~2 �m) was fed directly from a Zeiss 75-
W high-pressure mercury lamp, without filters. Whole cells were
exposed by opening/closing the microscope light barrier manually.
Fiber optic exposures were controlled via a computer-driven
shutter.

Results

Prestin can be photo-inactivated

OHC membrane capacitance derives from two compo-
nents: that associated with lateral membrane sensor/motor
charge movement, and that proportional to membrane
surface area. Figure 1 illustrates through measurements of
capacitance that prestin can be irreversibly photo-inacti-
vated. Figure 1a shows the exponential decrease in motor-
associated capacitance following whole-cell photoexpo-
sure of a cell perfused intracellularly with 5% Lucifer
Yellow via the patch pipette. The time constant for
inactivation was 14.2 s (mean 26.4€10.2 s, n=6). To
accomplish this inactivation, the photosensitive dye must
be in contact with the cell’s plasma membrane (Fig. 1b).
In the absence of dye, photoexposure of OHCs did not
reduce whole-cell capacitance; following perfusion of the

cells with extracellular solutions containing fluorescent
dye the motors became susceptible. The inactivation of
lateral membrane motors was rapid and only occurred
during the duration of the light exposure. This is shown in
Fig. 1c where the light was switched on for only short
periods; between exposures the reduced capacitance
remained stable.

Fig. 1A–C Outer hair cell (OHC) motors can be irreversibly photo-
inactivated. A OHC with intracellular Lucifer Yellow. Light was
turned on for the period indicated by the gray bar. Note exponential
decay of non-linear component of membrane capacitance (Cm,
ordinate). Fit (solid line) indicates a time constant of 14.2 s. B Non-
linear capacitance (NLC) was resistant to photoexposure in the
absence of sensitizing dye. After the addition of the membrane
impermeant dye fluorescein-dextran, NLC exponentially decreased.
C OHC with 6-carboxyfluorescein intracellular. NLC decreased
only during photoexposure (bars)
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Photoexposure of restricted regions of the OHC

By delivering light through a tapered fiber optic light
guide (tip size: ~2 �m; rough estimate of diffusive
exposure: 80 �m2), photo-exposure can be directed to
selected regions of the OHC (Fig. 2). In Fig. 2d, exposure
of the basal and apical region of the OHC produced little
decrease in capacitance, whereas exposure of the lateral
membrane caused a substantial drop in capacitance. This
is expected, since the motors are restricted to the lateral
membrane [4, 10]. In Deiters’ cells, which lack prestin,
membrane capacitance remained stable during photo
exposure (Fig. 2e).

We used this restricted fiber optic exposure to evaluate
the possibility of motor diffusion in the lateral membrane.
Figure 3 illustrates that repeated or continuous restricted
exposure of the OHC lateral membrane to the light source
produced accumulating capacitance decreases not expect-
ed for an immobilized, finite population of motors.
Repeated fiber optic exposure to fixed portions of the
OHC sensitized with either intracellular 6-carboxy fluo-
rescein (Fig. 3a), or with the membrane-soluble dye di-8-
ANEPPS (Fig. 3b), resulted in an apparent linear (i.e.
non-exponential) decrease in capacitance during expo-
sure, and stabilization in the absence of exposure. The
slope of the capacitance decrease with restricted expo-
sures (12.3€1.8 fF/s; n=6) was substantially less than the
initial slope (312€33 fF/s; n=6) following whole-cell
exposure, though the ultimate magnitude of decrease
could be quite large (Fig. 3c). We interpret these

observations to result from the continuous movement of
functional motors into the small region of photoexposure.
That is, the rate of inactivation is limited by diffusion rate
of the motor into the restricted region of exposure.
Figure 4 shows whole-cell C-V functions for an OHC in
which the lateral membrane was exposed for 8 min via
fiber optic. In addition to a reduction in total charge
moved (Qmax), indicating the removal of functional
motors from the whole cell population, z and VpkCm were
altered.

Discussion

A number of studies have shown that integral membrane
proteins are modified either directly by light at particular
wavelengths [8, 9, 17] or by sensitizers following light
activation [1, 17, 28]. Our data indicate that the OHC
motor protein prestin can be rapidly photo-inactivated.
Whole-cell C-V functions result from the combined
characteristics of the photo-inactivated population of
motors and the remaining normal populations of motors,
and confirm the destruction of motors since Qmax was
reduced. Motors are not directly susceptible to the light
sources that we used but to some product that is released
following the excitation of commonly used fluorescent
dyes near or within the membrane. We have shown
previously that gap junctions and K+ channels within
supporting Hensen’s cells can be similarly photo-inacti-
vated [20, 21]. It should be stressed that the decrease in

Fig. 2A–E Restricted exposure
with fiber optic light probe. A
Cells were whole-cell patch
clamped and the fiber placed
adjacent to the plasma mem-
brane of cells with either intra-
cellular dye (top figure, Lucifer
Yellow) or intra-membrane
[bottom figure, 4-{2-[6-(diocty-
lamino)-2-naph-
thalenyl]ethenyl}-1-(3-sulfo-
propyl)-pyridinium (di-8-
ANEPPS) dye, see Methods]. B,
C Digitally captured image of
an OHC before and during ex-
posure to the lateral membrane.
D An OHC treated with di-8-
ANEPPS was exposed at the
basal (a), middle (b) and apical
(c) regions of the cell. Only the
lateral region exposure pro-
duced marked capacitance de-
creases. E A Deiters’ cell
treated with di-8-ANEPPS
showed no reduction of linear
capacitance during exposure
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capacitance or conductance is not likely to be due to
diffusion of reactive species far from areas of exposure,
since inactivation stops immediately after the light is
turned off. This is expected since photo-sensitizers
probably act after binding to the membrane, and the
estimated lifetime and diffusion of the evolved reactive
species, e.g., singlet oxygen, are of the order of a few
microseconds, and a hundred nanometers, respectively

(see [19] for discussion and references). Thus, the fiber
optic exposures that we made probably resulted in highly
restricted lesions. Since motors can be inactivated by
hydrophilic dyes (Lucifer yellow, 6-carboxyfluorescein,
fluorescein-dextran) delivered to the membrane via
intracellular or extracellular routes, and by the lipophilic
dye (di-8-ANEPPS), susceptible targets are possibly
present at intracellular, extracellular and intramembrane
domains. The amino acids histidine, methionine, trypto-
phan and cysteine are most sensitive to reactive oxygen
species [13], and these residues are found in all three
domains of prestin [32] (J. Zheng, personal communica-
tion).

The inactivation of sensitized lateral membrane motors
by light may be viewed as a simple irreversible reaction:

ð1Þ

For whole cell exposure, where M*+ is the sensitized
active motor pool, M� is the inactivated motor pool, and
kkill is the inactivation rate constant, the time course of
inactivation is a simple exponential, with a time constant
of 1/kkill. For our whole-cell data the rate constant was
0.0384 s-1. If we consider that in this case the non-linear
capacitance (NLC) decrease arises from destruction of all
motors in the cell (~ 10 million for a low-frequency OHC
[10]), we can derive an estimate of motor inactivation
rate, namely, about 384,000/s. This high sensitivity to
inactivation is mirrored by the inner ear’s sensitivity to a
variety of insults, including agents that generate reactive
oxygen species [6, 16].

The description of the inactivation process in a
partially exposed cell is more complicated, as the
sensitized active motor pool may be supplied by the
unexposed active motor pool, M+.

ð2Þ

Fig. 3A–C Repeated or continuous exposure of restricted regions
of the lateral membrane. A OHC filled with Lucifer Yellow showed
accumulating decreases in NLC during repeated exposures. The
slope of decrease appears linear. B OHC treated with di-8-ANEPPS
showed similar behavior during exposures. C Continuous exposure
of restricted region (gray area in OHC schematic) produced an
initial linear segment of NLC decrease followed by a decaying rate.
The trace is the mean€SEM of three OHC responses. The dotted
lines indicate the result of model simulations with the indicated
diffusion coefficients (see Discussion for details)

Fig. 4 Functions relating Cm to membrane potential (Vm) before
and after an 8-min fiber optic exposure of an OHC treated with di-
8-ANEPPS. Fitted parameters: control (VpkCm, z, Qmax, Clin,
respectively, see text for definitions): �86.5, 0.59, 3.36, 25.5,
exposed: �109.4, 0.47, 2.55, 27.7
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The rate constants k and k-1 will influence the time
course of motor inactivation, and actually represent more
complex diffusion processes. Thus, the forward rate
constant k may be influenced by motor density, motor
interactions with other integral membrane proteins and
sub-membranous cytoskeleton, and diffusion distances
from the irradiated area. The backward rate k-1 will also
reflect similar influences, but additionally may suffer
from the untoward effects of photo-irradiation, for
example, molecular cross-linking.

Peters et al. [18] have performed a conceptually
similar study to ours using continuous fluorescence
recovery after photobleaching (FRAP) of the dye 3,30-
dioctadecyloxacarbocyanine perchlorate (DiO) within a
restricted membrane region. They pointed out that in the
case where the diffusion time constant (td=irradiated
radius2/D; where D is the diffusion coefficient) is very
much greater than the photo-inactivation time constant
(tk=1/kkill), the time course of fluorescence decay (or in
our case capacitance decay) would follow the exponential
time course characteristic of photo-inactivation alone.
This behavior essentially accounts for the characteristic
time of capacitance decrease that we observe under
whole-cell photo irradiation. However, in the case where
the photo-inactivation process is very much faster than the
delivery of motors to the irradiated area, the time course
of capacitance decrease would be dominated by the
factors that govern the diffusion process. With fiber optic
illumination, the time course of capacitance decrease was
not a simple exponential (Fig. 3c), as we might have
expected for an immobile population of motors, and as we
observed with whole-cell irradiation; instead, there was a
prolonged linear-like segment followed by an exponen-
tially decaying termination. Furthermore, the magnitude
of NLC decrease is far greater than that expected for the
estimated exposed area. We conclude from these data that
there is, in fact, lateral diffusion of motors into the
irradiated area, and that the photo-inactivation process is
faster than that of diffusion. This contrasts with observa-
tions on Na+ channels in skeletal muscle that were photo-
inactivated under a loose patch pipette; currents did not
return for more than 60 min, indicating a diffusion
coefficient of less than 0.0001 �m2/s [26, 29].

The diffusion coefficient of untethered proteins within
lipid bilayers typically ranges around 0.01 �m2/s [7]. That
of lipid molecules within the membrane is larger, ranging
around 1.0 �m2/s. The diffusion of the lipid permeable
dye di-8-ANEPPS within the OHC lateral membrane is
within that range, but interestingly, it is voltage dependent
to some extent [14, 15]. This may relate to the voltage
dependence of the major protein, prestin, located in that
membrane. Another lipid soluble dye, SP-DiIC18, is
relatively immobile, but can redistribute within the
membrane in a voltage dependent manner and probably
depends on prestin activity [30]. In light of these data, it
may be possible that the diffusion of prestin itself may
depend on the protein’s voltage-dependent area state. In
the present study, we held the OHCs at a constant

membrane voltage, but it will be interesting to evaluate
the effects of various holding potentials in future studies.

Given our data, the diffusion coefficient of prestin may
be roughly estimated by considering that the problem is
basically one of modeling a molecular sink. As a first
approximation, we consider an uncapped cylindrical
bilayer possessing the surface area (source) of the lateral
membrane of a 65-�m-long OHC, 1,288 �m2, within
which reside motors at a density of 7,500/�m2 (equated to
a NLC of 0.01 pF/�m2) [10]. The motors are considered
freely diffusible, but exit the system upon entering a
central region (sink) of ~1/20 (81 �m2) the full surface
area. The question is what diffusion coefficient must the
molecules possess to produce a decrease in numbers at a
rate of 10,000/s (~10 fF/s in the OHC), as we estimate
during fiber optic irradiation of the OHC? The problem
was modeled in Berkeley Madonna using 1-�m square
cells, with a square sink (9 �m edge) in the middle of the
OHC (Fig. 3c inset). The dotted lines in Fig. 3c show the
time course of reductions in NLC for two diffusion
coefficients that bracket the averaged data. A D of
0.08 �m2/s can account for the initial segment of the data;
however, the subsequent segments require larger coeffi-
cients. The divergence from a simple and fixed course of
diffusion indicates that something more complicated is
occurring, perhaps cross-linking of proteins or lipid
peroxidation. We must also be aware that the diffusion
of the dyes (which themselves may be rendered ineffec-
tive in the exposed area) may also influence our measures.
We suggest that the earlier segments of the data, where
membrane damage may be less, may better represent the
diffusion characteristics of prestin and indicate that
prestin is untethered. The ability to diffuse may be
important for the redistribution of motors after insertion
into the plasma membrane during normal motor turnover.
Additionally, the absence of tethering may indicate that
the proteins freely rotate within the plane of the mem-
brane, and are unlikely to acquire any anisotropic
characteristics owing to diffusional constraints.

In sum, we have shown that the OHC membrane motor
is susceptible to photo-inactivation, and that this sensi-
tivity can be exploited to reveal the protein’s ability to
diffuse within the lateral membrane. With the recent
molecular identification of the motor [25, 31] we can
expect more detailed examinations of the protein’s
activities in the lateral membrane.
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Dye coupling in the organ of Corti 
Joseph Santos-Sacchi 
Laboratory of Otolaryngology, New Jersey Medical School, Newark, USA 

Summary. Dye-coupling in an in vitro preparation of the 
supporting cells of the guinea-pig organ of Corti was evalu- 
ated by use of the fluorescent dyes, Lucifer Yellow, fluores- 
cein and 6 carboxyfluorescein. Despite the presence of good 
electrical coupling in Hensen cells (coupling ratios >0.6) 
the spread of Lucifer yellow was inconsistent. Hensen cells 
are very susceptible to photoinactivation, i.e., cell injury 
upon illumination of intracellular dye; and this in conjunc- 
tion with Lucifer Yellow's charge and K +-induced precipi- 
tability may account for its variability of spread. Fluoresce- 
in and 6 carboxyfluorescein, on the other hand, spread 
more readily and to a greater extent than Lucifer Yellow, 
often spreading to cell types other than those of Hensen. 
Dye spread is rapid, occurring within a few minutes. These 
results suggest that molecules of metabolic importance also 
may be shared by the supporting cells of the organ of Corti. 

Key words: Organ of Corti - Supporting cells - Dye cou- 
pling - Gap junctions - Photoinactivation - Guinea pig 

The supporting cells of the mammalian organ of Corti are 
joined together by gap junctions (Jahnke 1975; Gulley and 
Reese 1976; Iurato et al. 1976). In a previous study, electri- 
cal coupling among these ceils was shown to be present, 
although it was thought to be poor (Santos-Sacchi and Dal- 
los 1983). At that time, dye spreading studies with the fluo- 
rescent dye Lucifer Yellow did not reveal dye-coupling in 
the supporting cells, except on very rare occasions. In recent 
studies on electrical coupling of Hensen cells with more 
precise electrophysiological techniques, coupling has been 
shown to be very good in vitro (Santos-Sacchi 1984, 1985). 
This result prompted a reinvestigation of dye coupling in 
the supporting cells of the mammalian inner ear. 

Methods 

Guinea pigs were anesthetized with pentobarbital and killed 
by decapitation. The cochleas were quickly removed, and 
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the apical and third turn was microdissected in one piece 
after removing the spiral ligament and stria vascularis. The 
preparation was transferred to a perfusion chamber. Alter- 
nately, the whole temporal bone was placed in a perfusion 
chamber on a Zeiss ACM microscope, and the bony capsule 
around the two most apical turns chipped away. The stria 
vascularis and spiral ligament were removed. Both 
chambers were maintained near 37 ~ C with Peltier devices 
(Bailey Instruments, N.J.). Medium 199 (with Hanka salts 
[1.26 mM CaC12, 1.7 uM Fe(No3)3, 5.36 mM KC1, 
0.44raM KHzPO4, 0.81 mM MgSO4, 137mM NaCI, 
4.16raM NaHCO3, 0.33mM Na2HPO4]; pH7.2-7.4, 
GIBCO, NY) was perfused at a rate of 0.8 to 1.5 ml/min. 
Electrodes were pulled on a Narishige puller. 

Coupling measurements were made with high input im- 
pedance devices (WPI KS-700, Dagan 8100-1) capable of 
constant current injection. Coupling was assessed by inject- 
ing negative current pulses of varying magnitudes into one 
cell and noting the voltage drop in the same and an adjacent 
cell. Under visual control, Hensen cells were impaled with 
electrodes. Double-barreled electrodes or theta glass elec- 
trodes were used to separately inject current (I1) and record 
voltage drops (V1) in one cell, while a neighboring cell 
was impaled with a single-barreled voltage recording elec- 
trode (V2). 

Coupling responses and membrane potentials were re- 
corded on a Gould strip chart recorder. Individual coupling 
responses were digitally stored within a Data 6000 wave- 
form analyzer (Data Precision, MA) and saved to floppy 
disk. Coupling ratio is defined as the voltage drop in cell 2 
divided by the voltage drop in cell I in response to current 
injection in cell 1 (V2/V1) (Bennett 1966). 

Dye injections were made iontophoretically into individ- 
ual supporting cells through single barreled electrodes. One 
to five percent solutions of Lucifer Yellow CH (Sigma), 
6 carboxy fluorescein (Calbiochem) and fluorescein (sodi- 
um salt, Sigma) in H20 were used. Epifluorescence observa- 
tions were made with Zeiss filters (G436, FT510, LP520), 
with a 50 watt high pressure mercury illumination system. 
A Zeiss F10/0.25 objective lens was used. Photographs were 
taken with Polaroid type 667 black and white film. Dye 
spread was also evaluated under reduced epi-illumination 
with neutral density filters. For these studies video analyses 
were made with an ISIT video camera (Dage-MTI) and 
high resolution monitor (Ikagami). Photographs of video 
images were made with a Kodak Instagraphic CRT camera. 
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Results  

Electrical coupling among the supporting cells is good;  ad- 
jacent cells usually have coupling ratios around 0.6, under 
favorable culture conditions (Fig. 1 a). Despite the fact that 
Hensen cells are well coupled electrically, spread of  the in- 
jected dye Lucifer Yellow occurs inconsistently. Observa- 
tions have been made in which dye spread did not occur 
with Lucifer Yellow, although simultaneous measurements 
indicated the existence of  electrical coupling between the 
injected Hensen cell and adjacent cells. 

It was noted that frequently cell membrane potentials 
drop upon injection of  Lucifer Yellow. In fact, the Hensen 
cells are very susceptible to photoinactivation. Photoinacti- 
vation (Miller and Selverston 1979; Cohan et al. 1983) den- 
otes the selective killing of  cells or parts of  cells by irradiat- 
ing intracellularly injected dyes. Apparently, during absorp- 
tion of  light, heat is generated which deleteriously affects 
cells, causing drops in membrane potential and electrical 

activity. Membrane potentials of  supporting cells are nor- 
mally very stable; however, blue light irradiation causes 
an immediate and coincident drop in membrane potential 
of  dye filled cells (Fig. 1 c). Membrane potential declines 
when the light is turned on and stablizes when the light 
is turned off. Usually, spread of  Lucifer Yellow did not 
occur during simultaneous epifluorescent observation. 
However, sometimes dye spread was observable when cells 
were injected prior to fluorescence observation (Fig. 1 b). 
Spread of  Lucifer Yellow, when it occurs, is typically rapid 
(within one to a few min) and is limited to no more than 
several neighboring cells. In addition to reducing membrane 
potentials, blue light exposure causes coupling responses 
to decrease in coupled Hensen cells (Fig. 2). 

Unlike Lucifer Yellow, fluorescein spreads more con- 
sistently to neighboring cells (Fig. 3 a-c), and is often ob- 
served during epi-illumination, although photoinactivation 
can occur with this dye. As with Lucifer Yellow, the spread 
of  dye is almost immediate. However, a greater number 

Fig. l.  aTwo adjacent Hensen cells impaled under visual observation with 3M KCI glass electrodes. In one cell current pulses ( -  l0 nA) 
were injected down one barrel of a theta glass pipet and the voltage drop was measured with the other barrel. Coupling responses 
were measured in the other cell with a single barreled electrode. One event was digitally stored and displayed. Calculated coupling 
ratio 0.8. Vertical scale: 4 mV. Horizontal scale: 0.2 sec. b Hensen cell injected with Lucifer Yellow without epi-illumination 45 sec 
prior to fluorescence observation as indicated in the trace from this cell (Fig. 1 e). Dye spread had occurred. Scale: t5 lam. e Hensen 
cell impaled with single barreled electrode containing Lucifer Yellow. A stable membrane potential was recorded for a few rain whereupon 
dye was injected into cell with negative current pulses ( - l  nA; negative deflections). Membrane potential remained stable after dye 
injection until blue light illumination was turned on (first black bar). Consequently cell depolarized but stabilized after light was turned 
off. Photoinactivation process continued upon reinstatement of epi-illumination (second black bar). Finally, light source was left on 
until total depolarizarion had occurred (third black bar) 
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Fig. 2. Neighboring Hensen cells impaled with single barreled electrodes, one containing KCI, the other Lucifer Yellow. Current pulses 
( -  5 nA) injected into Lucifer electrode and coupling responses measured in the other cell. Voltage drop across Lucifer electrode unbalance- 
able and thus off scale; however, since input resistance of Hensen cells is about 0.4 megaohms initial calculated coupling ratio is 
0.7. Dye spred occurred in this example. Upon illumination of cells with blue light (first black bar), membrane potentials begin to 
fall. Subsequently, coupling response in other cell decreases. Further exposure to blue light depolarizes cells further (second black 
bar) 

of cells are usually stained, and supporting cells other than 
Hensen cells are involved. These other cells include Deiters 
cells and possibly outer pillar cells. Fluorescein is somewhat 
membrane permeable; yet, the spread does not appear to 
be due to non-junctional membrane passage from one cell 
to another because 1) several attempts to observe dye pas- 
sage through plasma membranes by directly iontophorese- 
ing fluorescein onto the external aspect of Hensen cell mem- 
branes failed to reveal cytoplasmic uptake; 2) extended 
soaking (up to 20 rain) of Hensen cells with external solu- 
tions of fluorescein revealed much poorer staining of Hen- 
sen cell cytoplasm after washout than that of cells pre- 
viously stained by intracellular spread of the dye; 3) on 
a few occasions fluorescein injection did not result in spread 
of the dye to adjacent cells, probably indicating that these 
cells were uncoupled; and 4) extracellular spaces between 
stained Hensen cells showed less fluorescence than intracel- 
lular spaces. 

The dye 6 carboxyfluorescein, which is less membrane 
permeant than fluorescein, shows similar dye spread pat- 
terns and also spreads more consistently than Lucifer Yel- 
low. Nevertheless, there were cases where the dye did not 
spread. The kinetics of dye movement were interesting for 
6 carboxyfluorescein and fluorescein. Often, during the first 
min or two following injection of dye into a particular cell, 
spread was absent or was limited to closely neighboring 
cells. Subsequently, a sudden and rapid movement of the 
dye into a more extensive group of cells occurred. This 
is demonstrated in Fig. 3d e, which illustrates the time 
course of dye spread for an injection of 6 carboxyfluores- 
cein into a Hensen cell. After one rain, spread of dye is 
barely detectable in the two immediately adjacent cells. At 
1.5 rain, the dye has begun to spread rapidly and by 3 min 
has spread to a large portion of the organ of Corti, includ- 
ing areas occupied by supporting cells other than those 
of Hensen, i.e., Deiters and pillar cells. 

Discussion 

Lucifer Yellow is a highly fluorescent molecule which has 
been used to demonstrate dye coupling in many cell systems 
(Stewart 1981; Kaneko and Stewart 1984). Presumably, 
electrically coupled cells permit the spread of dye through 
gap junctions. Yet, there is a growing number of observa- 
tions of electrically coupled cells which do not demonstrate 
dye coupling or demonstrate dye coupling inconsistently 
by use of Lucifer Yellow (Takato and Goldring 1979; Au- 
desirk et al. 1982; Kater and Hadley 1982). 

In our previous study of dye coupling in the in vitro 
organ of Corti, fluorescence observations were made during 
injections of Lucifer Yellow and spread of the dye was 
observed only occasionally (Santos-Sacchi and Dallos 
1983). Possibly the cells were killed by photoirradiation dur- 
ing observations. It would appear that Lucifer Yellow does 
not spread as easily to coupled cells as does fluorescein 
and 6 carboxyfluorescein. Perhaps the difference in molecu- 
lar weights (LY 457, F 330) is responsible for this disparity. 
Yet, Flagg-Newton et al. (1979) have shown that the molec- 
ular cut-off for mammalian junctional spread is around 
1000 Daltons. Furthermore, molecular models of the two 
dyes do not reveal sufficient size differences to account for 
dye spread differences, so that other factors, e.g., charge 
and precipitability, may be influential (D.C. Spray, personal 
communication). Lucifer Yellow readily precipitates as the 
potassium salt, and thus may do so intracellularly. Fluores- 
cein is somewhat membrane permeable, and care must be 
taken in dye spread studies to exclude possible spread across 
non-junctional membranes. Several facts suggest that dye 
spread is through junctions, most notably the speed of dye 
spread and the observation that some flourescein injections 
did not result in spread. 6 carboxyfluorescein spreads as 
well and because of its charge it is likely that the route of 
passage is through the aqueous channels of gap junctions. 
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Fig. 3. a Organ of Corti spirals around bony modiolus through which eighth nerve courses. Hensen cells are most distal to modiolus 
which is located to right in all photographs. Arrow depicts Hensen cell injected with Lucifer Yellow. No dye spread occurred. Subsequently, 
fluorescein was injected about four cells away, and dye did spread to adjacent Hensen cells as well as other supporting cells closer 
to modiolus. Scale: 15 l.tm. b Fluorescein injected into single Hensen cell, spread of dye occurred rapidly to adjacent Hensen cells 
and to presumed processes of Deiters cells. Bright spherical structures in Hensen cells are lipid droplets. Scale: same as in Fig. 3a. 
c Fluorescein observed to spread from Hensen cells to other supporting cell types of organ of Corti. All injections depicted thus 
far made during epi-illumination. Scale: same as in Fig. 3 a. d-i Series of photographs depicting time course of spread of 6 carboxyfluores- 
cein through supporting cells. Epi-illumination present during whole process; however, neutral density filters were used to reduce intensity. 
Spread of dye video taped with low light level Dage MTI camera and individual photographs taken of monitor screen, d 1 rain after 
start of injection. Barely detectable spread in immediately adjacent Hensen cells. Scale: 15 gm for this and subsequent photographs. 
e 1 rain 30 sec. Dye now seen clearly in spirally adjacent Hensen cells and in cells nearer modiolus, f 1 rain 40 sec. Cell staining more 
clearly seen near modiolus, g 2 min. Spread of dye continues spirally, h 2 min 30 sec. Intensity of dye in adjacent cells approaching 
that of injected cell. i 3 min. Dye more uniformly distributed in group of supporting cells of different types. 

It is clear that the presence of electrical or ionic coupling 
cannot  necessarily indicate that dye coupling exists. This 
has been directly demonstrated by Ket tenmann and Orkand 
(1983), who showed that in electrically and dye coupled 
cells, dye coupling can be abolished without uncoupling 
ionic communicat ion between the cells. It is probably true, 
however, that dye coupling indicates the presence of electri- 
cal coupling. Thus the observation that fluorescent dyes 
spread from Hensen cells to other supporting cells, includ- 

ing Deiter and pillar cells, indicates that electrical communi-  
cation occurs among supporting cells of different types. 
This may have important  consequences for the organ of 
Corti. 

The supporting cells of the organ of Corti provide struc- 
tural support for the sensory hair cells. Other roles that 
they may play are speculative at present, yet the presence 
of electrical and dye coupling between them may provide 
clues. For  example, metabolic cooperation between the sup- 



porting cells may be required for normal cochlear function 
under conditions of high sound stimulation. Perhaps metab- 
olites diffuse intracellularly through the supporting cells 
from areas of high metabolic activity, e.g., from the lateral 
wall of the cochlear duct. In addition, the supporting syncy- 
tium may provide a K +  sink as is thought to occur in 
astrocytes of the CNS (Somjen 1979). Potassium levels may 
be kept low in those areas of the organ (e.g., spaces of 
Nuel) where its presence would interfere with electrical ac- 
tivity. This may be specially important  considering the re- 
cently identified outer hair cell contracture associated with 
potassium induced hair cell depolarization (Brownell et al. 
1985; Zenner  et al. 1985). Finally, the possibility exists that 
supporting cells may influence cochlear mechanics. The fact 
that Hensen cells are dye coupled and can be photoinacti- 
vated (killed) may permit an evaluation of the role support- 
ing cells play in cochlear mechanics. That  is, selective de- 
struction of dye-injected supporting cells by photoirradia- 
tion may alter electrical responses to sound. 
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RESEARCH ARTICLE

Outer hair cell electromotility is low-pass filtered
relative to the molecular conformational changes
that produce nonlinear capacitance
Joseph Santos-Sacchi1,2,3, Kuni H. Iwasa4, and Winston Tan1

The outer hair cell (OHC) of the organ of Corti underlies a process that enhances hearing, termed cochlear amplification. The
cell possesses a unique voltage-sensing protein, prestin, that changes conformation to cause cell length changes, a process
termed electromotility (eM). The prestin voltage sensor generates a capacitance that is both voltage- and frequency-
dependent, peaking at a characteristic membrane voltage (Vh), which can be greater than the linear capacitance of the OHC.
Accordingly, the OHC membrane time constant depends upon resting potential and the frequency of AC stimulation. The
confounding influence of this multifarious time constant on eM frequency response has never been addressed. After
correcting for this influence on the whole-cell voltage clamp time constant, we find that both guinea pig and mouse OHC eM is
low pass, substantially attenuating in magnitude within the frequency bandwidth of human speech. The frequency response is
slowest at Vh, with a cut-off, approximated by single Lorentzian fits within that bandwidth, near 1.5 kHz for the guinea pig
OHC and near 4.3 kHz for the mouse OHC, each increasing in a U-shaped manner as holding voltage deviates from Vh.
Nonlinear capacitance (NLC) measurements follow this pattern, with cut-offs about double that for eM. Macro-patch
experiments on OHC lateral membranes, where voltage delivery has high fidelity, confirms low pass roll-off for NLC. The
U-shaped voltage dependence of the eM roll-off frequency is consistent with prestin’s voltage-dependent transition rates.
Modeling indicates that the disparity in frequency cut-offs between eM and NLC may be attributed to viscoelastic coupling
between prestin’s molecular conformations and nanoscale movements of the cell, possibly via the cytoskeleton, indicating
that eM is limited by the OHC’s internal environment, as well as the external environment. Our data suggest that the influence
of OHC eM on cochlear amplification at higher frequencies needs reassessment.

Introduction
Outer hair cell (OHC) electromotility (eM) underlies cochlear
amplification inmammals, where in its absence, hearing deficits
amount to 40–60 dB (Dallos et al., 2008; Ashmore et al., 2010).
The molecular basis of OHC eM is the membrane-bound protein
prestin (SLC26a5), an anion transporter family member that has
evolved to work as a voltage-dependent motor protein in these
cells (Zheng et al., 2000). The protein’s voltage-sensor activity
presents as a voltage-dependent (or nonlinear) capacitance
(NLC), obeying Boltzmann statistics (Ashmore, 1990; Santos-
Sacchi, 1991), and whose peak magnitude corresponds to the
voltage (Vh) where sensor charge is equally displaced to either
side of the membrane. Voltage-dependent conformational
change in prestin is believed to form the basis of precise phase
differences between OHC activity and basilar membrane motion

that leads to amplification, indicative of local cycle-by-cycle
feedback (Dallos et al., 2008). Recent measurements of OHC
extracellular voltage and basilar membrane motion have ob-
served the predicted amplifying phase differences (Dong and
Olson, 2013). However, other recent measurements did not
find appropriate phase or timing differences in the motions
within the organ of Corti, and have challenged the standard view
of amplification (Ren et al., 2016; He et al., 2018). Additionally, it
is commonly accepted that unconstrained (load-free) OHC eM
magnitude is invariant across stimulating frequency, having
been measured out beyond 70 kHz (Frank et al., 1999); the flat
frequency response is another important element in cycle-by-
cycle feedback theory. However, these data were obtained at
voltage offsets far removed from Vh, which has questionable
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physiological significance. Based on our measures (Santos-
Sacchi and Tan, 2018), we estimate that their depolarized off-
set from Vh would have been ∼65 mV. Indeed, by exploring at
an offset potential near Vh, we recently demonstrated that eM
measured with the microchamber displays significant low-pass
behavior (Santos-Sacchi and Tan, 2018). Here we further ex-
plore the low-pass nature of eM under whole-cell voltage clamp
out to 6.25 kHz in the guinea pig and mouse with ramped
changes in holding potential that provide shorter, more sta-
tionary-in-time measures compared with our previous experi-
ments. Furthermore, whole-cell voltage clamp provides far
better voltage control than the microchamber, but patch elec-
trode series resistance effects must be considered. Following
precise corrections for NLC-induced, voltage- and frequency-
dependent voltage roll-off under whole-cell voltage clamp,
never previously done, we find that eM and NLC show simi-
larities in their nonlinear voltage and frequency dependence,
both frequency cut-offs being U-shaped functions of holding
voltage, with minima near Vh. Macro-patch experiments on the
OHC lateral membrane, which provide robust voltage control,
confirm our low-pass whole-cell measures of NLC within the
speech frequency range. We further find that the frequency cut-
offs of eM and NLC are disparate. Modeling suggests that both
internal (e.g., cytoskeletal interactions, membrane lipid inter-
actions) and external (e.g., viscous environment of the cell) loads
are influential in effecting this disparity.

Materials and methods
Whole-cell recordings were made from single isolated OHCs
from the apical two turns of organ of Corti of guinea pigs. An
inverted Nikon Eclipse TI-2000 microscope with a 40× lens was
used to observe cells during voltage clamp. Experiments were
performed at room temperature. Blocking solutions were used to
remove ionic currents, limiting confounding effects on NLC
determination and voltage delivery under voltage clamp
(Santos-Sacchi, 1991; Santos-Sacchi and Song, 2016). Extracel-
lular solution was (in mM): NaCl 100, TEA-Cl 20, CsCl 20, CoCl2
2, MgCl2 1, CaCl2 1, and HEPES 10. Intracellular solution was (in
mM): CsCl 140, MgCl2 2, HEPES 10, and EGTA 10. All chemicals
were purchased from Sigma-Aldrich.

An Axon 200B amplifier was used for whole-cell recording
with jClamp software (http://www.scisoftco.com). An Axon
Digidata 1440 was used for digitizing. AC (frequency) analysis of
membrane currents (Im) and eMwere made by stimulating cells
with a voltage ramp from 100 to −110 mV (nominal), super-
imposed with summed AC voltages at harmonically related
frequencies of 195.3, 390.6, 781.3, 1,562.5, 3,125, and 6,250 Hz,
with a 10-µs sample clock. Currents were filtered at 10 kHz with
a four-pole Bessel filter. Corrections for series resistance were
made during analysis. Capacitance was measured using dual-
sine analysis at harmonic frequencies (Santos-Sacchi et al.,
1998; Santos-Sacchi, 2004). Briefly, real and imaginary compo-
nents of membrane current at harmonic frequencies were de-
termined by Fast Fourier Transform (FFT) in jClamp, corrected
for the roll-off of recording system admittance (Gillis, 1995) and
stray capacitance (Santos-Sacchi, 2018). Series resistance (Rs),

membrane resistance (Rm), and membrane capacitance (Cm)
were extracted using the dual-sine, three-parameter solution of
the standard patch clamp model (Santos-Sacchi et al., 1998;
Santos-Sacchi, 2004), based on the original single sine solution
(Pusch and Neher, 1988). To extract Boltzmann parameters,
capacitance-voltage data were fit to the first derivative of a two-
state Boltzmann function.

Cm � NLC + Clin � Qmax
ze
kBT

b

(1 + b)2
+ Clin, (1)

where

b � exp
�
− ze

Vm − Vh

kBT

�
.

Qmax is the maximum nonlinear charge moved, Vh is voltage at
peak capacitance or equivalently, at half-maximum charge
transfer, Vm is membrane potential, z is valence, Clin is linear
membrane capacitance, e is electron charge, kB is Boltzmann’s
constant, and T is absolute temperature.

As noted above, whole-cell NLC determination was made
following stray capacitance removal (Santos-Sacchi et al., 1998;
Santos-Sacchi and Song, 2016; Santos-Sacchi, 2018; Santos-
Sacchi and Tan, 2018). Patch pipettes were coated with M-coat
(Micro Measurements) to reduce stray capacitance. Remaining
stray capacitance was removed by amplifier compensation cir-
cuitry before establishing whole-cell configuration, and if nec-
essary, additional compensation was applied under whole-cell
voltage-clamp conditions (Schnee et al., 2011a,b) and/or through
a software algorithm within jClamp software to ensure expected
frequency-independent linear capacitance (Santos-Sacchi and
Song, 2016; Santos-Sacchi, 2018). The latter approach simply
performs single tau capacitance compensation mathematically
on collected data, analogous to the electronic compensation with
the amplifier. Rs was determined from voltage step–induced
whole-cell currents before AC measures, the derivation pro-
vided in the appendix of (Huang and Santos-Sacchi, 1993). Rm(v)
across ramp voltage was determined from Rs-corrected ramp
voltage and generated ramp currents with AC components re-
moved, ΔVm/(ΔIRs).

Simultaneous and synchronous eM measures were made
with fast video recording. A Phantom 110 or 310 camera (Vision
Research) was used for videomeasures at a frame rate of 25 kHz.
Magnification was set to provide 176 or 106 nm/pixel. A method
was developed to track the apical image of the OHC, providing
subpixel resolution of movements (see Fig. 1). Video frames
were filtered with a Gaussian Blur filter (http://www.gimp.org)
before measurement. The patch electrode provided a fixed point
near the basal end of the cell. Since movements were measured
at the apical pole of the cell and the cell was held physically at the
point of electrode insertion, estimates of full whole-cell move-
ments were obtained from the ratio of apical/basal partitioning
at the point of electrode insertion as in microchamber experi-
ments (Frank et al., 1999; Santos-Sacchi and Tan, 2018). Resul-
tant movements were analyzed by FFT in MATLAB. The colors
in surface plots were generated in the MATLAB plotting routine
surf with shading set to <interp>. This procedure allows con-
tours to be readily observable. Although eM was measured at all
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six AC frequencies, only five estimates of NLC were possible
using the dual-sine approach. To obtain τclamp estimates at 6.25
kHz, the magnitude of NLC at 3.125 kHz was used, factored by
0.748, in line with the slope of its decrease across frequency.

Models were implemented in MATLAB Simulink and Sim-
scape, as detailed previously (Song and Santos-Sacchi, 2013;
Santos-Sacchi and Song, 2014b). Model Rs and Rm were from the
averages of guinea pig and mouse OHC parameters obtained (see
below). Rs-corrected Vm vs. eM data were fit with the first de-
rivative of a two-state Boltzmann function (Santos-Sacchi, 1991).
We processed biophysical data as either group-averaged (whole-
cell currents and eM averaged before analysis) or individual cell
analysis followed by averaging, thus providing statistics (mean
± SEM).

Under voltage clamp, the voltage delivered across the cell
membrane depends on the electrode Rs. In the absence of Rs, the
command voltage is delivered faithfully to the cell membrane in
magnitude and time (phase). Otherwise, the voltage delivered to
the membrane will suffer from voltage drops across Rs, de-
pending on the magnitude and time (phase) of evoked currents.
In any analysis of voltage-dependent cellular processes, such as
eM (Santos-Sacchi and Dilger, 1988; Iwasa and Kachar, 1989), it

is important to accurately assess membrane voltage. Actual
membrane potential under voltage clamp can be exactly deter-
mined by subtraction of the voltage drop across Rs, i.e., IRs * Rs,
with IRs being the sum of resistive and capacitive components of
the cell membrane current. For sinusoidal stimulation across the
voltage ramp, the AC command voltage Vc and evoked currents
IRs, are evaluated as complex values at each excitation frequency
and ramp offset voltage, (A + jB), where A and B are the real and
imaginary components, obtained by FFT, thereby supplying
Vc(f , v) and IRs(f , v). Our goal is to accurately determine the
frequency response of eM, given a nonzero series resistance that
imposes its own influence on the frequency response of voltage-
driven eMdata. Themethod essentially seeks to identify the true
excitation voltage, Vm(f , v), i.e., the drive for eM, supplied to the
plasma membrane.

Before we present an analysis of averaged eM data, we il-
lustrate the approaches available for Rs correction in a
MATLAB Simulink model. In the model, we are able to directly
measure imposed membrane voltage so we can compare re-
sults from these approaches to actual values. The generated
charge in the model is taken as the equivalent of eM, since we
have shown that OHC eM and prestin charge movement are

Figure 1. Motionmeasures from fast video using a shape tracking algorithm implemented in the program jClamp. (A) Frame of an AFM probe tip with a
fiduciary red box delimiting a region of the image to track. For each frame in the video stream, the image was sampled at single pixel offsets of ±10 pixels in
both the vertical and horizontal dimensions (yellow dotted box) relative to the fiducial image. Rotation of the image was possible to maximize displacements to
a single dimension. A pixel comparison was made (subtraction of sampled image pixels from fiducial pixels and summed). The resulting distribution along the x
and y axis was fit with a Gaussian function to obtain subpixel image movements. (B) Panel 1 shows the voltage command to the piezo stack. Panel 2 shows the
piezo movements (pM) induced by the voltage command. The red line is a linear fit used to detrend the data (Panel 3), before FFT of the whole duration
response (Panel 4). The magnitude plot shows high fidelity in capturing tip movements across frequency. (C) The apical portion of a guinea pig OHC under
whole-cell voltage clamp was similarly tracked. (D) Panel 1 shows voltage clamp command. Panel 2 shows OHC eM. The red line is a sigmoidal fit used to
detrend the data (Panel 3), before FFT of the whole duration response (Panel 4). (E and F) Similar results for a mouse OHC. Unlike the piezo response, eM falls
precipitously across frequency. The frequency response arises from τclamp and the intrinsic low-pass nature of eM. The removal of τclamp contribution is easily
accomplished (see Results). GP, guinea pig.
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directly coupled (Santos-Sacchi and Tan, 2018). The model we
use to confirm our voltage corrections has been fully de-
scribed before (Santos-Sacchi and Song, 2014a), and includes a
slow, stretched exponential intermediary transition between
chloride binding transitions and voltage-dependent charge
transitions, the latter corresponding to eM. Modifications of
the model were made to correspond to the biophysical data.
Chloride was 140 mM. For the model, the number of prestin
particles was set to 25.92e6, and z = 0.92 for the guinea pig,
and correspondingly 5.62e6, and 1 for the mouse. The forward
(α) and backward (β) voltage-dependent transition rate con-
stants for the electromechanical component of the model were
1.2947e6 and 1.1558e4, respectively. Both forward (αm) and
backward (βm) parallel intermediary transition rate constants
(which are equal to each other, but separately labeled to dis-
tinguish direction—incidentally, the equivalence is the basis
of detailed balance in the model) were defined as

αm, βm � A · exp b ·m( ), for m � 0.. 26, (2)

where b = −0.4663 and A = 3.0398e4 for the guinea pig data
comparisons, or A = 15.199 for the mouse data comparisons to
account for the difference in NLC and eM frequency response of
the species that we find. Units for rate constants and A are in s−1;
b is unitless.

For the model, there are three ways to correct the frequency
response of eM magnitude for the confounding effects of
Rs-induced membrane voltage roll-off.

Method 1
The complex ratio of AC command voltage (located at differing
ramp voltage offsets [v]) to the directly measured membrane
voltage within the model at each excitation frequency can be
used to correct eM magnitude frequency response, eM being
both a function of frequency and holding voltage (Santos-Sacchi
and Tan, 2018), namely, eM (f , v), akin to NLC (f , v) (Santos-
Sacchi and Song, 2016). Parallel bars indicate absolute values:

Vm(f , v) � Vm(f , v)model (3)
��eM(f , v)actual

�� �
����eM(f , v)measured ·

Vc(f , v)
Vm(f , v)

����. (4)

Method 2
The complex ratio of command voltage to calculated Vm (f , v),
namely, IRs(f , v) · Rs, can be used for correction.

Vm(f , v) � Vc(f , v) − IRs(f , v) · Rs (5)
��eM(f , v)actual

�� �
����eM(f , v)measured ·

Vc(f , v)
Vm(f , v)

����. (6)

Method 3
Finally, the multifarious clamp time constant, τclamp(f , v), deter-
mined at each excitation frequency and ramp voltage offset, can
be used to correct, via a Lorentzian function (A =1/[1 + (2πfτ)2]1/2),
the magnitude of eM, scaled to DC (steady state) levels
[1 − Rs/Rm(f0, v)],f0 � 0 ≈ ramp frequency.

τclamp f , v( ) � Clin + NLC f , v( )[ ] · R‖ f0, v( ), (7)

where

R|| (f0, v) �
Rs ∗ Rm(f0, v)
Rs + Rm(f0, v)

Vm(f , v) � Vc(f , v) ·
[1 − Rs

Rm(f0 ,v)]
[1 + (2πf · τclamp(f , v))2]1/2

(8)

��eM(f , v)actual
�� �

����eM(f , v)measured ·
Vc(f , v)
Vm(f , v)

����. (9)

For the model, Fig. S1 (guinea pig parameters) and Fig. S2
(mouse parameters) show that each method of Rs correction
gives the same results, revealing the intrinsic low pass eM
response of the meno presto model that derives from its
stretched-exponential intermediary transition kinetics (Song
and Santos-Sacchi, 2013; Santos-Sacchi and Tan, 2018).

Because Rs was measured before running the ramp protocols,
there is always a possibility that it changed during recording.
The possibility of slight changes in Rs is well established in the
literature. Fortunately, the currents generated simultaneously
with eMmust also report on Rs. Thus, we plot frequency cut-offs
of eM based on Methods 2 and 3, each showing overlap (see
Fig. 6), and indicating that our estimates of Rs are indeed ac-
curate, with only minor corrections of the initial estimates
(0.95–1.05 × initial estimates).

For the on-cell macro-patch approach, we used pipette inner
diameters of 3.31 ± 0.24 µm (electrode resistance in bath 1.49 ±
0.04MΩ, n = 10), with M-coat applied within ∼20 µm of the tip.
Extracellular solution was in the pipette. To establish Gohm
seals (2.7 ± 0.24 GΩ, n = 10) we supplemented extracellular so-
lution with 5–7.5 µm Gd+3; we have shown previously that these
low concentrations help to form seals without affecting NLC
(Santos-Sacchi and Song, 2016). Ramps with superimposed si-
nusoids were used, as above. Subtraction of currents at very
depolarized potentials, where predominantly linear membrane
capacitance and stray capacitance contribute, provided prestin-
associated nonlinear currents (see Fig. 7). Subsequently, these
nonlinear capacitive currents were used for dual-sine capaci-
tance estimation.

Data points from previous publications were extracted from
plots using the application Grabit (written by Jiro Doke) in
MATLAB.

Online supplemental material
Figs. S1 and S2 depict model data of the meno presto model for
guinea pig and mouse. Each illustrates that voltage corrections
used on the collected cell data are accurate and appropriate.

Results
Fig. 1 depicts the method used to measure eM. Movement of a
piezo-driven AFM tip (0.2 N/m) confirmed the fidelity of the
measuring technique out to 6,250 Hz (Fig. 1 B, panel 4). To ob-
tain accurate FFT results, the ramp-induced movement was
detrended by subtracting a linear fit for the AFM tipmeasures or
a sigmoidal fit for the guinea pig or mouse OHC eM measures
(Fig. 1, B panel 3; D, panel 3; and F, panel 3). Subsequent analyses
followed this detrending approach. In Fig. 1, D and F, panel 4, an
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FFT of the whole ramped eM response was made, and shows that
unlike the piezo-driven response (Fig. 1 B, panel 4), the magni-
tude of both guinea pig and mouse OHC eM falls precipitously
with frequency. This roll-off arises from both the voltage-
filtering effects of Rs and the kinetics of prestin and/or me-
chanical impediments to cell movements. In the following
analysis, we restrict FFT inspection to defined integral segments
(see the red and blue highlighted example regions in Fig. S1, Fig.
S2, Fig. 3, and Fig. 4) of the eM ramp response to assess voltage
dependence of the frequency response. Furthermore, we detail
methods (see Materials and methods) to remove the effects of
series resistance interference, thus revealing true eM frequency
response as a function of true membrane voltage.

For the OHC under voltage clamp, we do not have direct
access to the membrane voltage as in the model (see Materials
and methods), so only two methods for eM correction are
available—that using estimates of Rs and NLC to gauge τclamp,
and that using direct measures of whole-cell currents. In Fig. 2,
complex whole-cell currents or calculated multifarious clamp
time constants were used to predict the roll-off in AC command
voltage (see equations in Materials and methods). Corrections
will precisely account for the frequency-dependent roll-off in
AC voltages and subsequently, the same corrections are applied
to voltage-dependent eM measures.

We analyzed eight guinea pig OHCs. eM was commensurate
with previously reported average eM gains of 15–19 nm/mV
(Ashmore, 1987; Santos-Sacchi, 1989). Average (±SEM) Boltz-
mann parameters of NLC at the lowest frequency of 195 Hz are
Qmax: 3.18 ± 0.06 pC, Vh: −46.1 ± 1.1 mV, z: 0.92 ± 0.02, and Clin:
22.58 ± 0.51 pF. Rs was 9.1 ± 0.8 MΩ. Rm at zero holding potential
was 401 ± 75 MΩ. Average eM gain evoked by the ramp protocol
(Fig. 3 B) was 22.8 ± 2.8 nm/mV. Maximum eM was 2.54 ± 0.32
µm; equivalent z was 0.94 ± 0.02. Fig. 3, E–G, surface and two-
dimensional (2-D) plots, show average guinea pig OHC eM be-
fore and after correcting for Rs-induced voltage errors.

We also analyzed four mouse OHCs. Average (±SEM) Boltz-
mann parameters of NLC at the lowest frequency of 195 Hz are
Qmax: 0.74 ± 0.02 pC, Vh: −47.2 ± 3.3 mV, z: 0.82 ± 0.01, and Clin:
7.60 ± 0.13 pF. Rs was 5.7 ± 0.1 MΩ. Rm at zero holding potential
was 239 ± 53 MΩ. Average eM gain evoked by the ramp protocol

(Fig. 4 B) was 7.0 ± 0.6 nm/mV. Maximum eM was 1.06 ± 0.08
µm; equivalent z was 0.70 ± 0.03. Fig. 4, E–G, surface and 2-D
plots, show average mouse OHC eM before and after correcting
for Rs-induced voltage errors.

Fig. 3, E–G, and Fig. 4, E–G, illustrate that using either of the
two possible correction approaches (Method 2 and Method 3)
produces essentially the same results (in line with modeling
in the figures in the Online supplemental material) and con-
firming the low pass nature of both guinea pig and mouse eM.
Notably, the equivalence of the two methods also confirms the
validity of the dual sine approach to measure high frequency
capacitance, whose multifarious influence on clamp time con-
stant must be considered in order to properly evaluate eM fre-
quency response under voltage clamp.

In Fig. 5, A and B, we plot, at all interrogated frequencies, the
voltage dependence of group-averaged eM gain and NLC for
mouse and guinea pig OHCs. Guinea pig responses are lower
pass than mouse responses. We additionally analyzed OHC re-
sponse data individually, followed by averaging. Fig. 5, C and D,
show mean and SEM of eM at Vh, and Boltzmann parameters of
fits based on single cell analysis at frequencies spanning 195 to
3,125 Hz (mouse eMwas additionallymeasured at 6,250Hz). It is
clear that the guinea pig eM frequency response is lower pass
than the mouse response (quantification is shown in Fig. 6). It is
noteworthy that guinea pig OHCs show a disparity between eM
and NLC Vh that is not found in the mouse. Such disparity has
been observed previously for guinea pig OHCs (Song and Santos-
Sacchi, 2013; Duret et al., 2017), and we previously found that
the disparity is diminished with increased turgor pressure for
the guinea pig. For our mouse OHCs, we note that the cells ap-
pear substantially turgid (see Fig. 1 E), so this may be the reason
for the absence in disparity in the mouse.

Fig. 6 shows eM and NLC cut-off frequencies (Fc) for guinea
pig and mouse. To approximate differences in frequency re-
sponses between NLC and eM for the mouse and guinea pig, we
apply single Lorentzian fits to group-averaged eM and NLC
within a restricted bandwidth (195–3,125 Hz) at each incre-
mental holding potential of the ramped AC response. The cut-off
frequencies display U-shaped dependencies on holding poten-
tial, AC voltage stimulation at Vh providing the slowest response.

Figure 2. Voltage roll-off corrections.
(A) Guinea pig and mouse OHC NLC is voltage-
dependent and, as such, will influence the volt-
age clamp time constant, which is commonly
calculated for whole-cell voltage clamp as τclamp =
Rs * Cm, or in our case, τclamp = Rs * (Clin + NLC)
(precisely, R|| * [Clin + NLC]; see Materials and
methods). The time constant is multifarious, and
depends on holding voltage and frequency of
stimulation. The voltage (or voltage-dependent
eM) correction for the clamp time constant
must be done at each stimulating frequency and
holding voltage. (B and C) Complex whole-cell
currents or calculated multifarious clamp time

constants were used to predict the roll-off in AC command voltage that actually excites the membrane (multicolored surface plots; see equations in Materials
and methods). Each approach gives equivalent results. Note that because of the small size of mouse OHCs, τclamp is faster than the guinea pig OHCs, and
introduces better voltage delivery. Nevertheless, each must be corrected (brown flat surface plot, equivalent to command voltage) to ensure removal of voltage
roll-off issues when analyzing eM data. F, frequency.
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eM corrections based on Methods 2 and 3 are overlapped, in-
dicating accurate estimates of Rs. Individually analyzed cell
averages (filled symbols with SEM, using Method 2) show good
agreement with the group-averaged data. The Fc at Vh for guinea
pig OHC eM is 1.47 ± 0.065 kHz, and that for mouse OHC eM is
4.26 ± 0.74 kHz. NLC measures follow this pattern, with cut-offs
faster than that for eM. The Fc at Vh for guinea pig OHC NLC is
2.47 ± 0.091 kHz, and that formouse OHCNLC is 6.83 ± 0.46 kHz.

To assess the frequency response of NLC under near ideal
voltage clamp, we employed macro-patches of the guinea pig
OHC lateral membrane. NLC measures were made using the
ramp protocol, as above. Our video analysis setup was insuffi-
cient to measure patch movements induced by our ramped
20 mV AC stimuli. However, as with voltage-corrected whole-
cell measures, patch NLC shows low-pass behavior (Fig. 7). At
the lowest frequency of 195 Hz, fitted Boltzmann parameters of
NLC are Qmax: 38.6 ± 6.1 fC, Vh: −38.1 ± 4.4 mV, and z: 0.67 ± 0.03.
No correction for resting potential was made for on-cell patch
Vh. z is lower than whole-cell measures. For comparison, Gale
and Ashmore (1997b), using a lock-in amplifier to measure NLC
with 1 kHz sinusoids, found z to be 0.65 (slope factor β = 0.04).
Given our z and a hemispherical patch surface area (diameter
equal to 3.5–4 µm), we calculate 3,851–5,030/µm2 elementary
prestin motor units, in line with previous estimates.

Fig. 8 compares peak NLC from on-cell macro-patches with
scaled values of whole-cell eM, NLC, and data from Gale and
Ashmore (1997a). For frequency roll-off comparison, values
were scaled to coincide with our macro-patch NLC values at
390.6 Hz. The roll-off of whole-cell eM and that of the patch
movements measured by Gale and Ashmore are similar. The
measures of peak NLC of whole-cell, macro-patch, and Gale and
Ashmore’s patch NLC (points within our recording bandwidth
are shown) are similar. The cut-off frequencies obtained with
Lorentzian fits (either whole-cell or macro-patch data) show
that eM and NLC frequency responses differ, with eM being
slower, as noted above. We emphasize that the single Lorentzian
fits here do not describe the full frequency response of NLC, but
only that within our recording bandwidth. These measures are
intended tomake comparisons with our eMmeasures within the
same recorded bandwidth. Thus, we conclude that the degree of
coupling between prestin conformational changes (i.e., NLC)
and eM must underlie differences between their frequency
responses.

Finally, we observe that fits of the square root of eM provide
cut-offs comparable to those for NLC for both mouse and guinea
pig OHCs. The Fc at Vh for guinea pig OHC eM1/2 is 2.77 ± 0.11
kHz, and that for mouse OHC eM1/2 is 7.69 ± 0.81 kHz. t test
comparisons to the cut-offs of NLC (2.47 ± 0.091 and 6.83 ± 0.46,

Figure 3. Group-averaged guinea pig OHC eM frequency response corrected by two methods. Data presented in A–E are precorrection, and in F and G
are after correction. (A) The hyperpolarizing ramp voltage stimulus (100 to −120 mV) with superimposed sum of 20 mV AC harmonic frequencies (195.3–6,250
Hz). A pedestal of 100 mV (81.32 ms) preceded the ramp. (B) Raw averaged eM. Two selected integral regions are highlighted. Blue is near Vh (magenta bar
beneath shows position of Vh). Red highlights a hyperpolarized region. (C) The eM data detrended (green) and the standard error (red). (D) Magnitude re-
sponses at the six interrogated frequencies of the two highlighted regions (colors correspond to those in B). Data were detrended as in C before FFT. The
surface plots on the right provide a full analysis across ramp voltage at all integral regions of the eM data. (E) Uncorrected eM; the 2-D voltage frequency plots
permit clearer visualization of the frequency responses. Black dots are data points. (F) eM adjusted with Method 3 based on corrections to multifarious τclamp

(see Materials and methods). (G) eM adjusted with Method 2 based on membrane current corrections, namely, Vm = Vc − IRs * R||. Note tight correspondence
between the two approaches. These data indicate that OHC eM is low pass in nature. eMcor, corrected eM.
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respectively) show no statistically significant differences (P =
0.1092 and P = 0.4948, respectively). Below we consider the
basis of such disparity.

Discussion
Prestin works by sensing voltage with consequent alterations in
its conformational state, leading to contractions and elongations
of the cylindrical cell that provides enhancement of auditory
threshold (Ashmore, 2008; Santos-Sacchi et al., 2017). Because
of the large restricted prestin-generated charge movements
evoked by voltage (Ashmore, 1990; Santos-Sacchi, 1991), a sub-
stantial alteration in membrane capacitance ensues, paradoxi-
cally altering the very voltage that the sensor senses. This is
even expected to occur during normal acoustic stimulation,
where the receptor potential will suffer from a multifarious
membrane resister-capacitor (RC) filter. For example, the re-
ceptor potential cut-off frequencies estimated using linear ca-
pacitance alone (Johnson et al., 2011) would be greatly reduced at
Vh, where NLC can be as great as linear capacitance. In our study
under voltage clamp, series resistance and membrane capaci-
tance conspire to limit the imposition of voltage across the
membrane, interfering in both time and magnitude. To evaluate
effects of membrane potential across frequency, it is required to
alleviate this interference. Here we have compensated for the
multifarious time constants induced by Rs and NLC(v,f) in order
to reveal the true voltage-induced frequency response of both
guinea pig and mouse OHC eM across an array of holding po-
tentials. Before proceeding, we review the literature on mea-
sures of eM frequency response.

eM bandwidth studies
A review of OHC eM bandwidth studies has been published
recently (Santos-Sacchi, 2019). Here we briefly review those
studies with the aid of Table 1. Over the years, better tech-
niques that have extended voltage delivery capabilities have
provided increasingly higher estimates for eM cut-off fre-
quencies. Of course, Rs of the patch pipette or the micro-
chamber pipette, in combination with OHC capacitance,
ultimately controls frequency delivery bandwidth under
voltage clamp. Typically, the time course of the clamp can be
garnered from exponential decays of current induced by
voltage steps, but AC currents can also be used as we have
done in our present work. Prior to Frank et al. (1999), eM cut-
offs were typically below 10 kHz. Interestingly, Gale and
Ashmore (1997a) measured both patch NLC and membrane
movements, and found a NLC cut-off near 10 kHz, but a patch
movement cut-off significantly lower (see Fig. 8). The reduced
cut-off was attributed to mechanical impediments to patch
movements, despite the expected coupling between charge
movement and mechanical response. The introduction of the
partitioning microchamber by Dallos and Evans essentially
reduced membrane capacitance by delivering the voltage
stimulus across the reduced series combination of the parti-
tioned cell membrane capacitance (Dallos and Evans, 1995).
Given membrane time constants that are equal for each par-
tition, each will experience a flat delivery of a command
voltage across the cell. However, the command voltage fre-
quency response itself will be attenuated by the Rs * Cin filter,
Cin being the input capacitance resulting from the series
combination of partitioned capacitances (see microchamber

Figure 4. Group-averaged mouse OHC eM frequency response corrected by two methods. The caption of Fig. 3 directly applies to this figure. Note that
the frequency extent of eM for the mouse is wider band than the guinea pig, before and after voltage corrections.
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schematic in Fig. 9 of Santos-Sacchi and Tan, 2018). Thus,
Dallos and Evans, even though they did not monitor mem-
brane currents to determine actual voltage roll-off, did esti-
mate, given published OHC characteristics, the voltage
delivery cut-off to be ∼30 kHz in their experiments. This cut-
off, as noted above, depended on their microchamber Rs and
the input membrane capacitance. Of note for the studies by
both Dallos and Evans and Frank et al., their zero micro-
chamber offsets interrogated eM at holding membrane po-
tentials far removed from Vh; this is apparent from the small

eM gains reported compared with established eM gains between
15–19 nm/mV. Santos-Sacchi and Tan (2018) measured eM fre-
quency response at two microchamber offsets, one near Vh and
the other well offset from Vh (we estimate ∼65 mV away). By
measuring clamp tau from exponential decays at those two off-
sets, they found that eM is lower pass at Vh. Unfortunately, none
of the previous studies have actually accounted for the voltage-
and frequency-dependent roll-off of voltage delivery to the OHC,
and without that correction, the true voltage-dependent eM
frequency response remained unclear.

Figure 5. Comparison of ACmeasured group-averaged guinea pig (A) and mouse (B) OHC NLC and associated eM frequency response as a function of
holding voltage at each of the interrogated frequencies. Neither mouse OHC NLC nor eM frequency response is as low pass as that of guinea pig OHC.
These data were derived from cell averages of raw eM and membrane currents, as in Figs. 3 and 4. (C and D) Mean and SEM of eM at Vh and Boltzmann
parameters of fits based on single-cell analysis. Note disparity of eM and NLC Vh and z for guinea pig as previously observed (Song and Santos-Sacchi, 2013).
Mouse OHC eM and NLC Vh, on the other hand, are comparable.
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Similarities and differences between voltage-sensor
movement (NLC) and eM
The electromechanical results we report on now explore the
component of eM within 0.195–6.3 kHz, corresponding to human
speech frequencies, and are made under whole-cell voltage clamp
where, unlike the microchamber, precise DC and AC voltage de-
livery to the membrane is possible and predictable. Thus, we find
with whole-cell recording, following voltage corrections due to
the multifarious clamp time constant, that prestin’s eM and NLC
frequency response, in both mouse and guinea pig, exhibits low-
pass electromechanical behavior within our measurement band-
width. The frequency response is slowest at Vh, with a cut-off,
approximated by single Lorentzian fits within that bandwidth,
near 1.5 kHz for the guinea pig OHC and near 4.3 kHz for the
mouse OHC, each increasing in a U-shapedmanner away fromVh.
NLC measures follow this U-shaped pattern.

By using macro-patch measurements, where voltage control
is near ideal, we find that NLC frequency response is similar in
roll-off to corresponding whole-cell measures within the speech
frequency bandwidth, indicating our whole-cell voltage correc-
tions were effective. Nevertheless, eM frequency cut-offs differ
from those of NLC, which are faster. In OHC patches, Gale and
Ashmore found that patch movement Fcwas only 0.19 times that
of NLC Fc (using the ratio of their reported corresponding tau
values of 16 and 83.5 µs for NLC and movements, respectively),
which they attributed to interactions of prestin with cytoskeletal
elements and viscous damping (Gale and Ashmore 1997a). That
is, factors that influence prestin electromechanical behavior are
present within the on-cell patch, i.e., intrinsic to the local en-
vironment of prestin within the membrane. Indeed, we have
found physical and functional interactions of MAP1S, a small
actin-binding protein, with prestin (Bai et al., 2010). However,

such influential effects on eMmight be expected towork on both
eM and NLC, since charge movement andmechanics are coupled
(Dong and Iwasa, 2004; Santos-Sacchi and Tan, 2018). Conse-
quently, the discrepancy between eM and NLC frequency re-
sponse that is observed must point to variability of coupling
charge movement to eM. Of course, uncoupling is clearly ob-
servable by deflating the OHC, which preserves NLC while
abolishingwhole-cell eM (Santos-Sacchi, 1991). Thus, we suggest
that a variable coupling between whole-cell mechanics and
prestin activity limits OHC influences on cochlear amplification
at high frequencies. To this point, Vavakou et al., 2019 have
recently observed limited, low-pass estimates of OHC eM fre-
quency response using optical coherence microscopy vibrom-
etry in the high-frequency region of the living gerbil.

Figure 6. Frequency cut-offs (Fc) for NLC and eM. (A and B) Single
Lorentzian fits of NLC and associated eM data in Fig. 5, A and B. The plots
show that the Fc of NLC and eM increases as ramp voltage deviates from Vh.
The open symbols are from fits to averaged data. The cut-off frequency for
each is a U shaped function of holding voltage, with NLC measures showing
cut-offs faster than that for eM. Using either of the two eM correction
methods gives equivalent results (see Materials and methods section). The
filled symbols with SEM are obtained from individually analyzed OHC data.
The Fc at Vh for guinea pig OHC eM is 1.47 ± 0.065 kHz, and that for mouse
OHC eM is 4.26 ± 0.74 kHz. The Fc at Vh for guinea pig OHC NLC is 2.47 ±
0.091 kHz, and that for mouse OHC NLC is 6.83 ± 0.46 kHz. The red bar on
the voltage axis indicates NLC Vh.

Figure 7. Macro patches were made on the GP OHC lateral membrane
to verify low pass behavior found in whole-cell measures of NLC.
(A) Command voltage; red highlighted regions used for stray and linear
current subtractions; see Materials and methods). (B) Group-averaged cur-
rents recorded from on-cell macro-patches. Currents with AC components
removed were used for detrending AC responses before highlighted region
subtraction and FFT. (C) Resulting prestin-associated nonlinear currents.
(D) Patches were individually analyzed to obtain NLC derived from nonlinear
currents. Inset shows a patched OHC lateral membrane. Diameter of the OHC
is 10 µm. Mean ± SEM. Pip, patch pipette; Iraw, raw current; fF, femptofarads;
Ipres, prestin currents.
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What factors may influence OHC eM frequency response?
Within our interrogation bandwidth, NLC and eM are low pass.
Since we accurately corrected for voltage delivery roll-off, the
differential eM roll-off must result from other factors intrinsic
and/or extrinsic to the cell. Two features require exploration not
previously considered. One is the mechanism for voltage de-
pendence of the cut-off frequency, Fc (Fig. 6). The other is a
discrepancy in Fc for NLC and eM. The values of Fc for NLC are
higher than those of eM. That is, eM appears to be low-pass
filtered.

There are two factors that contribute to the frequency de-
pendence that we measure. One is due to the intrinsic transition
rates between prestin’s conformational states (Iwasa, 1997).
Another factor, which is extrinsic to the motile element itself, is
due to mechanical loads imposed on both the cell and the motile
element. In the absence of mass, the characteristic frequency is
determined by viscoelastic relaxation.

Mechanical factors could lead to a voltage dependence of Fc if
the axial stiffness of the cell is itself voltage dependent, because
the characteristic frequency of viscoelastic relaxation is deter-
mined by k/η, where k is the axial stiffness and η the drag co-
efficient. Indeed, it has been reported that the axial stiffness
significantly decreases on deep depolarization (He and Dallos,
1999, 2000). Such a reduction in stiffness leads to a lower vis-
coelastic frequency as holding voltage is moved away from Vh,
and is inconsistent with our observations. On the other hand, an
alteration of axial stiffness has been theoretically predicted as
an analogue of “gating compliance,” in which conformational
transitions contribute to length changes of the cell (Iwasa,
2000). The predicted voltage dependence of the compliance,
the inverse of stiffness, is bell-shaped, similar to NLC and
qualitatively similar to our observed Fc values. Nevertheless,
this effect is much too small to account for our observations.
Actually, the magnitude of the “gating compliance” is quantita-
tively consistent with a report that voltage dependence of axial
OHC stiffness is absent (Hallworth, 2007). Indeed, a previous
treatment of a viscoelastic process involving the OHC does not
lead to voltage dependence of the viscoelastic frequency for a

voltage driven stimulus, while it does for a force stimulus
(Iwasa, 2016).

A stochastic transition model, even the simplest two-state
model, inherently predicts voltage dependence because the
characteristic frequency is expressed as a sum of transition rates
in opposite directions from the distribution’s midpoint (Iwasa,
1997). In one direction, the rates increase exponentially with
larger depolarizations, and in the other direction with larger
hyperpolarizations, similar to the Fc values in Fig. 6.

Disparate frequency dependence for NLC and eM is a new
observation, and there is no previous theoretical prediction or
explanation. This is because it has been assumed that the cell
undergoes the samemode of motion as the motile element. For a
model in which eM is the low-pass filtered output of the motile
element, it is possible to obtain different values of Fc for NLC
and eM.

To capture the essential features of the observed high-
frequency behavior of NLC and that of eM, we examined vari-
ousmechanical loads assuming two conformations for themotile
element (see Appendix). Virtually all kinetic models of prestin
thus far reported, including the meno presto model (Santos-
Sacchi and Song, 2014a), use this two-state formalism for eM
and NLC generation.

We found that our experimentally observed eM and NLC
frequency dependence can be explained by assuming that the
motile element, which undergoes stochastic transitions, drives a
mechanical systemwith twomodes of motion. More specifically,
cell displacement is the low-pass filtered output of the motile
element displacement (see Appendix). The schematic configu-
ration of the mechanical model is shown in Fig. 9. The model is
constructed based on likely mechanical interactions within and
external to the OHC. Thus, we view the elements k2, η2, and k1 as
representing the local environment, consisting of the lateral
plasma membrane and cytoskeletal structures, surrounding the
motile element (P). The elements k0 and η0 represent parts of
the cell distant from the given motile element, primarily in-
volved in energy dissipation due to the drag against the external
medium. The existence of the elastic element k0 may indicate

Figure 8. Comparison of macro-patch peak
NLC frequency response with whole-cell re-
sponses and published data (eM and NLC).
Data are scaled to macro-patch NLC at 390.6 Hz
to compare frequency roll-off. Whole-cell NLC
and macro-patch NLC both show low pass be-
havior. A single Lorentzian fit of the macro-patch
(green) and whole-cell (red) NLC, indicates low
pass behavior for each that is faster than whole-
cell eM cut-off. For comparison, the roll-off of
patch movement measures of Gale and Ashmore
(1997a; purple dashed line being the equivalent
Lorentzian of their movement tau and the purple
SEM error bar depicting the equivalent mean ±
SEM response at 5 kHz; scaled in magnitude to
over lie our eM roll-off) are plotted, and roll-off
appears similar to that of our whole-cell eM. Gale
and Ashmore’s patch NLC data (their points

within our measurement bandwidth) are comparable to our macro-patch measures. The downward blue triangle with a red dot is derived from the ramp eM
gain (Fig. 3 B), and that with the light blue dot is from group-averaged responses (Fig. 5 A). Overall, the figure shows the discrepancy between eM and NLC roll-
off, with NLC presenting a higher frequency cut-off. Mean ± SEM. WC, whole cell.
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that the drag is not concentrated at a single location, but it is
distributed along the cellular axis.

Small mechanical displacements, x and y, elicited by small
sinusoidal voltages with frequency f applied on the motile ele-
ment, can be expressed as (see derivation in Appendix),

x(f ) � k12 y(f )
k02 + k12 + if

�
f1
, (10a)

y f( ) � βP̄±aqN

1 + f
.
fg
· v
k212 k01 + k12 + i f

�
f1

� � − (k12 + i f /f2}
, (10b)

where fg is the gating frequency, k02 � k0/k2, k12 � k1/k2, 2πf0 �
η0/k2, and 2πf2 � η0/k2. Here, i �

ffiffiffiffiffi−1√
. The voltage dependence

of the magnitude of these quantities is determined by P̄±, which
is proportional to NLC at low frequencies (see Appendix). Notice
here that NLC is associated with x, and eMwith y. Eq. 10a indeed
shows that x is a low-pass filtered output of y.

Importantly, the model captures two features of our experi-
mental observations. One is the voltage dependence of Fc due to

gating frequency fg. The other is that the roll-off of eM takes
place at lower frequency than that of NLC.

Fig. 10 shows model fits of experimentally determined eM
and NLC frequency responses at three holding potentials, pass-
ing through Vh. The parameter values obtained by simultaneous
data fit at each holding voltage appear reasonable. However,
standard errors are large, mainly due to the dependency be-
tween the substantial number of parameters. Such an example is
shown in Fig. 10 A, which shows plots using two sets of pa-
rameter values, where the stiffness ratios of one set are larger
than the other by about fivefold. For this reason, it is unlikely
that the present analysis can provide definitive information
regarding the axial stiffness of OHCs. Nevertheless, Fig. 10 in-
dicates that the gating frequency fg obtained at each holding
voltage is consistent with the stochastic model with the lowest
value, namely near Vh (at –45.8 mV). That is, the values of fg
distinctly characterize the plots at each holding voltage, while
the values for the remaining parameters remain essentially
the same.

Table 1. History table of OHC eM frequency measurements

Publication Method to evoke and
measure load-free eM

Frequency response cut-off Voltage delivery and/or eM
measurement limitations

Notes

(Kachar et al.,
1986)

Transcellular AC current;
standard video

No estimate of roll-off; 1–30 Hz
frame rates.

Rm * Cm time constant; limited
to 60 frames/s

(Ashmore, 1987) Whole-cell voltage clamp;
photodiode

Dual Lorentzian cut-offs at 67 and
664 Hz

Voltage clamp Rs * Cm time
constant

(Santos-Sacchi,
1992)

Whole-cell voltage clamp;
photodiode

Single Lorentzian cut-off at 1 kHz Voltage clamp Rs * Cm time
constant

(Reuter et al.,
1992)

Transcellular AC current
stimulation in organ
explants; stroboscopic
video

40 dB down at 15 kHz Membrane Rm * Cm time
constant

(Dallos and Evans,
1995)

Microchamber cell
partitioning, AC voltage
from low-impedance
waveform generator;
photodiode

No estimate of roll-off, as shape of
frequency response is a function of
apical to basal impedances; eM
detection above 10 kHz; zero
microchamber V offset

Rs * Cin (input capacitance of
partitioned cell) for command
voltage; ratio of partitioned
impedance modifies roll-off
shape

Low frequency eM gain:∼5 nm/mV
indicative of offset away from Vh;
no estimation of V delivery roll-off
based on generated currents

(Gale and
Ashmore 1997b)

On-cell and excised
membrane patch under
voltage clamp

Patch movements (≈ eM) measured
with step voltages; 10 kHz cut-off
for patch NLC; 0.19× lower cut-off
for movements

Near ideal voltage clamp First indication that eM and NLC
frequency response may differ

(Frank et al.,
1999)

Microchamber cell
partitioning; voltage clamp;
laser Doppler vibrometer

Variable cut-off; for 30 µm cell
extrusion 33 kHz; smaller
extrusions > 70 kHz; zero
microchamber V offset

Rs * Cin for command voltage;
ratio of partitioned impedance
modifies roll-off shape

Low frequency eM gain:∼5 nm/mV
indicative of offset away from Vh;
voltage corrections based on Rs *
(stray || membrane capacitance)

(Kitani et al., 2011) Transcellular AC current;
video analysis at 18 kHz

Responses measured up to 4 kHz Rm * Cm time constant Time dependent changes in eM
magnitude may be attributed to
mechanisms other than prestin

(Santos-Sacchi
and Tan, 2018)

Microchamber cell
partitioning; voltage clamp;
video analysis at 50 KHz
frame rate

At microchamber V offset to Vh,
dual Lorentzian cut-offs of 33 Hz
and 6.3 kHz; at zero microchamber
V offset, dual Lorentzian cut-offs of
234 Hz and 8.7 kHz

Rs * Cin for command voltage;
ratio of partitioned impedance
modifies roll-off shape

Low frequency eM gain (at Vh): 16.8
nm/mV; voltage corrections based
on exponential current decays
during V stimulation at two
microchamber offsets; eMmeasures
made under whole cell voltage
clamp were not corrected for
delivery roll-off
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Summary
The relationship between OHC resting potential and NLC Vh will
govern the frequency response of eM. We previously proposed
that a mismatch between resting potential and NLC Vh could
enhance the frequency response of eM through a gain-
bandwidth adjustment (Santos-Sacchi and Tan, 2018). Our
new data are in line with this proposal and provide a detailed
description of the OHC’s electromechanical cut-off frequency
across voltage in both guinea pig and mouse OHCs. This cut-off
frequency is U-shaped about Vh, and increases as holding voltage
deviates from Vh. Importantly, the eM voltage dependence is
mirrored by that of NLC, though frequency cut-offs differ. The
cut-off disparity likely results from the influences of internal
and external loads upon the motile mechanism. In this regard,
we should comment on the observed differences in Fc values
for mouse and guinea pig. Do differences in intrinsic prestin

kinetics exist between mouse and guinea pig, as the viscoelastic
model might suggest? While preliminary, we have macro-patch
measures out to 20 kHz that indicate similar prestin kinetics in
the two species. That is, we explored the frequency response of
NLC in patches from mouse and guinea pig OHC lateral mem-
branes, each showing low-pass, stretched exponential behavior
with roll-offs at half magnitude near 10–12 kHz at room tem-
perature (unpublished data). In this light, we expect that the
structural differences between the two species’ cells (e.g.,
length, diameter) may have provided differing loads on prestin
with consequential differences in eM and NLC, given that the
piezoelectric nature of prestin will be affected by load. In sum,
all of our observations indicate that the influence of OHC activity
on cochlear amplification is more complicated than has been
envisioned.

Finally, we note that the kinetics of prestin are readily
monitored through shifts in Vh, a reflection of the ratio of for-
ward to backward transition rates. These kinetics, a determining
factor in eM frequency response, depend on a host of other
factors, including intracellular chloride, membrane tension and
thickness, and temperature (Iwasa, 1993; Gale and Ashmore,
1994; Meltzer and Santos-Sacchi, 2001; Oliver et al., 2001;
Santos-Sacchi et al., 2001; Izumi et al., 2011; Santos-Sacchi and
Song, 2016). Indeed, alterations in prestin kinetics have been
found in mutations in prestin (Homma et al., 2013). We suspect
that eM frequency response is not a static feature in vivo.

Appendix
Rate equations formembranemolecules withmechanoelectric
coupling: Introduction
There are two kinds of theories for describing the frequency
dependence of cells with motile elements based on mechano-
electric coupling. One of them is based on kinetic equations with
intrinsic transition rates, which have been used to describe
conformational changes of proteins, such as ion transporters
(Kolb and Läuger, 1978), ignoring the effect of mechanical load
imposed on those cells (Iwasa, 1997).

Figure 9. Schematic diagram of mechanical load on the motile element.
Mechanical load consists of three elastic elements k0, k1, and k2, and two
dashpots η0 and η2. X represents the displacement of the cell, and Y indicates
the displacement of the motile element, labeled as P.

Figure 10. Frequency dependence of NLC and eM. Comparison with model predictions. Blue data points represent NLC and red data points eM. Solid lines
indicate simultaneous fit for NLC and eMwith the model at each holding potential. The color coding is the same as for the data points. Dashed lines in cyan and
purple represent Lorentzian fit, respectively, for NLC and eM data. (A) Holding potential 1.33 mV; fit parameters are fg = 7.86 kHz, f1 = 23.4 kHz, f2 = 69.9 kHz,
k0/k2 = 0.58, and k1/k2 = 0.26. (B) Holding potential –45.8 mV, fg = 3.97 kHz, f1 = 29.5 kHz, f2 = 80.6 kHz, k0/k2 = 3.82, and k1/k2 = 1.31. (C) Holding potential
–86.5 mV, fg = 5.14 kHz, f1 = 38.1 kHz, f2 = 74.3 kHz, k0/k2 = 4.37, and k1/k2 = 1.60. At 1.33 mV (in A), the best fit stiffness ratios are different from at other
voltages. To examine the effect of difference in the stiffness ratios, additional dashed lines are drawn in blue and red, respectively, for NLC and eM, where the
parameter values for B are used, except for the gating frequency fg, which is set at 7.86 kHz.
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Another kind of treatment assumes that intrinsic confor-
mational transitions are infinitely fast. Conformational tran-
sitions are determined by the equation of motion for these cells,
on which mechanical load is imposed (Iwasa, 2016). The re-
sulting frequency responses of these cells are characterized by
mechanical factors, such as the resonance frequency and the
frequency for viscoelastic relaxation.

The present treatment introduces the dependence on
mechanical load into the conformational transition rates,
enabling description of the general case, where the intrinsic
transition rates are finite. Two previous theories are
recovered as special cases. In addition, we examine how
mechanical complexity of the system can give rise to dis-
crepancy in the frequency dependence of nonlinear capaci-
tance NLC and that of motile response. For simplicity, we
assume that the motile molecule has two discrete confor-
mational states. The terms “motile molecules” and “motile
element” are used interchangeably.

Motile element with two states
Consider a membrane molecule with two discrete conforma-
tional states, C0 and C1, and let the transition rates k+ and k−
between them be schematically expressed as

k+
C0 % C1.

k−
Let P1 be the probability that the molecule in state C1. Then,

the probability P1 can be expressed by the transition rates

P1

1 − P1
� k+
k−

� exp[ − βq(V − V0)], (A1)

where q is the charge transferred across the membrane during
conformational changes, V the membrane potential, V0 a con-
stant, and β = 1/kBT with the Boltzmann constant and T the
temperature.

If q is positive, the energy level of the state C1 is higher, re-
ducing P1 as the membrane potential V rises. For prestin in outer
hair cells, which shorten on depolarization, if we choose C1 as
the shortened state, the unit length change a on conformational
change is negative, and then we have q<0. Notice that the
quantity a does not appear in Eq. A1.

The transition rates that satisfy Eq. A1 can be given by

k+ � exp[ − αβq(V − V0)], (A2)
k− � exp[(1 − α)βq(V − V0)], (A3)

where α is an arbitrary constant.
The time dependence of P1 can be expressed by the rate

equation

d
dt
P1 � k+ − (k+ + k−)P1. (A4)

Nowwe introduce sinusoidal voltage changes of small amplitude
υ on top of constant voltage V̄, i.e., V � V̄ + v exp[iωt],where ω is
the angular frequency and i � ffiffiffiffiffi−1√

. Then the transition rates are
time-dependent due to the voltage dependence Eq. A1. They
satisfy

k+
k−

� k̄+
k̄−

(1 − βqv exp[iωt]). (A5)

Notice k̄+ and k̄− are time independent, and we assume that υ is
small so that βqv � 1. A set of k+ and k− that satisfies Eq. A5 can
be expressed

k+ � k̄+(1 − αβqv exp[iωt]), (A6)
k− � k̄− 1- 1 − α( )βqv exp iωt[ ]{ }. (A7)

If we express P1 � P̄1 + p1exp[iωt], we have respectively for the
0th and first order terms (Iwasa, 1997)

P̄1 � k̄+
k̄+ + k̄−

, (A8)

p1 � − k̄+k̄−
k̄+ + k̄−

· βqv

iω + k̄+ + k̄−
· (A9)

Notice that p1 does not depend on the factor α.
Eq. A9 leads to voltage-driven mechanical displacement

ap1exp[iωt] with

ap1 � −P̄±.
βaqv

1 + iω
�
ωg
, (A10)

where P̄± � P1 1 − P̄1( ). The amplitude |x| of the motile response is
given by

|x|2 � (βaqP̄±)2

1 + �
ω
�
ωg

�2 · v2· (A11)

Charge displacement is expressed by qp1 and the contribution to
complex admittance Y(ω) is given by (q/v)(d/dt)p1exp[iωt]
(Iwasa, 1997). The contribution to the membrane capacitance is
Cnl(ω) � Im[Y(ω)]/ω and therefore

Cnl ω( ) � βq2P̄1 1 − P̄1( )
1 + ω

�
ωg

� �2 · (A12)

This contribution to the membrane capacitance is commonly
referred to as NLC because it showsmarked voltage dependence.
Notice also that the above derivation evaluates the contribution
of a single unit of motile element. For a cell that contains N
motile units, both |x| and Cnl need to be multiplied by N.

The roll-off frequency ωg due to gating is expressed by ωg �
k̄+ + k̄−, which is voltage dependent. Using Eqs. A2 and A3, we
obtain

ωg � exp
	 − αβq(V̄ − V0)


 + exp
	
(1 − α)βq(V̄ − V0)


· (A13)

This means that 1/ωg rises at both ends of the membrane po-
tential because α can take any value between 0 and 1. That
means ωr can be asymmetric unless α � 1/2.

In the special case of α = 1/2, k+ = 1/k−. If we define b(V) �
exp[−βq(V̄ − V0)/2], then

1
�
ωg � 1

�
[b(V) + 1

�
b(V)], (A14)

which resembles the bell-shaped voltage dependence of non-
linear capacitance at low frequencies (ω→0).
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Mechanoelastic coupling
For motile membrane proteins based on mechanoelectric cou-
pling, charge transfer is affected bymechanical factors. Here, we
assume the cell is cylindrical as in the case of cochlear outer hair
cells and approximate it as a one-dimensional object (Fig. A1).

Supposing charge transfer q is associated with a change a in
the length of the cell, Eq. A1 should be replaced by

P1

1 − P1
� k+
k−

� exp[ − β[q(V − V0) + aF]], (A15)

where F is the axial force on the cell. The revised transition rates
k+ and k− also depend on the mechanical factor

K+ � exp
�
− α

β
2
[q(V − V0) + aF]

�
, (A16)

k− � exp
�
(1 − α) β

2
[q(V − V0) + aF]

�
· (A17)

For the rest of the present paper, the dependence on the value of
the parameter α does not appear except for ωg.

With a shorthand notation P̄±(� P̄1(1 − P̄1)), the change of the
conformational probability p1 can be driven either by changes in
the voltage as well force:

p1 � −βP̄±
qv + af
1 + iω

�
ωg
. (A18)

If the motile element is driven by voltage changes, p1 is pro-
portional to v and mechanical displacement is given by ap1.

Effect of viscous drag
Movement is driven by a deviation fromBoltzmann distribution.
When voltage changes with amplitude v imposed, p1 as ex-
pressed by Eq. A18 is the goal of the drive. Since this force is
countered by viscous drag (with drag coefficient η), the equation
of motion in the frequency domain can be expressed by

iηωap � ka(p1 − p). (A19)

Notice here that the equilibrium transition rates here depend
not only on V̄ but also on F̄ because the motile element based on
piezoelectricity is sensitive to mechanical force as well as the
membrane potential.

Eq. A19 leads to

�
1 + iω

�
ωη

�
p � − βP̄±

1 + iω
�
ωg

· qv, (A20)

similar to the previous treatment for the special case without
inertial loading (Iwasa, 2016). Here, the viscoelastic relaxation
frequency is defined byωη � k/η. It is essentially an equation for
viscoelastic relaxation, adding a low pass filter to the motile
mechanism. It is consistent with previous expressions in both
extremes, i.e., ωg →∞ and ωη →∞.

The voltage dependence of NLC and that of motile response
are identical. In the following, we show that mechanical load
with complex relaxation can lead to discrepancy in their fre-
quency dependences.

Complex mechanical relaxation
Let Χ represent the point that links a spring k1 with a dashpot η1.
Let Υ represent the point that joins the spring k1 with the rest,
which includes a spring k2, a dashpot η2, and a driver (Fig. A2).
The equations of motion of this system driven by force F gen-
erated at the location P can be expressed

η1
dX
dt

� −k1(X − Y), (A21)

F + k2Y + η2

dY
dt

� k1(X − Y). (A22)

Figure A1. Schematic representation of a cell with viscous drag. The
stiffness of the cell is k, and drag coefficient is η. Themotile element is labeled
P. The mechanical displacement of the cell is represented by X.

Figure A2. Schematic representation of a cell with complex mechanical
relaxation. The local relaxation process associated with the motile element P
is characterized by a spring with stiffness k2 and a dashpot with drag coef-
ficient η2. The local displacement is expressed by Y. The global relaxation
process is characterized by a spring k1 and a dashpot with drag coefficient η1.
The cellular displacement is expressed by X.
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If the force generator operates at a frequency ω with small
amplitude on top of its steady value F̄, F � F̄ + f exp[iωt]. By
letting the small amplitude components of X and Y with
frequency ω be represented by x and y, Eqs. A21 and A22 turn
into

iωη1x � −k1(x − y), (A23)
f + (k2 + iωη2)y � k1(x − y). (A24)

Eq. A23 can be rewritten as

x � y
1 + iω/ω1

, (A25)

which indicates that the quantity x is obtained by low-pass fil-
tering Υ with roll-off frequency of ω1(� k1/η1).

By introducing a characteristic frequency, ω2(� (k1 + k2)/η2),
Eq. A24 can be transformed into

f + (k1 + k2)[1 + iω/ω2]y � k1x. (A26)

Elimination of x from Eq. A26 with the aid of Eq. A25 leads to

y � f
�
G1(ω), (A27)

G1(ω) � k1
1 + iω/ω1

− (k1 + k2)(1 + iω/ω2). (A28)

An approach analogous to those in the previous sections lead to
an equation

G1(ω)ap � ak2(p1 − p). (A29)

Since we have y � ap, this equation leads to

[G1(ω) + k2]y � −βP̄±k2aqv
1 + iω

�
ωg
. (A30)

Eqs. A25 and A30 show that the relationship between y and υ has
three adjustable parameters, ω1,ω2, and kr(� k1/k2). For an ex-
ample of the frequency dependence of y, see Fig. A3.

The frequency dependence of NLC is the same as that of y.
Motile response x is obtained by low-pass filtering y. The roll-off
frequency of y is voltage-dependent due to the voltage depen-
dence of ωg.

With the connectivity of Fig. A2, it is difficult to make
high frequency roll off of both quantities as similar as the
experimental data. For y to roll off at relatively high fre-
quency, ω1 has to be small and ω2 has to be large because G1

must be small as required by Eq. A30. This requirement
makes x roll off at a frequency much lower than y does
(Fig. A3).

Modified complex mechanical relaxation
The model described above predicts a difference between x
and y much larger than the experimentally observed fre-
quency dependence. Let us add a spring across the upper
dashpot (Fig. A4).

The set of equations that describe this configuration are
�
η0

d
dt

+ k0

�
X � k1(Y − X), (A31)

F +
�
η2

d
dt

+ k2

�
Y � −k1(Y − X). (A32)

If force F is driven at angular frequency ω with amplitude f, the
equation is transformed into

(iωη0 + k0)x � k1(y − x), (A33)
f + (iωη2 + k2)y � −k1(y − x), (A34)

where variables in the lower case x and y are the complex am-
plitude of frequency ω.

Eqs. A33 and A344 can be rewritten as

x � k1
k0 + k1 + iωη0

· y, (A35)

f � k1x − (k1 + k2 + iωη2)y. (A36)

In the manner similar to Eqs. A27 and A28 in the previous case,
these equations can be expressed as

y � f
�
G2(ω), (A37)

G2(ω) � k1
k0 + k1 + iωη0

− (k1 + k2 + iωη2), (A38)

which corresponds to G1(ω) in the previous case.

Figure A3. An example of the frequency dependence of x (red) and y
(blue). Parameter values: ωg = 2, ω1 = 0.01, ω2 = 5.12, and k1

k2
� 0.16.

Figure A4. Schematic diagram of a cell with an alternative complex
mechanical relaxation. The top dashpot η1 in Fig. A2 is replaced by a
combination of a dashpot η0 and an elastic element k0.
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Since force generation is associated with spring k2 in the
manner similar to the previous case, we obtain

[G2(ω) + k2]y � βaqk2P̄±
1 + iω

�
ωg

· υ, (A39)

and x is obtained with Eq. A35.
If the cell contains N motile units, a should be replaced by aN.

For numerical analysis, the number of parameters can be reduced
by introducing the ratios k02(� k0/k2), k12(� k1/k2),ω0(� k2/η0),
and ω2(� k2/η2) and x and y are expressed by

x � k12
k02 + k12 + iω/ω0

· y, (A40)

y �
βaqNP̄±
1 + iω

�
ωg

· 1

k212
�
(k01 + k12 + iω/ω0) − (k12 + iω/ω2)

· υ. (A41)

The corresponding equations (Eq. 10) in the main text are ex-
pressed with linear frequency f instead of angular frequency ω.
Because these equations depend only on frequency ratios, no
extra factor appears.
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Figure S1. Meno presto model (based on guinea pig [Fig. 3] and mouse [Fig. 4] averaged experimental parameters) of OHC under voltage clamp
illustrating three methods for eM correction. (A) The hyperpolarizing ramp voltage stimulus (100 to −120 mV) with superimposed sum of 20 mV AC
harmonically related frequencies (195.3–6,250 Hz). A pedestal of 100 mV (81.32 ms) preceded the ramp. (B)Membrane voltage. Two selected integral regions
are highlighted. Blue is near Vh (magenta bar beneath shows position of Vh). Red highlights a hyperpolarized region. In C, these regions were analyzed by FFT
and magnitude results shown. (D) Raw eM (scaled charge from model) also depicting selected regions to analyze. (E) Magnitude responses at the six in-
terrogated frequencies. Data were detrended as in Fig. 1 before FFT. The surface plots on the right provide a full analysis across ramp voltage at all integral
regions of the eM model data. The adjacent 2-D plots present the frequency response that can more easily be compared among plots. eM-Vm data at each
frequency were fit with the first derivative of a two-state Boltzmann before plotting. (F) Uncorrected eM. (G) Corrected eM using Method 1 based on actual Vm
measures within MATLAB model. (H) eM adjusted with Method 3 based on corrections to multifarious τclamp (see Materials and methods). (I) eM adjusted with
Method 2 based onmembrane current corrections, namely, Vm = Vc − IRs * R||. Each method provides comparable results. Note also that the frequency response
of eM resulting from the guinea pig kinetic parameters is more low pass than those of the mouse (corresponding to the different imposed stretched inter-
mediary rates), and the frequency responses are similar to the experimental data.

Santos-Sacchi et al. Journal of General Physiology S1

Frequency-dependent effects of prestin’s kinetics and load https://doi.org/10.1085/jgp.201812280

https://doi.org/10.1085/jgp.201812280
https://doi.org/10.1085/jgp.201812280


Figure S2. Meno presto model (based on guinea pig [Fig. 3] and mouse [Fig. 4] averaged experimental parameters) of OHC under voltage clamp
illustrating three methods for eM correction. See legend of Fig. S1.
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complex nonlinear capacitance 
in outer hair cell macro-patches: 
effects of membrane tension
Joseph Santos-Sacchi1,2,3* & Winston tan1

Outer hair cell (OHC) nonlinear capacitance (NLC) represents voltage sensor charge movements of 
prestin (SLC26a5), the protein responsible for OHC electromotility. Previous measures of NLC frequency 
response have employed methods which did not assess the influence of dielectric loss (sensor charge 
movements out of phase with voltage) that may occur, and such loss conceivably may influence 
prestin’s frequency dependent activity. Here we evaluate prestin’s complex capacitance out to 30 kHz 
and find that prestin’s frequency response determined using this approach coincides with all previous 
estimates. We also show that membrane tension has no effect on prestin’s frequency response, despite 
substantial shifts in its voltage operating range, indicating that prestin transition rate alterations do 
not account for the shifts. The magnitude roll-off of prestin activity across frequency surpasses the 
reductions of NLC caused by salicylate treatments that are known to abolish cochlear amplification. 
Such roll-off likely limits the effectiveness of prestin in contributing to cochlear amplification at the very 
high acoustic frequencies processed by some mammals.

Prestin (SLC26a5) underlies outer hair cell (OHC) mechanical activity1, whereby voltage-dependent conforma-
tional transitions couple into length changes of the cell (electromotility; eM)2–4. Sensor charge movements associ-
ated with these conformational changes are measurable as an electrical correlate of eM, i.e., nonlinear capacitance 
(NLC)5–7, which is maximal at Vh, the voltage where prestin charge is distributed equally across the OHC mem-
brane and where eM gain is greatest.

The study of OHC NLC by admittance techniques in whole cell voltage clamp is compromised by contributions 
from stray capacitance, membrane conductances, and electrode series resistance (Rs), the latter altering over time 
due to plugging of the patch pipette tip with intracellular constituents. Because of this, it is virtually impossible 
to measure complex membrane capacitance in whole cell mode. We avoid these issues by measuring membrane 
admittance from macro-patches of the OHC lateral membrane. The lateral membrane of the cylindrical OHC is 
dominantly populated by prestin (>8000 functional units/μm2,8–10), whereas voltage-dependent membrane con-
ductances are housed in the basal pole membrane11. Consequently, macro-patch admittance, following removal of 
stray capacitance by subtraction of admittance at very depolarized levels where NLC is absent12, can be used to study 
complex sensor-charge movements arising from voltage-induced conformational changes in prestin.

Here, we evaluate patch admittance to provide estimates of complex capacitance representing charge move-
ments both in phase and 90° out of phase with AC voltage excitation. We compare such data to previously 
obtained measures of OHC NLC frequency response13,14, and additionally report on the effects of membrane ten-
sion15–17 on the frequency response of complex NLC. Will an assessment of NLC based on measures of complex 
NLC alter our current view, as suggested18, and can turgor pressure, normally present in the OHC19, with its effect 
on membrane tension be influential? Our observations indicate that the bulk of sensor charge movement is in 
phase with voltage, while the resistive component (dielectric loss) is relatively small. Furthermore, membrane ten-
sion, though altering prestin’s operating voltage point, has no effect on its frequency response. Thus, magnitude 
estimates of complex NLC are comparable to those measured with other methods13,14, being unusually low pass in 
nature (non-Lorentzian) and indicating that the absolute movement of prestin charge that drives electromotility 
(eM)20,21 is unlikely to extend with high fidelity to the very high acoustic frequencies (60–160 kHz) detected by 
some mammals.
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Methods
All experimental protocols were approved by the Yale Animal Care and Use Committee, and were in accordance 
with relevant guidelines and regulations. Methods, including details of our voltage chirp stimulus protocol, are 
detailed in13. Briefly, extracellular solution was (in mM): NaCl 100, TEA-Cl 20, CsCl 20, CoCl2 2, MgCl2 1, CaCl2 
1, Hepes 10, pH 7.2. Experiments were performed at room temperature. Extracellular solution was in the patch 
pipette. On-cell macro-patches on the guinea pig OHC lateral membrane were made near the middle of the cylin-
drical cell, since prestin density/activity is uniform within the lateral membrane8,22. We have previously shown 
that capacitance frequency response in the OHC patch remains the same after excision of the patch, indicating 
that on-cell recording is applicable for our purposes13. Borosilicate pipettes of inner tip dimeters between 3–4 μm 
were used, with M-coat applied within about 20 μm of the tip to minimize pipette capacitance. In order to estab-
lish gigohm seals we supplemented extracellular solution with 5μM Gd3+; we have shown previously that theses 
low concentrations help to form seals without affecting NLC13,23. In 2 on-cell patches, we have omitted Gd3+ in 
the pipette solution and NLC frequency response is not significantly different than in its presence. An Axon 200B 
amplifier was used with jClamp software (www.scisoftco.com). An Axon Digidata 1440 was used for digitizing at 
10 μs (Nyquist frequency of 50 kHz), with a 4-pole Bessel filter of 10 kHz. Membrane admittance was determined 
using a series of voltage chirps (4096 points each, resolution 24.4 Hz) superimposed onto holding potentials rang-
ing from −160 to 160 mV, in 40 mV increments. 100 ms after each step to a new holding potential, 26 contiguous 
chirp-induced current responses at each holding potential were time-averaged. Real and imaginary components 
of the membrane admittance at all chirp frequencies were determined by FFT in jClamp, and corrected for the 
roll-off of recording system admittance13,24. This correction controls for all attenuation and phase characteristics 
of the system, including the filter, as we have shown previously13, providing valid estimates of capacitance beyond 
the filter cut-off. Our dual-sine methodology permitted us to measure capacitance with high fidelity out to 20 kHz 
across holding potentials13. Here using single sine analysis we extend that to 30 kHz.

Our patch pipette inner tip diameters (see Results) were used to estimate the linear capacitance of membrane 
patches. We estimate a linear membrane patch capacitance of 187.8 +/− 15.4 fF (n = 25). This was determined 
by estimating membrane patch hemispheric surface area using the standard value of 1 μF/cm2 25. In our presenta-
tion below, we provide absolute estimates of NLC, and specific estimates of NLC by dividing patch admittance 
with linear capacitance for each patch, thereby accounting for different patch size. Patch experiment data were 
accepted for inclusion if maximum NLC within our recording bandwidth was >150 fF. Complex values were first 
averaged for all average-based analyses. Plot traces are smoothed with a 6 point (150 Hz bandwidth) running 
average in Matlab.

In order to extract Boltzmann parameters, capacitance-voltage data were fit to the first derivative of a two-state 
Boltzmann function.
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Qmax is the maximum nonlinear charge moved, Vh is voltage at peak capacitance or equivalently, at 
half-maximum charge transfer, Vm is Rs-corrected membrane potential, z is valence, Clin is linear membrane 
capacitance, e is electron charge, kB is Boltzmann’s constant, and T is absolute temperature. Csa is a component 
of capacitance that characterizes sigmoidal changes in specific membrane capacitance12,26. Functional prestin 
density in the membrane is based on quantity of sensor charge.
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A power fit of NLC across frequency (f) was performed13,27.

= + ∗NLC f NLC a f( ) (m4)0
b

where NLC0 is the zero frequency component, and a and b control the frequency response.

Results
In our present study, we successfully recorded from 25 macro-patches on the OHC lateral membrane, where 
membrane breakdown did not occur; breakdown might be expected beyond our voltage protocol voltages28. Our 
pipette inner tip diameter was 3.45 +/− 0.15 μm. Rs of pipettes (under slight positive pressure) in bath prior to 
patching, determined by step voltages, was 1.34 +/− 0.04 MΩ. However, this may not reflect series resistance 
following patch configuration. We therefore calculated Rs given a typical resistivity for pipette solutions of 100 
ohm-cm29, and our pipette taper angle of 0.2 rad; we calculate an Rs of about 920 kΩ. Since the patch membrane 
extends into the pipette where pipette diameter is larger, we further estimate a reduction of Rs to 735 kΩ. The 
difference in NLC frequency response provided between measured and calculated Rs were minimal, showing 

https://doi.org/10.1038/s41598-020-63201-6
http://www.scisoftco.com


3Scientific RepoRtS |         (2020) 10:6222  | https://doi.org/10.1038/s41598-020-63201-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

a −2.2 dB reduction in NLC at 30 kHz for the directly measured values. Below we utilize the calculated value 
response.

The lateral membrane of the OHC is virtually devoid of voltage-dependent conductances11, and we addition-
ally use channel blockers to insure this. Our seal resistance, determined by linear fit of step induced currents 
within a linear region of the I-V between −40 and +40 mV, was 5.39 +/− 0.65 GΩ.

Consequently, the macro-patch membrane, unlike the membrane in whole cell conditions, may be considered 
an isolated capacitor under voltage clamp, and thus amenable to determination of complex capacitance. In the 
following analysis of complex capacitance, we follow the methodology of Fernandez et al.30, applied to each patch 
individually, based on its characteristics. The OHC patch capacitance presents as a parallel combination of linear 
(Clin) and prestin-generated (NLC) capacitance. Conceivably, prestin’s voltage-sensor may work as an imperfect, 
lossy capacitor that possesses both resistive (due to dielectric loss) and capacitive components (e.g., modelled as 
a combination of capacitor and resistor); that imperfection may influence estimates of NLC18. In addition to bio-
physical capacitance, system-generated stray capacitance (Cstray) will contribute to our measures. Cstray, though 
voltage-independent, may also possess resistive and capacitive components, its admittance being ω⁎Y ( )stray . 
Under voltage clamp, an AC voltage across the patch membrane (Vm) induces an AC current (Im), where the 
admittance (Ym = Im/Vm) is a complex function of angular frequency, ω π= = −f i2 and 1

ω ω ω= +Y G iB( ) ( ) ( ) (1)m m m

with Gm representing membrane conductance, Bm representing membrane susceptance. Before continuing, we 
remove the effects of series resistance (Rs) by subtracting it from the real component of membrane impedance 

ω ωZ Y( )(1/ ( ))m m , and then converting back to admittance30. ωY ( )m  can be described in more detail,

ω ω ω ω ω= + + +⁎Y G G Y i C( ) ( ) ( ) ( ) (2)m m leak stray m

where Cm (ω) = Clin + NLC.
Gleak represents a DC leakage conductance. Clin is taken as frequency independent and via small signal analysis 

we seek to determine the frequency dependence of NLC, after removing ω⁎Y ( )stray . To our benefit, admittance at 
+160 mV lacks NLC12

ω ω ω ω= + + +⁎Y G G Y i C( ) ( ) ( ) (3)m m leak stray lin
160

Thus, subtraction of membrane admittance at +160 mV from those corresponding measures at all other hold-
ing potentials provides a differential admittance, ω⁎Y ( )m , devoid of stray capacitance effects.

ω ω ω ω ω= − = +⁎ ⁎ ⁎Y Y Y G iB( ) ( ) ( ) ( ) ( ) (4)m m m m m
160

Actually, after subtraction, there remains a small differential residual nonlinear, voltage-dependent DC leak-
age conductance (Gleak), which we remove from ω⁎G ( )m  by subtraction of the real part of ω⁎Y ( )m  at zero frequency. 
We determine this value to subtract by extrapolating to zero frequency with a linear fit of ω⁎YRe( ( ))m  between 
24.41 and 463.86 Hz at each of the stepped holding potentials. This is akin to removing leakage conductance 
determined by prior DC step estimates, but has the further advantage of being determined during the actual chirp 
stimulation period.

Complex membrane capacitance, a function of angular frequency, is defined as (see Fernandez et al.30)

ω
ω

ω
ω

ω
ω

ω
ω ω= = − = ′ −∗

∗ ∗ ∗
∗ ∗′′C Y

i
B i G C i C( ) ( ) ( ) ( ) ( ) ( )

(5)m
m m m

m m

In Fig. 1A, we plot the average capacitive (real, ω′⁎C ( ))m  and apparent conductance (imaginary, ω″⁎C ( ))m  com-
ponents of the complex capacitance for holding potentials of 40, 0, −40 and −80 mV. The values are voltage 
dependent. While the capacitive component is large and frequency dependent, the conductance component is 
smaller and less frequency dependent, differing from a larger component predicted from diffusion-based charge 
translocation18.

The absolute magnitude of the complex capacitance can be used to glean an estimate of membrane capacitance 
ωC( ( ))m

1 ,

ω ω= ⁎C C( ) ( ) (6)m m
1

In Fig. 1B, the absolute magnitude, ω⁎C ( )m , of the complex capacitance is plotted. The lower panel plots the 
phase angle. The magnitude rolls off continuously across frequency at each holding potential. In Fig. 1C, the data 
are plotted as a specific complex capacitance, i.e., per linear capacitance of the patches. As found in whole cell 
recordings, peak NLC can be larger than linear capacitance5,6.

It is also possible to estimate capacitance of the macro-patch membrane by a “phase tracking” approach. That 
is, the phase angle of the complex admittance ω⁎Y ( )m  can be rotated to minimize its real component ( ω⁎G ( )m ), pro-
viding a new value ( ⁎⁎Y( )m ), whose imaginary component reflects the capacitive component (susceptance) of the 
admittance in the absence of conductance interference. Another estimate of membrane capacitance, ωC ( )m

2 , can 
then be obtained.
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This approach is similar to traditional real time capacitance phase tracking under voltage clamp31, where 
the capacitive component at the angle of δY/δCm

32 is obtained by adjusting the lock-in recording angle until the 
conductance component is minimized and the capacitive component is maximized. In that approach, calibra-
tion with a known capacitance provides membrane capacitance estimates at the measurement frequency. This 
approach to measure OHC patch NLC was used by Gale and Ashmore14.

In Fig. 2A, we plot the two estimates of OHC NLC ω ωC and C[ ( ), ( )]m m
1 2 , corresponding to methods utilizing 

the complex capacitance magnitude, and the phase tracking approach, respectively – both at −40 mV holding 
potential (near Vh). The measures overlap, indicating that Eqs. 6 and 9 return the same result. In Fig. 2B, the volt-
age dependence of the complex capacitance magnitude at selected frequencies, presents a bell-shaped function 
typical of OHC NLC5,6, whose peak precipitously decreases with frequency, but whose voltage at peak (Vh) 
remains similar across frequency. These data are fit (Eq. m1) to extract the Boltzmann parameters given in the 
legend. Prestin density based on fits to capacitance at 1 kHz is 1133/μm2, similar to previous estimates at a similar 
frequency8–10.

Having arrived at practical approaches to estimate OHC patch NLC, we now look at the influence of mem-
brane tension. Several studies under whole cell voltage clamp have found that as membrane tension is increased, 
NLC Vh shifts in the depolarizing direction, and decreases in peak magnitude15–17. However, utilizing lock-in 
estimates of lateral membrane patch capacitance instead of the whole cell technique, Gale and Ashmore9 found 
no evidence for a reduction in peak capacitance despite shifts in the depolarizing direction.

In Fig. 3, we explore the effects of membrane tension on the magnitude, ω⁎C ( )m , of complex NLC across fre-
quency, as it is a robust measure of NLC, equivalent to that obtained with the phase tracking approach. Results at 
0, −4, −8 and −10 mm Hg (i.e., 0, 0.53, 1.06 and 1.33 kPa) pipette pressure are shown in Fig. 3A–D, left panels. 
Membrane tension shifts Vh, as indicated by the rearrangement of the capacitance magnitude traces as negative 
pressure alters. For example, in left panel A, the trace at −80 mV (green) is above the trace at 0 mV (red), whereas 
in left panel D, the positions are reversed. In the right panels, plots of C-V functions of complex capacitance mag-
nitude at the four different pipette pressures are shown (mean +/− SEM, n = 8). The depolarizing shift in Vh is 

Figure 1. Complex capacitance of OHC lateral membrane macro-patches. (A) Top panel shows the mean 
real components of complex capacitance at selected holding potentials; bottom panel shows corresponding 
imaginary parts. (B) Top panel plots mean magnitudes of complex capacitance at different holding potentials. 
A power function fit of the magnitude at the −40 mV holding potential is shown by the dotted line (red) 
overlying the mean (dark blue line). The light blue line is the mean + SEM at that same holding potential data. 
Fit parameters: NLC0: 279.17 fF, a: −34.35, b: 0.18. Bottom panel show the phase of complex capacitance. (C) 
Plot of the means of complex capacitance magnitude per estimated linear patch capacitance (see Methods). Fit 
parameters: NLC0: 1.71 fF, a: −0.19, b: 0.19. Note low-pass behavior of magnitude functions.
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readily apparent as negative pressure increases (red bars). There is little change in peak capacitance, however. 
ΔCsa is mainly unaffected by tension.

For comparison of frequency dependence as a function of membrane tension, Fig. 4A replots the peak mag-
nitude traces (−40 mV) from Fig. 3 at the different pipette pressures. The frequency response of complex capac-
itance magnitude is unaffected by membrane tension, indicated by the overlap of traces. The sensitivity of patch 
Vh shift to tension was 24.1 mV/kPa based on our fits (Fig. 4B).

We previously measured OHC NLC in macro-patches using a dual-sinusoidal methodology13. In Fig. 5, we 
replot selected NLCVh data points from that study (yellow circles) alongside NLCVh data (green circles) from Gale 
and Ashmore14. We also plot whole cell data on NLCVh (rat, mouse and guinea pig) from previous studies that 
used either the phase-tracking approach or 2-sine methodology. These scaled whole cell data interrogated a fre-
quency bandwidth extending to 5 kHz, and closely follow the attenuation of patch NLC within that bandwidth. 
The Gale and Ashmore data (green circles, SEM, and fit from their Fig. 3B; in green) are also scaled (X 3.5) to 
overlie our data. Their measures were made with a lock-in amplifier using a 100 fF calibration at each frequency. 
Scaling to our data was necessary because our average patch size/capacitance was greater than theirs. As is evi-
dent, our previous data intersects their data points, indicating an acceptable correspondence. Finally, extraction 
of NLCVh from our new measures (red circles) of patch absolute complex capacitance (from Fig. 3, scaled X 1.05) 
corresponds well to our previous observations and theirs. We emphasize that the absolute magnitude of complex 
capacitance ωC( ( ))m

1  is equivalent to our phase tracking approach ωC( ( ))m
2  to estimate capacitance (Fig. 2), each 

corresponding to the estimates provided by the traditional phase tracking method33 employed by Gale and 
Ashmore14. In the discussion, despite their assertions, we detail how Gale and Ashmore’s data points above their 
60 kHz amplifier cut-off are actually valid data points depicting NLCVh. Capitalizing on the validity of their high 
frequency data, we combine all three patch data sets in the plot to arrive at a unified power function fit (r2 = 0.97) 
of NLCVh across frequency (solid magenta line), which shows precipitous roll-off of sensor charge movement 
relative to voltage drive. Fitted parameters are NLC0: 185.2 fF, a: −7.22, and b: 0.28. At 77 kHz, NLCVh is 40 dB 
down from NLC0. Furthermore, since each method takes into account the dielectric loss in prestin, we conclude 
that this dielectric loss does not significantly account for the low-pass nature of prestin charge movement. To 
further substantiate this claim, we make another estimate of membrane capacitance, ωC ( )m

3 , one that does not take 
into account dielectric loss, but is appropriate for a loss-less capacitor.

ω
ω

ω
ω

ω
= =

⁎ ⁎
C Im Y B( ) ( ( )) ( )

(10)m
m m3

Figure 6 shows the results for our three estimates of prestin capacitance [ ω ω ωC C and C( ), ( ) ( )]m m m
1 2 3 , all rea-

sonably overlying each other, and exhibiting low-pass behavior. Thus, all results available to date show an unusu-
ally low-pass behavior of prestin voltage-sensor performance, with little influence of dielectric loss.

Discussion
We previously evaluated OHC macro-patch NLC frequency dependence utilizing a dual-sine methodology that 
worked on extracted prestin displacement currents13. That approach did not allow separation of real and imagi-
nary components of NLC. Here we provide an analysis of OHC NLC in membrane macro-patches utilizing single 
sine methods that have been used to characterize gating charge movements in other voltage-dependent proteins30, 
where real (capacitive) and imaginary (“resistive”, representing dielectric loss) components of sensor charge are 
separated. We explored these alternative approaches in order to determine whether new estimates of NLC fre-
quency response incorporating the influence of dielectric loss would substantially alter our previous estimates, 

Figure 2. Comparison of two estimates of NLC frequency response at −40 mV holding potential. (A) Each 
estimate provides equivalent results. (B) C-V plot of complex capacitance magnitude of OHC lateral membrane 
macro-patches at selected frequencies (mean +/− SEM). Data are fit (Eq. m1) to extract Boltzmann parameters 
(see Methods). −40 mV is close to Vh. From lowest to highest frequency fit values are (peak NLC, Vh, z): 133.60, 
127.61, 115.42, 98.81, 76.81, 52.60, 34.35 fF; −25.2, −25.3, −26.0, −26.4, −26.9, −20.6, −16.4 mV; 0.61, 0.62, 
0.62, 0.57, 0.59, 0.56, 0.54. Prior to averaging patch responses (n = 25), capacitance values from each patch were 
obtained by averaging over a bandwidth of about 200 Hz about the listed frequency value.
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Figure 3. Effect of membrane tension on magnitude of complex capacitance voltage and frequency 
dependence. Panels (A–D) depict results at 0, −4, −8 and −10 mm Hg pipette pressure. The effect of membrane 
tension is to shift Vh, as indicated by the change in voltage at maximal capacitance as negative pressure 
increases, without appreciably altering frequency response (dotted lines are fits to a power function). On the 
right, C-V plots of complex capacitance magnitude at the four different pipette pressures are shown. Red bars 
indicate voltage at peak capacitance. The depolarizing shift in Vh is readily apparent as pressure increases. Peak 
magnitudes do not appreciably alter. ΔCsa is tension and frequency independent. Mean +/− SEM (n = 8). 
From lowest to highest frequency fit values from Eq. m1 are (peak NLC, Vh, z): Panel A, 179.15, 166.45, 146.43, 
120.30, 88.90, 62.62, 41.51 fF; −49.4, −49.0, −49.0, −50.9, −49.0, −48.2, −51.2 mV; 0.70, 0.71, 0.71, 0.66, 0.70, 
0.58, 0.53; Panel B, 182.80 175.62, 153.91, 124.40, 91.56, 60.38, 39.08 fF; −38.5, −40.0, −39.4, −40.7, −39.4, 
−36.4, 35.8 mV; 0.74, 0.72, 0.72, 0.67, 0.66, 0.60, 0.57. Panel C, 187.73, 175.16, 155.35, 124.08, 90.68, 57.97, 34.77 
fF; −25.9, −25.7, −25.7, −26.2, −26.0, −20.6, −14.5 mV; 0.73, 0.73, 0.72, 0.67, 0.66,0.62, 0.65. Panel D, 185.03, 
175.67, 156.00, 124.51, 91.22, 58.39, 36.32, fF; −17.2,−17.7, −18.0, −18.1, −8.8, −12.3, −8.0 mV; 0.67, 0.66, 
0.66, 0.61, 0.60, 0.58, 0.55.
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Figure 4. Effects of membrane tension on NLC frequency response and operating voltage. (A) Comparison of 
NLC frequency response at −40 mV at four pipette pressures. Roll-off is equivalent as indicated by overlap of 
traces. (B) Vh of NLC at the lowest frequency in Fig. 3 is plotted versus pipette pressure. A linear fit (blue line) 
indicates a sensitivity of 24.1 mV/kPa.

Figure 5. Replot of some whole-cell NLC data27,45,46, and NLC patch data from Santos-Sacchi and Tan13 with 
those of Gale and Ashmore14. Using a dual-sine capacitance estimation algorithm, NLC of OHC patches (yellow 
circles) overlie the data of Gale and Ashmore, collected with a traditional phase tracking approach using a 
lock-in amplifier (data: green circles; their fit green solid line). Whole cell data, both 2-sine and phase-tracking, 
show a similar frequency response within their interrogation bandwidth. Finally, NLCVh (red symbols) obtained 
from Eq. m1 fits of our complex capacitance data (obtained as in Fig. 2B) are also commensurate with previous 
observations, giving a unified power fit for the patch data (magenta line; see Discussion) with parameters NLC0: 
185.2 fF, a: −7.22, b: 0.28.
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as was predicted through modelling18. This is not the case, however. Thus, the bulk of prestin charge movement 
appears to move in phase with voltage, and the small dielectric loss that we find does not significantly influence 
measures of OHC NLC frequency response.

It was previously noted that low frequency determined OHC NLC (C-V) measures are unable to identify 
whether prestin charge movement is multistate/diffusional in nature8,34. However, wide-band frequency inter-
rogation of prestin NLC may provide clues. In this regard, the large bell-shaped (across frequency) resistive 
component of complex capacitance, which is associated with DPA− voltage-driven translocation through bulk 
membrane lipid35, and which Sun et al.18 predicted for prestin modelled as a simple diffusion process of charge 
translocation is not found here. The resistive component we measure is relatively small and flat across frequency 
(Fig. 1A, lower panel). This is likely because prestin charge movement is not a diffusional process, but instead 
similar to gating charge movement in other membrane proteins. Thus, Fernandez et al.36 found that whereas 
chloroform, which alters membrane viscosity, can influence the speed of DPA− charge translocation within the 
membrane, Na channel voltage-sensor charge translocation speed is not affected. Similarly, sensor charge in pres-
tin is likely constrained to charged protein residues that move during protein conformational change37. Indeed, 
Sun et al.’s model included membrane diffusion of chloride ions as voltage sensors in prestin. However, chloride 
anions do not solely function as extrinsic voltage sensors for prestin, nor do they move through bulk lipid; instead 
they likely influence prestin kinetics13,38,39 (also see our comment #1 on Walter et al. eLife 8, 2019 - https://elifes-
ciences.org/articles/46986)40.

Prestin’s voltage operating range, whose midpoint is at Vh, is very sensitive to membrane tension15. Here, we 
measured the effect of membrane tension on prestin performance by changing patch pipette pressure to study its 
influence on NLC frequency response. The average sensitivity of patch Vh shift to tension was 24.1 mV/kPa, which 
corresponds well to our previous measures17 in whole cell mode of 21.6 mV/kPa. Adachi et al.41 found similar 
sensitivity in whole cell mode (27.5 mV/kPa). Gale and Ashmore9, in their patches, found a somewhat smaller 
sensitivity of 11.1 mV/kPa. In prestin transfected cells, values of near 4 mV/kPa were found42,43. One mechanism 
whereby shifts in Vh might occur would be due to changes in the ratio of transition rates between its conforma-
tional states. Naturally, if this were occurring then changes in NLC frequency response might arise. We found no 
change in NLC magnitude, similar to results of Gale and Ashmore9, or frequency response during alterations in 
membrane tension, and conclude that tension is not altering transition rates. Indeed, we previously found that 
membrane tension in whole cell mode did not significantly alter the phase or frequency response of electromotil-
ity44. This is in contrast to salicylate which likely alters transition rates since NLC frequency response is affected13.

Lastly, we revisited the seminal patch data of Gale and Ashmore14, along with those whole-cell NLC measures 
of others27,45,46, and recast our current and previous patch data13 with those prior results on OHC NLC. The small 
variability within our current and previous patch NLC data set allowed us to identify a power dependence of 
frequency, whereas Gale and Ashmore originally applied a Lorentzian fit. Their interpretation of NLC frequency 
response requires re-examination. They asserted that their capacitance measures made above their amplifier’s 
60 kHz cut-off frequency were inaccurate, being unduly reduced by this cut-off. However, the amplifier’s transfer 
function effect on the phase tracking approach24,31,33 is inconsequential, since the lock-in phase is adjusted to 
maximize the imaginary (capacitive) component and minimize the real (resistive) component of the recorded 
signal. That is, the phase shift due to the amplifier was eliminated, and amplifier attenuation was corrected by their 
100 pF calibration. Thus, their small-signal capacitance measurement was truly that of the patch membrane (and 
possibly non-voltage dependent stray capacitance), but when fitted by a Boltzmann derivative across voltage, pro-
vided valid, not invalid, estimates of voltage-dependent OHC NLC above the amplifier cut-off. Consequently, their 
fit to OHC NLC data at Vh, which included the amplifier roll-off component, actually provided a dual-Lorentzian 
evaluation of OHC NLC, and their conclusion that only the lower frequency Lorentzian component of the fit 

Figure 6. Three estimates of the frequency response of NLC at −40 mV holding potential. Estimates from 
raw admittance data (pink line) reasonably compare with the other estimates despite the fact that the real 
component is not taken into account.
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fully characterized the behavior of OHC NLC (10 kHz cut-off) was misplaced. Furthermore, their interpretation 
suggested that OHC NLC roll-off is 6 dB/octave, when, in fact, roll-off is more than double that at high frequen-
cies and is actually frequency dependent. Finally, the proposed inaccuracies in their high frequency estimates 
provided leeway to dismiss low-pass NLC indications of electromechanical behavior in favor of eM measures that 
were flat beyond 80 kHz47, the latter driving our concept of OHC eM’s wideband influence on cochlear amplifi-
cation over the last couple of decades. In addition to all of our frequency evaluations of OHC NLC, past13,20,23,48,49 
and present, recent eM measures, in vitro and in vivo, have challenged that concept20,44,48,50.

In summary, Fig. 5 shows that a power function fit to all patch data to-date reasonably describes the roll-off 
in NLCVh. This unifying observation highlights an inability of voltage to sufficiently drive prestin electromechan-
ical activity at very high frequencies (60–160 kHz), where CA (cochlear amplification) is known or expected 
to exist. The additional low pass influence of external loads on the whole cell eM frequency response and the 
frequency-dependent RC membrane time constant that we characterized recently48, also lessens the effectiveness 
of voltage-dependent eM in influencing organ of Corti motion at very high frequencies. This point is further 
emphasized by experiments showing that perilymphatic perfusion of 5 mM salicylate or its congener is devastat-
ing to CA51,52. Considering the 1.6 mM K1/2 of salicylate action, the effect of the perilymphatic treatment is not a 
full block of NLC, but rather about 75% (12 dB) reduction53. Thus, the reduction in NLC resulting from its power 
frequency dependence (12 dB down at 25 kHz, 20 dB down at 53 kHz, and 40 dB down at 77 kHz; Fig. 5) likely has 
biological impact across the full auditory frequency spectrum of mammals, and indicates a continuously diminish-
ing influence of voltage alone to drive prestin electromechanical activity and CA via a cycle-by-cycle means. As a 
caveat, it may be possible that at any given frequency the measured NLC/eM amplitude is sufficient to drive CA, 
as we implied previously20,54, and that a reduction in CA that might occur with salicylate could be working on the 
existent magnitude at that particular frequency.

Two additional issues need to be addressed. They are temperature dependence, and species dependence 
of NLC frequency response. It is likely that temperature dependence of NLC frequency response is not so 
great (Q10 of 1.33), as Gale and Ashmore (1997) have directly attested to in membrane patches. We had previ-
ously argued that because Vh is highly temperature sensitive55,56, the kinetics of prestin should be, as well – we 
estimated a Q10 of 2 based on modelling of Vh shifts observed in IR temperature jump experiments57. But, since 
we now find that membrane tension does not influence prestin kinetics, in spite of shifts in Vh, it is possible that 
temperature-induced shifts, likewise, work not through kinetics, but by some other means. Given that one-half 
magnitude NLC is at 7 kHz (from the power fit, Fig. 5), a Q10 of 1.33 would increase the cut-off to only about 
10 kHz. Concerning species specificity, the data so far do not support such differences, since rat, mouse and 
guinea pig show similar frequency responses (see Fig. 5). Whether genetic variations in prestin that have been 
observed in mammals that capitalize on very high frequency detection58,59 could change this view remains possi-
ble, and we need to test these species. Currently, however, how CA is driven by OHCs in the basal high frequency 
turn of mammals that enjoy perception of sound above 60 kHz is an enigma.
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Mapping the Distribution of Outer Hair Cell Voltage-Dependent
Conductances by Electrical Amputation

J. Santos-Sacchi, G.-J. Huang, and M. Wu
Sections of Otolaryngology and Neurobiology, Yale University School of Medicine, New Haven, Connecticut 06510 USA

ABSTRACT The mammalian outer hair cell (OHC) functions not only as sensory receptor, but also as mechanical effector;
this unique union is believed to enhance our ability to discriminate among acoustic frequencies, especially in the kilohertz
range. An electrical technique designed to isolate restricted portions of the plasma membrane was used to map the
distribution of voltage-dependent conductances along the cylindrical extent of the cell. We show that three voltage-
dependent currents, outward K, /K,n' and /Ca are localized to the basal, synaptic pole of the OHC. Previously we showed that
the lateral membrane of the OHC harbors a dense population of voltage sensor-motor elements responsible for OHC motility.
This segregation of membrane molecules may have important implications for auditory function. The distribution of OHC
conductances will influence the cable properties of the cell, thereby potentially controlling the voltage magnitudes experi-
enced by the motility voltage sensors in the lateral membrane, and thus the output of the "cochlear amplifier."

INTRODUCTION

The outer hair cell (OHC) plays a pivotal role in mammalian
auditory perception (see Dallos, 1992). In addition to being
one of the two sensory type cells in the organ of Corti, the
OHC is capable of voltage-dependent mechanical responses
that appear to provide feedback into the basilar membrane,
thereby enhancing the passive mechanical vibration of the
cochlear partition (Brownell et al., 1985; Ashmore, 1987;
Santos-Sacchi and Dilger, 1988; Ruggero, 1992). Electro-
physiological and ultrastructural evidence indicates that
membrane-bound voltage sensor-motor elements control
OHC length (Santos-Sacchi, 1990, 1991, 1992; Ashmore,
1990, 1992; Kalinec et al., 1992; Forge, 1991; Iwasa, 1993).
These molecular motors reside predominantly within the
lateral plasma membrane of the OHC (Dallos et al., 1991;
Huang and Santos-Sacchi, 1993, 1994).
The voltage-dependent nature of OHC motility necessar-

ily indicates that factors which influence the voltages gen-
erated in the cell are capable of having an impact on the
cell's role in hearing. Although the driving force for OHC
motility is the voltage generated by the gating of transduc-
tion channels in the stereocilia of the apical membrane
(Evans and Dallos, 1993), ultimately, receptor potentials
may be modulated by ionic conductances located in the
basolateral membrane. A variety of ionic channel types is
found in the basolateral membrane (see Ashmore, 1994),
including voltage-dependent K and Ca channels (Santos-
Sacchi and Dilger, 1988; Ashmore and Meech, 1986; Na-
kagawa et al., 1991; Housley and Ashmore, 1992). We
focus here on the distribution of these voltage-dependent
conductances in the cylindrical OHC, because the arrange-
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ment of such conductances within the membrane will affect
the cell's cable properties and the corresponding driving
force imposed on the distributed system of OHC molecular
motors. We demonstrate through an electrical isolation
technique that voltage-dependent ionic conductances are
restricted to the basal pole of the OHC. These results
augment our concept of the highly partitioned nature of the
OHC membrane, i.e., that mechanoelectrical transduction
(sensory) resides within the apical membrane, electrome-
chanical transduction (motor) resides within the lateral
membrane, and voltage-gated channels (and synaptic ma-
chinery) reside within the basal membrane.

Preliminary presentations of these data have been made
(Santos-Sacchi, 1995; Santos-Sacchi and Huang, 1996).

METHODS
Guinea pigs were overdosed with pentobarbital. The temporal bones were
removed and OHCs were isolated from the cochleas by gentle pipetting of
the isolated top two turns of the organ of Corti in Ca-free medium with
collagenase (0.3 mg/ml). The cell-enriched supernatant was then trans-
ferred to a 700-,ul perfusion chamber, and the cells were permitted to settle
onto the coverglass bottom. All experiments were performed at room
temperature (-23°C). A Nikon Diaphot inverted microscope with Hoff-
mann optics was used to observe the cells during electrical recording. Cell
lengths ranged from -60 ,um to 80 ,um.
We have developed a technique for electrically amputating portions of

the OHC so that characteristics of restricted areas of the plasma membrane
can be analyzed in isolation (Huang and Santos-Sacchi, 1993). The tech-
nique involves a double voltage-clamp protocol with two independent
clamp amplifiers. Utilizing the partitioning microchamber of Evans et al.
(1991) in combination with whole-cell voltage clamp, we are able to

electrically amputate that portion of the OHC housed within the chamber
(see Fig. 1 A). That is, when identical voltage clamp stimuli are simulta-
neously delivered to the microchamber and the cell interior, only that
portion of the membrane outside the chamber is excited. The efficiency of
this amputation technique is dependent upon the seal (shunt resistance) that
the microchamber makes with the OHC, and we have determined that a

seal of >5-10 MQl is sufficient and obtainable (Huang and Santos-Sacchi,
1993). By grounding the microchamber interior, the cell is put equivalently
and simply under the whole-cell voltage-clamp condition. Incremental
amputations were made by moving the cell into or out of the chamber with
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FIGURE 1 (A) Schematic of an outer hair cell, two-thirds of which is
inserted into a microchamber and whole-cell voltage-clamped via a patch
pipette. The microchamber and perfusion dish contain extracellular solu-
tion (see Methods). Identical voltage protocols are delivered to both mi-
crochamber and patch pipette to electrically isolate properties of the
extruded portion of the cell. Grounding the microchamber (or clamping to
zero) provides whole-cell measures. Membrane current is measured via the
patch pipette. (B) OHC is held at -80 mV and nominally stepped from
-120 to +90 mV in 10-mV increments. Series resistance corrected traces
depict currents from - 110 to +80 mV in 10-mV increments. Residual
series resistance: 5.6 Mfl. OHC figures indicate the portion of the cell from
which associated currents arise. (Left) Whole-cell condition. (Middle)
Currents obtained by amputating the basal two-thirds of the cell, that is,
deriving from the apical one-third of the OHC. (Right) Subtraction of
currents resulting in those attributable to the basal two-thirds of the cell.
Note that time- and voltage-dependent outward K currents are restricted to
this region of the cell.

slight suction or pressure, while simultaneously moving the whole-cell
patch pipette via a motorized manipulator. Fortunately, the membrane is
somewhat giving, so that sometimes seals are maintained during the
motion. Because the microchamber orifice diameter was smaller than
initial OHC diameter and during the course of recording under whole-cell
mode OHCs typically swell somewhat (cells were monitored with video),
we are confident that shunt resistances remained adequate. Transmembrane
currents were measured via the patch pipette. Patch pipette series resistance
was estimated after the establishment of whole-cell configuration from the
transient current response induced by a 10-mV step (Huang and Santos-
Sacchi, 1993).

To study voltage-dependent K currents, the cells were bathed in a
modified Leibovitz medium containing (in mM): NaCl 142.2, KCI 5.37,
CaCl22 2, MgCl2 1.48, HEPES 5, with 300 mOsm osmolarity (adjusted
with dextrose) and pH 7.2. The intracellular solution was (in mM): KCI
140, EGTA 10, MgCl2 2, and HEPES 5, with 300 mOsm and pH 7.2. The
K currents were studied at holding potentials of either -80 mV or -60
mV. The latter holding potential was used to observe IK,n' a K current that
is active at rest but deactivates at hyperpolarized potentials (Housley and
Ashmore, 1992). To study the inward Ca conductance, Ba was used as the
charge carrier. After the formation of whole-cell configuration in normal
bath solution, barium solution (in mM: BaCl2 100, MgCl2 2, tetraethyl-
ammonium 35, 4-amino pyridine 5, CsCl 5, HEPES 10) was perfused.
Intracellular solution was (in mM): CsCl 140, EGTA 10, MgCl2 2, HEPES
5. Osmolarity and pH were adjusted as above. Typically, OHCs were
stepped from the holding potential in nominal increments of 10 mV to a
range of potentials. For the identification of inward Ca currents, leakage
subtraction was performed with the P/-4 technique.

Although averaging and subtraction of ionic currents are routinely
performed to evaluate the effects of a variety of treatments, problems may
arise because of residual series resistance. Essentially, current traces may
not have been obtained at constant voltage. Because the OHC has a
relatively low resting membrane resistance and large voltage-dependent
conductances, this problem may be intensified. To overcome this problem
and allow averaging and subtraction of current traces, point-by-point I-V
curves were constructed, and each nominal voltage was corrected by
subtracting the voltage drop across the series resistance. Currents at fixed
voltage increments were then obtained through interpolation, so that gen-
erated current traces represented true currents at 10-mV increments. Be-
cause only interpolation was used, the complete range of corrected trace
voltages was sometimes less than the nominal voltage range. Valid ma-
nipulations of current traces were then feasible. It should be noted that
these corrections did not alter the experimental conclusions, because anal-
yses without series resistance correction produced qualitatively similar
results. Data collection was performed with either pClamp (Axon Instru-
ments, CA) or a Windows-based voltage-clamp program, jClamp, both
utilizing an Axon AD1200 A/D board. Analyses were performed with the
software program MATLAB (Mathworks, MA) or jClamp.

RESULTS

The OHC possess a prominent voltage-dependent outward
K current (Fig. 1 B, left; Ashmore and Meech, 1986; Santos-
Sacchi and Dilger, 1988; Santos-Sacchi, 1989). Fig. 1 B
(middle) illustrates the effects of electrically amputating the
basal two-thirds of the OHC plasma membrane on the
currents measured through the patch pipette; the remaining
currents are attributable to the apical third of the cell. Note
that activation of time- and voltage-dependent K conduc-
tances is absent. An essentially linear response is observed.
The right panel demonstrates, by subtracting the apical
currents from the whole-cell currents, the response of the
basal two-thirds of the cell. It is clear that K currents are
restricted to this area, and that little leakage current is
present.

It is possible, although not at all easy, to progressively
amputate smaller and smaller portions of an OHC body so
that a more precise distribution of the K conductances can
be obtained. Fig. 2 A illustrates average results (n = 3) from
such successful single-cell amputations, where, in each
case, four successive amputations were accomplished. The
left panel depicts the whole-cell current before each parti-
tioning condition. Slight changes in what appears to be
leakage conductance are probably produced by the inescap-
able trauma of cell manipulation. Nevertheless, these rela-
tively small effects are essentially eliminated by the result-
ant current subtractions that follow. The middle panel
shows the currents generated by the apical portions of the
cells as the amputation is restricted to more basal regions.
Note that voltage-dependent conductances are progressively
uncovered as the amputation is lessened. The right panel
reveals, through subtraction as in Fig. 1, the decrease in K
current magnitude as measures are restricted to smaller and
smaller regions of the basal pole. In Fig. 2 B, the I-V plot
obtained from the right panel emphasizes that reductions in
K current are not observed until amputation falls below the
supranuclear region; this, of course, indicates that the volt-
age-dependent K conductance of the OHC resides below the

1425Santos-Sacchi et al.



Volume 73 September 1997

0.5 nAl
50 me

= 0 -

0.2 nA

50 ms

__=

P ' - Q S'

B 0.5

-120

-0.2

95316

95315

95321

-40
Vm (mV)

FIGURE 2 (A) Series resistance corrected and averaged current traces
from three cells, each of which was successfully amputated at four posi-
tions. Each OHC was held at -80 mV and nominally stepped from -120
to +90 mV in 10-mV increments. Corrected traces depict currents from
-100 to +30 mV in 10-mV increments. Average residual series resistance:
8.38 Mfl. OHC figures indicate portion of cell from which associated
currents arise. (Left) Whole-cell condition obtained before amputation.
(Middle) Apically restricted currents obtained by amputating four incre-
mentally larger portions of the OHC's base. (Right) Subtraction of currents
resulting in those attributable to the basal portions of the cell. (B) Peak
current versus step potential obtained from the traces in A, right panel.

supranuclear region. Fig. 3 summarizes the results of elec-
trical amputation by further subtracting the current traces to
provide discrete localization of K currents along the basal
extent of the cell. A total of 13 additional cells, where at
least two incremental amputations were made, provided
similar results.

Another prominent OHC K current that is active near rest
and is believed to govern the cell's resting potential (Hou-
sley and Ashmore, 1992) is that of IKn. The current is
characterized by a nearly instantaneous onset upon step

FIGURE 3 Localization of outward K currents along the basal extent of
the OHC. Currents from the illustrated sections of the OHC were obtained
by subtraction of currents in Fig. 2 A, right panel. From apical to basal, the
currents correspond to (symbols in Fig. 2 A): circle-square, square-upward
triangle, upward triangle-downward triangle, and simply downward trian-
gle. The bulk of K conductances are restricted to the basal, nuclear region
of the OHC.

hyperpolarizations from somewhat positive holding poten-
tials (> -60 mV). The current deactivates upon hyperpo-
larization with a fairly long time constant that is variable
among cells. Thus, while IK,n contributed to those currents
studied above at the holding potential of -80 mV it was
considerably deactivated. Fig. 4 exemplifies the effect of
electrical amputation on OHCs whose IK,n is robust, because
for these experiments holding potential was -60 mV. In
this case, amputation was made slightly above the nucleus,
and it is clear that the principal location of IK,n is within the
basally amputated region, corresponding to the location of
outward K currents. Six additional cells, with varying ex-
tents of IKn' were successfully amputated at the same level
and provided similar results.
The OHC possesses a small, noninactivating Ca conduc-

tance that is revealed by leakage subtraction (Fig. 5) (San-
tos-Sacchi and Dilger, 1988; Nakagawa et al., 1991). Fig. 5
presents the averaged results (n = 4) of amputation exper-
iments designed to localize Ca conductances. In these ex-
periments, amputation of the basal pole of the cell success-
fully and reversibly removed the inward Ba currents,
indicating that the Ca conductance colocalizes with K
conductances.

DISCUSSION

Hair cells, like other nonsensory epithelial cells, are polar-
ized morphologically and functionally. The apical and ba-
solateral membranes of hair cells are specialized for mech-
anoreception and synaptic transmission, respectively
(Hudspeth, 1989). Stereocilia, which are modified mi-
crovilli, are confined to the hair cell's apical region, where
they serve to gate mechanically sensitive ion channels.
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FIGURE 4 OHC held at -60 mV and nominally stepped from -140 to
+ 10 mV in 10-mV increments. Series resistance-corrected traces depict
currents from -125 to +5 mV in 10-mV increments. Residual series
resistance: 6.5 Mfl. OHC figures indicate portion of cell from which
associated currents arise. (A) IK,n is observed upon hyperpolarization with
an instantaneous onset and slow deactivation. Outward K currents are also
observed upon depolarization. (B) Amputation of the basal, nuclear pole of
the OHC results in a nearly complete removal of IKn and outward K
currents. (C) Subtraction of apical currents (B) from whole cell currents (A)
reveals those currents attributable to the basal, nuclear pole of the OHC. It
is clear that IK,n resides in the same location as the outward K currents.

Gating of these channels generates receptor potentials and
ultimately leads to calcium-dependent neurotransmitter re-

lease onto eighth nerve afferents. Furthermore, the outer
hair cell's lateral membrane serves an electromechanical
function. OHCs generate voltage-dependent mechanical re-

sponses, the frequency limit (> 20 kHz) of which is cur-

rently imposed by measurement techniques (Santos-Sacchi,
1992; Dallos and Evans, 1995). Membrane-bound sensor-

motor elements responsible for this unique motility have
been localized to the central extent of the OHC's cylindrical
soma, namely between apical cuticular plate and basal,
nuclear region (Dallos et al., 1991; Huang and Santos-
Sacchi, 1993). Gating current studies indicate that the den-
sity of molecular motors within the OHC lateral membrane
is -7500/4Lm2 (Huang and Santos-Sacchi, 1993); this is in
line with morphological evidence showing similar densities
of 10-nm intramembranous particles, the putative molecular
motors (Forge, 1991). It is clear that the lateral membrane of
the OHC, unlike that of other types of hair cells, is uniquely
specialized.

It is demonstrated here that the voltage-dependent K and
Ca conductances of the OHC are not distributed within the
plasmalemma along the entire length of the cell, but instead
are restricted to the basal, synaptic pole. The cellular mech-
anisms that direct and maintain the segregation of molecular
motors to the lateral membrane and ionic channels to the
basal membrane possibly involve the extensive cortical
cytoskeleton found in OHCs (Holley and Ashmore, 1988).

FIGURE 5 Localization of voltage-dependent Ca conductance. Average
results from four cells. OHCs were held at -80 mV and stepped nominally
from -40 to +40 mV in 10-mV increments. Leakage subtraction was

performed with the P/-4 protocol to reveal inward Ba currents. Because
the currents were so small, no correction for residual series resistance was

made. Average residual series resistance: 8.25 MfQ. The I-V plot was

obtained from the top two averaged sets of traces in the upper left; data
points were averages of the final 4 ms of the current traces. Squares
indicate currents obtained before amputation, and circles indicate currents
obtained after amputation of the basal, nuclear pole, as indicated in the
figure of the OHC. The bottom set of traces was obtained after return to
whole-cell conditions. These data indicate that the OHC Ca conductance
resides in the same region as the voltage-dependent K conductances.

Disruption of the cytoskeleton might promote intermixing
of the molecules, which could be identified electrophysi-
ologically. It is important to note that the K conductances
were not amputated, because of a simultaneous removal of
a required Ca influx. Although a component of the outward
K current may be Ca-dependent, the bulk of this current is
not (Santos-Sacchi, 1989). Recently this independence from
Ca was confirmed and, in addition, it was shown that IK,n is

little affected by the removal of extracellular calcium
(Mammano and Ashmore, 1996; Nenov et al., 1997). Thus,
electrical amputation of the K as well as Ca currents in this
study is due almost exclusively to direct removal of the
voltage stimulus to the channels' voltage sensors.

After the identification of a noninactivating L-type Ca
current in OHCs (Santos-Sacchi and Dilger, 1988; Santos-
Sacchi, 1989), other detailed examinations, including a lo-
calization study, of the conductance were made (Nakagawa
et al., 1991, 1992). Focal Ca channel blocker application
demonstrated that Ca current blockade occurred primarily
during application to the basal pole of the OHC. This is in
line with the results of the present experiments. Similar IKn
localization studies by these investigators, using focal ap-

plication of the blocker Ba, indicated that IKn is distributed
along the length of the OHC (Nakagawa et al., 1994). Our
data, however, present a more restricted localization of IK,n
at the basal pole of the OHC. Focal application ("puffer")
studies may sometimes suffer from diffusion of drugs away
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from sites of presumed application. Earlier studies in lower-
vertebrate hair cells, using unequivocal localization meth-
ods, demonstrated that Ca-activated K and Ca conductances
are colocalized to synaptic sites along the full extent of the
basolateral membrane of these cells (Issa and Hudspeth,
1994; Roberts et al., 1990). In addition to a role in synaptic
function, the clustering of these conductances may be re-
quired for the electrical tuning found in these nonmamma-
lian hair cells. Electrical resonance is not found in mamma-
lian auditory hair cells, and in the case of the OHC it has
been suggested that the Ca-independence of the outward K
current might preclude such oscillatory behavior (Santos-
Sacchi, 1989). Also unlike lower vertebrate hair cells, OHC
synaptic sites are restricted to the basal, nuclear region of
the plasma membrane-the same region where voltage-
dependent K and Ca conductances reside. Thus it is con-
ceivable that the K and Ca conductances of the OHC, as in
lower-vertebrate hair cells, are associated with afferent
and/or efferent synaptic sites. Whereas it is clear that effer-
ent synaptic functionality is robust based on a host of
indirect physiological studies (e.g., Brown et al., 1983), the
functionality of the meager afferent supply to the OHC,
which most likely has never been recorded from, remains
questionable (Liberman, 1982; Robertson, 1985). The con-
tribution of K and Ca conductances to synaptic activity of
the OHC must await direct studies of this issue.
Many characteristics of OHCs are correlated with cell

length. Although we did not study the effects of cell length
on conductance distribution, it is likely that the basic com-
partmentalization of the OHC remains the same, regardless
of length. Indeed, regardless of length, it is clear, for exam-
ple, that mechanically gated transduction channels are re-
stricted to the cell apex, synapses are restricted to the basal
pole, and subsurface cisternae line the lateral membrane.
One of the characteristics that does depend on cell length is
the occurrence of IK,n (Housely and Ashmore, 1992), with
the whole-cell conductance being greater in shorter cells.
All of our cells were between -60 ,gm and 80 ,um, but the
occurrence of IK,n in cells of this length range is not clearly
dependent on cell length. In 83 cells studied, 43 were found
to have observable IK,n (length: 68.26 ± 1.2 ,um [mean ±
SE]; zero current potential [after pipette-cell solution equil-
ibration]: -57.5 ± 1.4 mV). The remaining cells lacked
observable IK,n (length: 64.1 ± 0.8 ,um; zero current poten-
tial: -39.8 ± 1.5 mV). Thus, in this length range there
appears to be little dependence of IK,n on cell length. Note,
however, that this is not in disagreement with the data of
Housley and Ashmore (1992), where clear dependence of
OHC conductance on length is not obvious in this restricted
range of length.

Given the conductance localization pattern in the OHC, it
is possible to draw some conclusions about ionic channel
density. The length, unlike the constant width (10 gm), of
OHCs is inversely related to its characteristic frequency,
ranging in the guinea pig from -80 ,um (-200 Hz) to 20
,um (-40,000 Hz). Whereas the surface area of the lateral
membrane is directly related to the cell's length, the surface

area of the basal, synaptic pole remains roughly constant.
As noted above, the K current density of OHCs has been
shown to increase as cell length decreases (Housley and
Ashmore, 1992). Clearly, then, K channel density must
increase, not as a consequence of reduced surface area, but
as a consequence of an increased channel population. Inter-
estingly, we have recently shown that motility gating cur-
rent density and intramembranous particle density in the
lateral membrane increase as length decreases (Kakehata et
al., 1997). The higher density of these molecules (channels
and molecular motors) in high-frequency OHCs probably
corresponds to the enhanced frequency tuning afforded by
these cells in the high-frequency region of the cochlea.

Finally, the voltage-dependent ionic channel distribution
determined here necessarily limits the conductances' influ-
ence on local voltage drops across the lateral membrane,
where the motility voltage sensors reside. The OHC lateral
wall (subsurface cisternae, cortical cytoskeleton, and
plasma membrane) is a complex structure with electrical
properties that are equally complex (Pollice and Brownell,
1993; Kruger et al., 1997). Nevertheless, the absence of
current shunting in the lateral membrane may ensure that
voltages generated there (viz., the driving force for the
"cochlea amplifier") will be largely unaffected by remote
conductance changes in the basal pole of the cell.

We thank Margaret Mazzucco for technical help.

This work was supported by National Institutes of Health-NIDCD grant
DC00273 to JSS.

REFERENCES

Ashmore, J. F. 1987. A fast motile response in guinea-pig outer hair cells:
the cellular basis of the cochlear amplifier. J. Physiol. (Lond.). 388:
323-347.

Ashmore, J. F. 1990. Forward and reverse transduction in the mammalian
cochlea. Neurosci. Res. Suppl. 12:S39-S50.

Ashmore, J. F. 1992. Mammalian hearing and the cellular mechanism of
the cochlear amplifier. In Sensory Transduction. D. P. Corey and S. D.
Roper, editors. Rockefeller University Press, New York. 395-412.

Ashmore, J. F. 1994. The G. L. Brown Prize Lecture. The cellular ma-
chinery of the cochlea. Exp. Physiol. 79:113-134.

Ashmore, J. F., and R. W. Meech. 1986. Ionic basis of membrane potential
in outer hair cells of guinea pig cochlea. Nature. 322:368-371.

Brown, M. C., A. L. Nuttall, and R. I. Masta. 1983. Intracellular recordings
from cochlear inner hair cells: effects of stimulation of the crossed
olivocochlear efferents. Science. 222:69-72.

Brownell, W. E., C. R. Bader, D. Bertrand, and Y. de Ribaupierre. 1985.
Evoked mechanical responses of isolated cochlear outer hair cells.
Science. 227:194-196.

Dallos, P. 1992. The active cochlea. J. Neurosci. 12:4575-4585.
Dallos, P., and B. N. Evans. 1995. High-frequency motility of outer hair

cells and the cochlear amplifier. Science. 267:2006-2009.
Dallos, P., B. N. Evans, and R. Hallworth. 1991. On the nature of the motor

element in cochlear outer hair cells. Nature. 350:155-157.
Evans, B. N., and P. Dallos. 1993. Stereocilia displacement induced so-

matic motility of cochlear outer hair cells. Proc. Natl. Acad. Sci. USA.
90:8347-8351.

Evans, B. N., R. Hallworth, and P. Dallos. 1991. Outer hair cell
electromotility: the sensitivity and vulnerability of the DC component.
Hear. Res. 52:288-304.



Santos-Sacchi et al. Mapping Outer Hair Cell Conductances 1429

Forge, A. 1991. Structural features of the lateral walls in mammalian
cochlear outer hair cells. Cell Tissue Res. 265:473-483.

Holley, M. C., and J. F. Ashmore. 1988. Spectrin, actin and the structure
of the cortical lattice in mammalian cochlear outer hair cells. J. Cell Sci.
96:283-291.

Housley, G. D., and J. F. Ashmore. 1992. Ionic currents of outer hair cells
isolated from the guinea-pig cochlea. J. Physiol. (Lond.). 448:73-98.

Hudspeth, A. J., 1989. How the ear's works work. Nature. 341:397-404.
Huang, G.-J., and J. Santos-Sacchi. 1993. Mapping the distribution of the

outer hair cell motility voltage sensor by electrical amputation. Biophys.
J. 65:2228-2236.

Huang, G.-J., and J. Santos-Sacchi. 1994. Motility voltage sensor of the
outer hair cell resides within the lateral plasma membrane. Proc. Natl.
Acad. Sci. USA. 91:12268 -12272

Issa, N. P., and A. J. Hudspeth. 1994. Clustering of Ca21 channels and
Ca2+-activated K+ channels at fluorescently labeled presynaptic active
zones of hair cells. Proc. Natl. Acad. Sci. USA. 91:7578-7582.

Iwasa, K. H. 1993. Effect of stress on the membrane capacitance of the
auditory outer hair cell. Biophys. J. 65:492-498.

Kakehata, S., J. Santos-Sacchi, T. Kikuchi, and Y. Katori. 1997. Higher
frequency outer hair cells have a greater specific voltage-dependent
capacitance. Midwinter Meeting of the Association for Research in
Otolaryngology, St. Petersburg, FL, February 1997.

Kalinec, F., M. C. Holley, K. H. Iwasa, D. J. Lim, and B. Kachar. 1992. A
membrane based force generation mechanism in auditory sensory cells.
Proc. Natl. Acad. Sci. USA. 89:8671-8675.

Kruger, R. P., M. J. Yium, J. A. Halter, and W. E. Brownell. 1997. Outer
hair cell electrophysiology: modeling the electrical properties of the
subsurface cisterna. Midwinter Meeting of the Association for Research
in Otolaryngology, St. Petersburg, FL, February 1997.

Liberman, M. C. 1982. Single neuron labeling in the cat auditory nerve.
Science. 216:1239-1241.

Mammano, F., and J. F. Ashmore. 1996. Differential expression of outer
hair cell potassium currents in the isolated cochlea of the guinea pig.
J. Physiol. (Lond.). 496.3:639-646.

Nakagawa, T., S. Kakehata, N. Akaike, S. Komune, T. Takasaka, and T.
Uemura. 1991. Calcium channel in isolated outer hair cells of guinea pig
cochlea. Neurosci. Lett. 125:81-84.

Nakagawa, T., S. Kakehata, N. Akaike, S. Komune, T. Takasaka, and T.
Uemura. 1992. Effects of Ca2+ antagonists and aminoglycoside antibi-
otics on Ca21 current in isolated outer hair cells of guinea pig cochlea.
Brain Res. 580:345-347.

Nakagawa, T., S. Kakehata, T. Yamamoto, N. Akaike, S. Komune, and T.
Uemura. 1994. Ionic properties of IK,n in outer hair cells of guinea pig
cochlea. Brain Res. 661:293-297.

Nenov, A. P., C. Norris, and R. P. Bobbin. 1997. Outwardly rectifying
currents in guinea pig outer hair cells. Hear. Res. 105:146-158.

Pollice, P. A., and W. E. Brownell. 1993. Characterization of the outer hair
cell's lateral wall membranes. Hear. Res. 70:187-196.

Roberts, W. M., R. A. Jacobs, and A. J. Hudspeth. 1990. Colocalization of
ion channels involved in frequency selectivity and synaptic transmission
at presynaptic active zones of hair cells. J. Neurosci. 10:3664-3684.

Robertson, D. 1985. Brainstem location of efferent neurons projecting to
the guinea pig cochlea. Hear. Res. 20:79-84.

Ruggero, M. A. 1992. Responses to sound of the basilar membrane of the
mammalian cochlea. Neurobiology. 2:449-456.

Santos-Sacchi, J. 1989. Calcium currents, potassium currents, and
the resting potential in isolated outer hair cells. Midwinter Meeting
of the Association for Research in Otolaryngology, St. Petersburg, FL,
February 1989.

Santos-Sacchi, J. 1990. Fast outer hair cell motility: how fast is fast? In The
Mechanics and Biophysics of Hearing. P. Dallos, C. D. Geisler, J. W.
Matthews, M. A. Ruggero, and C. R. Steele, editors. Springer-Verlag,
Berlin. 69-75.

Santos-Sacchi, J. 1991. Reversible inhibition of voltage dependent outer
hair cell motility and capacitance. J. Neurosci. 11:3096-3110.

Santos-Sacchi, J. 1992. On the frequency limit and phase of outer hair cell
motility: effects of the membrane filter. J. Neurosci. 12:1906-1916.

Santos-Sacchi, J. 1995. Electrical dissection of ionic conductances in the
outer hair cell. Symposium on the Molecular Biology of Hearing and
Deafness, Bethesda, MD, October 6-8, 1995. 125.

Santos-Sacchi, J., and J. P. Dilger. 1988. Whole cell currents and mechan-
ical responses of isolated outer hair cells. Hear. Res. 35:143-150.

Santos-Sacchi, J., and G.-J. Huang. 1996. Electrical dissection of ionic
conductances in the outer hair cell. Midwinter Meeting of the Associa-
tion for Research in Otolaryngology, St. Petersburg, FL, February 1996.
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Abstract

Whole cell voltage clamp and freeze fracture were used to study the electrophysiological and ultrastructural correlates of the
outer hair cell (OHC) lateral membrane molecular motors. We find that specific voltage-dependent capacitance, which derives
from motility-related charge movement, increases as cell length decreases. This increasing non-linear charge density predicts a
corresponding increase in sensor-motor density. However, while OHC lateral membrane particle density increases, a quantita-
tive correspondence is absent. Thus, the presumed equivalence of particle and motor is questionable. The data more importantly
indicate that whereas the voltage driving OHC motility, i.e. the receptor potential, may decrease with frequency due to the OHC’s
low-pass membrane filter, the electrical energy (Q × V) supplied to the lateral membrane will tend to remain stable. This
conservation of energy delivery is likely crucial for the function of the cochlear amplifier at high frequencies.  1998 Elsevier
Science Ireland Ltd. All rights reserved

Keywords: Outer hair cell; Motility; Gating charge; Capacitance; Cochlea; Membranes

The outer hair cell (OHC) lateral membrane possesses
voltage-dependent molecular motors that work at acoustic
frequencies to enhance basilar membrane motion [10]. The
motors are believed to be proteins represented by ultrastruc-
turally observable intramembranous particles [5,13], which
based on electrophysiological determinations of associated
voltage-sensor charge movement, possess about 1 equiva-
lent electron charge for each 10 nm particle [1,10,17]. The
voltage-dependent nature of OHC motility is predicted to
limit the cochlear amplifier’s effectiveness at high acoustic
frequencies, where the cell’s receptor potential is attenuated
by the RC properties of the plasma membrane; receptor
potentials at threshold levels may provide insufficient
drive to evoke enhancement of basilar membrane motion
[16,18]. In fact, however, it is the high frequency region that
appears to benefit most from the activity of OHCs [14]. In
an attempt to reconcile this dilemma, we have analyzed the

voltage-dependent capacitance of OHCs isolated from dif-
ferent best-frequency locations along the cochlea spiral. A
variety of evidence indicates that the OHC’s robust non-
linear charge movement is inextricably related to the cell’s
mechanical activity [6,11,20].

OHCs were freshly isolated from the organ of Corti of the
guinea-pig cochlea, and were whole-cell voltage clamped at
room temperature using an Axon 200B (see [9] for details).
Recordings were made within 3 min after whole cell estab-
lishment to limit any confounding effects of gradual turgor
pressure change [12]. Membrane capacitance was evaluated
at different potentials by transient analysis of currents
induced by a voltage stair step stimulus (−150–100 mV,
10 mV steps), and the capacitance function was fit to the
first derivative of a two state Boltzmann function relating
non-linear charge to membrane voltage (dQ/dV [9]),

cm = Qmax
ze
kT

b

(1+ b)2 + clin b= exp
−ze(V −VpkCm)

kT

� �

Qmax is maximum nonlinear charge,VpkCm is voltage at peak
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capacitance or equivalently, at half maximal non-linear
charge transfer,Vm is membrane potential,z is valence,
Clin is linear membrane capacitance,e is electron charge,
k is Boltzmann’s constant, andT is absolute temperature.
Clin was estimated from the fit to the above capacitance
(Cm) equation, and indicates the membrane’s intrinsic lin-
ear capacitance. Cell length (L) was measured in 20 cells
before whole-cell configuration was obtained. The fitted
linear function, L = 2.9 × Clin − 0.24 (r2 = 0.89), was
used to obtain length fromClin in all cells (n = 245;
cochleae. 100). Data collection and analysis was per-
formed with a Windows-based patch clamp program
jClamp (http://www.med.yale.edu/surgery/ otolar/santos/
jclamp.html).

For ultrastructural studies, guinea pigs (n = 15) were dee-
ply anesthetized, and the cochleae fixed by intra-labyr-
inthine perfusion of 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.4). Following dissection, the
cochleae were kept in the same fixative overnight at 4°C.
Specimens were infiltrated with 30% glycerol for 1–4 h, and
frozen in liquid nitrogen slush (−210°C). Fracturing was
carried out at 10−7 Torr, at −130°C, and rotary shadowing

with platinum and carbon backing were made with a
vacuum evaporator JEOL JFD-7000. Replicas were exam-
ined with a JEOL 1010 or JEOL JEM-100S transmission
electron microscope at 100 kV. The protoplasmic fracture
face of the OHC lateral membrane was examined at final
photographic magnifications of 120 000. Images were
divided into 2 cm2 samples, and the total number of particles
was used to obtain densities.

OHC length is inversely related to best frequency; as best
frequency decreases from about 40 kHz to 100 Hz in the
guinea pig, cell length increases from about 20 to 90mm.
Short, high frequency, OHCs posses a non-linear capaci-
tance whose peak value can be greater than the cell’s linear
capacitance (Fig. 1). This is markedly different from cells
residing in the low frequency region where the magnitude of
non-linear capacitance is typically equivalent to or less than
the cell’s linear capacitance [1,17]. Moreover, as OHC
length decreases (indicated by decreasing linear capaci-
tance,Clin), the relative magnitude of maximum voltage
dependent capacitance (Cv) increases, as indicated by the
ratio of the two (Fig. 2). Boltzmann fits show that the
valence,z, changes little with cell length indicating that
the parameter responsible for the relative increase in capa-
citance is the maximum charge,Qmax(Qmax = 4kT/ze× Cv).
The specific non-linear charge (Qsp), based on whole cell
surface area, changes with a slope of−413 e−/mm2 perpF of
linear capacitance (Fig. 3a). This change, however, is an
underestimate and does not reflect the highly compartmen-
talized nature of the OHC plasma membrane. While
mechano-electrical transduction channels are restricted to

Fig. 1. Non-linear capacitance of an OHC isolated from the basal,
high frequency region of the cochlea. (a) Capacitive currents induced
by a stair step voltage protocol. (b) Gating currents extracted by
subtracting the linear capacitive current obtained at the largest depo-
larization. (c) Capacitance of the cell (oc), comprised of a bell shaped
voltage dependent capacitance riding atop a linear capacitance. The
solid line is a fit (see text) indicating VpkCm, −76 mV; Qmax, 1.7 pC; Clin,
10.8 pF; z, 0.83. Length is 30.3 mm. Electrode series resistance was
3.7 MQ.

Fig. 2. (a) The ratio of maximum voltage dependent capacitance (Cv)
to linear capacitance (Clin) increases as OHC length (or equivalently,
Clin) decreases. Total capacitance was determined directly from
capacitive currents. Cv is the peak capacitance minus Clin, the latter
being determined from Boltzmann fits to the data. (b) The valance z
changes little with cell length or Clin. The slight decrease in z may
indicate a decreased charge for the voltage sensor and/or a de-
crease in the electrical distance displaced within the plane of the
lateral membrane.
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the OHC apical membrane [15], and voltage-dependent
ionic channels are restricted to the basal membrane [19],
mechanical responses and associated non-linear capacitance
are restricted to the central extent of the cell, the lateral
membrane [2,9,13]. Accordingly, a constant 6.2pF (from
[9]) of linear capacitance or correspondingly, 620mm2,
representing the constant apical and basal membrane should
be excluded from calculations ofQsp. When only the sensor-
motor area is considered, the change inQsp as a function of
cell length is striking, showing an increasing non-linear
growth as cell length decreases (Fig. 3b).Qsp’s up to
46 000 e−/ mm2 are observed.

A two state Boltzmann model has been successfully
employed by several groups to characterize the OHC sen-
sor-motor [1,10,17]. If this model is appropriate for the
analysis of OHC charge movement, then the Boltzmann
characteristics indicate that the density of independent sen-
sor-motors should increase in correspondence with the spe-
cific charge density. A frequency-associated increase in the
density of membrane protein is not unusual for the OHC.
One K channel current,IKn, is known to increases as char-
acteristic frequency increases [8], and since this current is
limited to the fixed area of the cell’s basal pole, channel
density must increase [19] (see [7] for an alternative expla-
nation). Using freeze fracture, we measured the density of
the putative ultrastructural correlate of the sensor-motor in
the lateral membrane from areas of disparate characteristic
frequencies (Fig. 3c,d). In a low frequency region (~200 Hz)
where cell length averaged 76.3± 2.2 mm, particle density
was 4033 (±90; 35 samples)/mm2. In a high frequency region
(~4 kHz) where cell length averaged 38.8± 0.4mm, particle
density was 4745 (±155; 38 samples)/mm2. While the den-
sities are significantly different (t-test,P , .001), they do
not correspond to the densities predicted byQsp. Indeed,
even the theoretical maximum density of 10 nm intramem-
branous particles, namely about 10 000/mm2, does not
approach electrophysiological estimates. Two possibilities
may account for the disparity. First, the particles may not
represent the sensor-motor molecules. Second, the two-state
Boltzmann model inappropriately characterizes the sensor-
motor as an independent entity possessing close to one elec-
tron charge. However, even if each intramembranous parti-
cle possessed more than one charge, the measured growth in
particle density still requires that particle (voltage sensor)
charge not remain fixed along the cochlea spiral. While a
variably charged voltage sensor may not be unrealizable, the
simplest explanation is the first.

Finally, the charge density data may help to explain how
the OHC is able to overcome the effects of its membrane
filter. In vivo measures of OHC receptor potentials show

Fig. 3. (a) Non-linear charge density determined from whole cell sur-
face area. Surface area was determined from the equivalence of
linear capacitance and membrane surface area (0.01pF = 1 mm2;
[9]). Charge density increases as cell length or Clin decreases. The
slope, indicated by the solid line fit is −413/pF, and the thin parallel
lines are 95% prediction limits. The two diamonds indicate the par-
ticle densities within the OHC lateral plasma membrane at two dis-
parate frequencies. For values see text. The dashed line is the
theoretical maximum density of particles based on 10 nm diameter.
(b) Charge density obtained after correction of whole cell surface
area for area devoid of sensor-motors. A constant 620 mm2 was
subtracted from whole cell surface area. The solid line is simply
the linear fit as above similarly corrected. The OHC schematics illus-
trate the relative change in sensor-motor containing lateral mem-
brane area as cell length decreases. Other symbols as in (b). (c)
Freeze-fracture replica showing the protoplasmic fracture face of
the lateral plasma membrane of an OHC from a high frequency
region of the cochlea. Densely packed intramembranous particles
are characteristically found. Scale bar, 100 nm. (d) Same view
obtained from cell in a low frequency region of the cochlea. Density
is less than in (c). Scale bar, 100 nm.

Fig. 4. Relationship between roll-off of receptor potential of a
hypothetical OHC and increase of non-linear charge density as a
function of frequency. The receptor potential falls at 20 dB per dec-
ade above about 1 kHz (gray line), whereas the charge density
increases by a similar amount over frequency (black line obtained
from b). OHC data were converted to frequency based on the map of
Dannhof et al. [4].
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that above about 1 kHz, AC voltages decrease at a rate 6 dB/
octave [3,15]. Thus, the driving force for OHC motility is
attenuated at high frequencies. However, our data indicate
that, across frequency, motility-related charge increases to
nearly the same extent as the decrease in receptor potential
magnitude (Fig. 4). Thus, the electrical energy (Q× V)
delivered to the OHC lateral plasma membrane remains
stable across frequency. It is likely that this frequency-inde-
pendent energy delivery sustains the wide-band nature of
the cochlear amplifier.
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The outer hair cell (OHC) is one of two receptor cell types
within the organ of Corti, and plays a critical role in
mammalian hearing. The OHC sharpens the passive
mechanical vibration of the cochlear partition through a
mechanical feedback mechanism (Ruggero, 1992). The basis
of this high-frequency feedback mechanism is believed to be
the unique voltage-dependent mechanical activity of the cell
(Brownell, Bader, Bertrand & de Ribaupierre, 1985; Ashmore,
1987; Santos-Sacchi & Dilger, 1988). This electro-mechanical
transduction is mirrored by an electrical signature, a voltage-
dependent capacitance or, correspondingly, a gating charge
movement (Ashmore, 1989; Santos-Sacchi, 1990, 1991),
which may indicate that membrane-bound voltage sensor-
motor elements control OHC length (Santos-Sacchi, 1990,
1991, 1993; Ashmore, 1992; Iwasa, 1993). Indeed, estimates
of the OHC membrane-bound charge density responsible for
the non-linear capacitance (7500 e

−

ìm
−

Â; Huang & Santos-
Sacchi, 1993) coincide fairly well with estimates of the
density of OHC intramembranous particles, the putative

sensor-motor elements, observed with electronmicroscopy
(6000 ìm

−

Â; Forge, 1991). One currently held hypothesis is
that these membrane motors control OHC length via mem-
brane areal changes induced by voltage-dependent, two-state
conformational changes (Santos-Sacchi, 1993; Iwasa, 1994).

The voltage-dependent mechanical response may be
dynamically modulated by a variety of physiologically
important factors that can modify the mechanical gain of
the cell. One of the most effective means of influencing the
motility function is by exerting tension on the plasma
membrane (Iwasa, 1993). Reducing membrane tension
effectively increases the mechanical gain at the normal
resting potential, by shifting the most sensitive region of
the motility function along the voltage axis towards the
resting potential value (Kakehata & Santos-Sacchi, 1995).
Ligand-gated ion channels which can alter the resting
membrane potential (Ashmore & Ohmori, 1990; Housley &
Ashmore, 1993) may also influence the mechanical gain of
the cell by moving the cell operating point, i.e. resting
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Effects of membrane potential on the voltage dependence of

motility-related charge in outer hair cells of the guinea-pig
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1. Isolated outer hair cells (OHCs) from the guinea-pig were whole-cell voltage clamped to
study the influence of initial voltage on the voltage dependence of motility-related gating
current or, equivalently, on the voltage dependence of membrane capacitance.

2. Prepulse delivery caused changes in the magnitude of motility-related gating currents,
which are due predominantly to shifts in the voltage at peak capacitance (VpkC

m
).

Depolarization shifts VpkC
m
in the hyperpolarizing direction, and hyperpolarization does the

opposite. The mean shift between −120 and +40 mV prepulse states with long-term holding
potentials (> 2 min) at −80 mV was 14·67 ± 0·95 mV (n = 10; mean ± s.e.m.).

3. The effect of initial membrane potential is sigmoidal, with a voltage dependence of 23 mV
per e-fold change in VpkC

m
, and maximum slope within the physiological range of OHC

resting potentials. This indicates that the cell is poised to respond maximally to changes in
resting potential.

4. The kinetics of prepulse effects are slow compared with motility-related gating current
kinetics. High-resolution measurement of membrane capacitance (Cm) using two voltage
sinusoids indicates that shifts in VpkC

m
induce Cm changes with time courses fitted by two

exponentials (ô0, 0·070 ± 0·003 s; ô1, 1·28 ± 0·07 s; A0, 1·54 ± 0·13 pF; A1, 1·51 ± 0·13 pF;
means ± s.e.m.; n = 22; step from +50 to −80 mV). Recovery of prepulse effects exhibits a
similar time course.

5. Prepulse effects are resistant to intracellular enzymatic digestion, to fast intracellular
calcium buffers, and to intracellular pressure. Through modelling, we indicate how the effect
may be explained by an intrinsic voltage-induced tension generated by the molecular motors
residing in the lateral membrane.
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potential, closer or further away from the most sensitive
region of the motility function. Thus, either shifts in resting
potential or shifts in the voltage dependence of OHC motility
can alter the gain of the cochlear amplifier. We report here
that these two mechanisms are not independent. That is, a
change in resting potential affects the voltage dependence of
OHC capacitance and motility. Furthermore, through
modelling, we indicate that the effect can be explained by
motor-driven tension on viscoelastic elements within the
lateral plasma membrane.

METHODS
OHCs were freshly isolated from the organ of Corti of the guinea-
pig cochlea following anaesthetic overdose (halothane inhalant;
Halocarbon Labs, NJ, USA) and decapitation (Kakehata & Santos-
Sacchi, 1995). The cells were whole-cell voltage clamped at −80 mV
(unless otherwise noted) using an Axon 200B amplifier with patch
pipettes having initial resistances of 2—3 MÙ, corresponding to tip
sizes of 1—2 ìm. No series resistance compensation was performed.
Residual series resistance (Rs) ranged from 3—7 MÙ. Ionic blocking
solutions were used to remove voltage-dependent ionic conductances
so that capacitive currents could be analysed in isolation (Santos-
Sacchi, 1991; Huang & Santos-Sacchi, 1993). The patch pipette
solution contained (mÒ): 140 CsCl, 2 MgClµ, 10 EGTA and 10
Hepes, pH 7·2 and 300 mosmol l¢ (adjusted with dextrose). The
external solution contained (mÒ): 100 NaCl, 20 TEA, 20 CsCl, 2
CoClµ, 1·52 MgClµ, 10 Hepes and 5 dextrose, pH 7·2, 300 mosmol l¢.
In some experiments, modifications to the standard solutions were
made: pipette solution, replacement of 10 mÒ EGTA with 10 or
20 mÒ BAPTA, or inclusion of pronase or trypsin (500 ìg ml¢);
extracellular solution, inclusion of neomycin (1 mÒ), or sodium
salicylate (5 mÒ). Drugs were obtained from Sigma, and were
selectively applied to individual cells by local perfusion, during
simultaneous whole-chamber perfusion with control solution.
Experiments were performed at room temperature (21—23°C).

Three methods were used to analyse OHC motility-related gating
charge movement and the corresponding non-linear membrane
capacitance. Gating currents were extracted with the PÏ−5 leakage
subtraction procedure (Bezanilla & Armstrong, 1977) using a
subtraction holding potential of +60 mV. This procedure permits
isolation of non-linear capacitive currents by subtracting out the
intrinsic linear membrane capacitive currents obtained at a potential
where non-linear currents do not contribute significantly. Fits of
charge movement were made with a two-state Boltzmann function.

Detailed evaluation of membrane capacitance was made at different
potentials by transient analysis of currents induced by a voltage
stair-step stimulus (10 mV stair steps from a holding potential of
−150 mV to +40 mV). The full stair-step duration was variable and
depended upon the time constant of the clamp amplifier; the
duration of each individual step was automatically adjusted to 15
times the clamp time constant determined immediately before
presentation of the stair-step protocol. This was done to ensure a
steady-state current response at each progressive step. Since our
clamp time constant was typically less than 0·15 ms, each step was
about 2·25 ms in duration. Given twenty, 10 mV incrementing steps
in the stair-step, the total duration of the protocol was about 45 ms.
The time between prepulse and stair-step was 10 ms and was spent
at the prior long-term (> 2 min) holding potential, which was
either 0 mV (Fig. 2) or −80 mV (Fig. 3). Thus, a full capacitance
function can be obtained within 45 ms with this technique. The

capacitance function was fitted to the first derivative of a two-state
Boltzmann function relating non-linear charge to membrane voltage
(dQÏdV; Santos-Sacchi, 1991; Huang & Santos-Sacchi, 1993),

ze b
Cm = Qmax–––––– + Clin, (1a)

kT (1 + b)Â

where

−ze(V − VpkC
m
)

b = exp(–––––––), (1b)
kT

Qmax is the maximum non-linear charge moved, VpkC
m
is voltage

at peak capacitance or, equivalently, at half-maximal non-linear
charge transfer, Vm is membrane potential, z is valency, Clin is
linear membrane capacitance, e is electron charge, k is the
Boltzmann constant, and T is absolute temperature.

Continuous high-resolution capacitance measures were acquired
through admittance (Y) analysis at time resolutions of 5·12 or
2·56 ms, utilizing a two-sine wave voltage-stimulus protocol. The
stimulus consisted of the sum of two voltage sine waves (390·625
and 781·25 Hz), each at a magnitude (V) of 10 mV peak. Two (one)
full cycles of the low-frequency signal and four (two) full cycles of
the high-frequency signal (512 (256) points at 10 ìs sampling rate)
were continuously delivered every 5·12 (2·56) ms, and the real and
imaginary components of the current responses were obtained
through Fast Fourier Transform every 5·12 (2·56) ms. The analysis,
which was performed in real time and saved to disk, is model
dependent; the OHC clamp was modelled as a pipette resistance (Rs)
in series with a parallel combination of membrane resistance (Rm)
and capacitance (Cm) (Santos-Sacchi, 1993). Given an independent
measure of input resistance of such a model and the real and
imaginary components of the current response to single sinusoidal
stimulation, Pusch & Neher (1988) provide solutions for Cm, Rs and
Rm:

Rs = (A − b)Ï(AÂ + BÂ − Ab), (2)

Rm = (1Ïb)[(A − b)Â + BÂ ]Ï(AÂ + BÂ − Ab), (3)

Cm = [1Ï(ùB)][(AÂ + BÂ − Ab)Â ]Ï[(A − b)Â + BÂ ], (4)

where,

b = 1Ï(Rs + Rm) = 1ÏRin,

Y = IÏV,

A = Re(Y),

B = Im(Y),

ù = 2ðf,

and Re is real, Im is imaginary, and f is frequency. Since Rs

remains the same at each of the two stimulating frequencies, the
input resistance, Rin, can be obtained without an independent
measure, as is required by the Pusch & Neher technique.

In some experiments, OHCs were collapsed and re-inflated by
pipette pressure. Pipette pressure was modified with a syringe
connected to the Teflon tubing attached to the patch pipette holder,
and was monitored via a T-connector to a pressure monitor (WPI,
FL, USA). Voltages were corrected for the effects of residual series
resistance. All experiments were video taped. Data collection and
analysis were performed with an in-house developed Windows-based
whole-cell voltage clamp program, jClamp (www.med.yale.eduÏ
surgeryÏotolarÏsantosÏjclamp.html), utilizing a Digidata 1200 board
(Axon Instruments). Fits were made with the Levenberg—Marquardt
least-squares algorithm. Data are presented as means ± standard
error of the mean.
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RESULTS

The OHC generates gating-like currents when the membrane
potential is stepped away from the holding potential (Fig. 1).
The decay time constant of the current is very fast (in this
example, •110 ìs for the current at voltage offset), and
essentially follows the speed of the voltage-clamp stimulus
(Santos-Sacchi, 1992; however, see Gale & Ashmore, 1997).
Charge movement induced by a step from 0 to −60 mV was
increased by prepulsing the OHC to negative voltages.
Prepulse effects were clearly evident for durations greater
than 30 ms and appeared to plateau at values greater than
1 s (Fig. 1C). A single-exponential fit to the charge increase
induced by −120 mV prepulses at increasing durations
(Fig. 1C, inset) gave a time constant of 200 ms.

Figures 2A and B indicate that voltage prepulse can cause a
shift in the voltage dependence of the charge movement or,
correspondingly, the capacitance of the cell. In this
example, a 1 s prepulse to +40 mV produced a voltage at
peak capacitance (VpkC

m
) or voltage at half-maximal charge

movement (Vh) of −76·5 and −83·4 mV, respectively. A 1 s
prepulse to −120 mV shifted the values to −56·8 and
−56·7 mV. The differences in the magnitude of the fitted
shift may have arisen from the inherent difference in
prepulse delivery for each data collection protocol. In the
case of stair-step analysis, a single prepulse preceded the
entire stair-step stimulus, while in the PÏ−5 procedure, a
prepulse preceded each step potential. The shift of these
functions along the voltage axis was opposite to that of the
prepulse direction. Furthermore, the shift in the voltage
dependence of OHC capacitance (viz. äVpkC

m
) was non-

linearly related to initial voltage. Figure 2C shows that the
relation was sigmoidal and, significantly, the greatest
sensitivity to prepulse was within the physiological voltage
range. OHCs normally have resting potentials near −70 mV

(Dallos, Santos-Sacchi & Flock, 1982). The maximum mean
shift due to a 1 s prepulse was 14·8 mV, with a voltage slope
factor of 22·2 mV, and a mid-point voltage of −54·4 mV
(n = 4).

The effects of prepulse were reversible on the same time
scale as onset. Figure 2D depicts the mean (n = 22) recovery
from a 1 s prepulse to 50 mV. After a 1 s recovery at
−150 mV, VpkC

m
has nearly recovered to steady state from

the prepulse-induced shift. A single-exponential fit to VpkC
m

(Fig. 2D, inset) gave a time constant of 330 ms. Under these
conditions, the mean VpkC

m
shift was about 10 mV.

The data of Figs 1 and 2 were obtained with the cells held
at a long-term holding potential of 0 mV, because whole-
cell recording stability was better at this potential; in
order to demonstrate the physiological relevance of the
observed prepulse phenomenon, additional experiments
were conducted at long-term holding potentials of −80 mV
prior to the evaluation of prepulse effects. Figure 3
illustrates that the phenomenon remains qualitatively and
quantitatively the same under such conditions. The mean
shift between −120 mV and +40 mV prepulse states with
long-term holding potentials (> 2 min) at −80 mV was
14·67 ± 0·95 mV (n = 10).

The time course of prepulse effects is slow compared with
the gating current time constants. In order to confirm the
stair-step and PÏN kinetic data, we utilized another
technique to garner high-resolution information on the time
course of prepulse effects. Since the shift in VpkC

m
will

necessarily cause the capacitance measured at a fixed
potential to change, the time course of the capacitance
change can be used to study prepulse effect kinetics. This is
illustrated in Fig. 4, where OHC capacitance was monitored
as the cell was stepped from a holding potential of +50 mV
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Figure 1. Motility-related charge movement is affected by
initial voltage conditions

At a fixed membrane potential, an increase in charge is induced by a
negative prepulse. The charge increase is due to the shift in the
voltage dependence of charge movement, and the response is time
dependent. An OHC was stepped to −60 mV from a holding potential
of 0 mV. The command which generated each current trace was
preceded by a prepulse of either 1 s (A) or 60 ms (B), with a
magnitude ranging from −120 to +40 mV (20 mV increments).
Leakage subtraction (PÏ−5; subtraction hold, 60 mV) revealed gating-
like currents associated with OHC motility. As the length of prepulse
increased, charge increased. C, under these conditions, prepulse
effects were clearly present at potentials more negative than −50 mV
and at durations greater than 30 ms. Inset shows time course of
charge increase induced by prepulse to −120 mV. Fit indicates a
single-exponential time constant of 0·2 s.



to −89 mV for 4 s. At the onset, Cm was about 39·8 pF, but
decreased during the maintained voltage step to about
35·5 pF (Fig. 4B). The time course of this decrease was
composed of fast and slow components, which was well fitted
by a double exponential (t0, 0·058 s; t1, 1·34 s; A0, 2·2 pF;
A1, 1·48 pF). (It might be expected that the time course
would deviate somewhat from a true double exponential,
even if the underlying mechanism followed a double-
exponential time course, since the change in Cm is not linear,
but follows the bell-shaped capacitance function.) The
change in Cm was accounted for by a shift in VpkC

m
of about

+25 mV. This was determined from responses to 25 ms
voltage ramps delivered during the course of a maintained
voltage step (Fig. 4A; arrows indicate ramp presentations).
VpkC

m
, determined by fits of the resultant capacitance

functions, corresponded in time to the relaxation in
membrane capacitance (Fig. 4B). All cells studied with this
high-resolution Cm measurement technique showed a double-
exponential time course (ô0, 0·070 ± 0·003 s; ô1, 1·28 ±
0·07 s; A0, 1·54 ± 0·13 pF; A1, 1·51 ± 0·13 pF; n = 22;
nominal step from +50 to −80 mV). In order to show that
the time course of Cm change is not due to recovery from
membrane breakdown at very depolarized potentials, we
measured more physiological membrane potential pertur-

bations. Voltage steps from −80 to −40 mV, where membrane
stability is unquestionable, produced changes in Cm with
similar time courses. Figure 4C presents such an example.

The apparent difference in the time course observed with
standard transient analysis techniques used in Figs 2 and 3
and the admittance measuring technique is explained by
the higher time resolution and measurement density
afforded by the latter method. A single-exponential fit to
double-exponential data obtained with the admittance
method also generates time constants in the tenths of
seconds range when the extent is limited to 1 s, and few
data points are sampled. It should also be noted that the
duration of the stair-step protocol, typically around 50 ms,
is close to ô0, and, as such, some VpkC

m
shift may have

accumulated during that ramped measurement.

The actual direction and magnitude of Cm change during a
shift in VpkC

m
depended on the initial holding potential and

the step potential vis-`a-vis the initial VpkC
m
. This is

illustrated in Fig. 5A where the OHC membrane potential
was stepped through VpkC

m
in 10 mV increments. Steps in

potential induced essentially instantaneous jumps in Cm

followed by slower changes. Small voltage steps from the
initial holding level produced small time-dependent changes
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Figure 2. Voltage prepulse causes a shift in the voltage dependence
of charge movement and non-linear capacitance

Long-term holding potential was 0 mV. Voltage-dependent capacitance was
evaluated with the stair-step technique (A), and corresponding gating
charge movement was evaluated with the PÏ−5 technique at a subtraction
holding potential of +60 mV (B).With either technique, voltage
dependence was evidenced by a shift in the positive direction for negative
prepulses (1 s duration). The shift is about 20 mV for a 40 mV prepulse
(VpkC

m
is indicated by the dashed lines). Continuous line fit in A for

−120 mV prepulse: VpkC
m
, −56·8 mV; z, 0·9; Qmax, 2·6 pC; Clin, 22·5 pF;

peak Cm (Cm,pk), 45·4 pF. For +40 mV prepulse: VpkC
m
, −76·5 mV; z, 0·86;

Qmax, 2·86 pC; Clin, 22·0 pF, Cm,pk, 45·9 pF. Continuous line fit in B for
−120 mV prepulse: Vh, −56·7 mV, z, 0·96; Qmax, 2·7 pC. For +40 mV
prepulse: Vh, −83·4 mV; z, 0·90; Qmax, 3·0 pC. C, the shift in voltage
dependence is sigmoidal. The plot illustrates for 4 cells the mean (± s.e.m.)
shift in the voltage at peak capacitance, obtained with the stair-step
technique. The sigmoidal continuous line fit (äVpkC

m
=

aÏ[1 + exp((Vprepulse − Vh)Ïb)]) indicates a maximummean shift, a, of
14·8 mV, a slope factor, b, of 22·2 mV, and a mid-point voltage, Vh, of
−54·4 mV. Data are normalized to +40 mV response. D, recovery from
prepulse effects has a similar time course to onset. Mean (± s.e.m.) from 22
cells. VpkC

m
was evaluated with the stair-step protocol from a holding

potential of −150 mV. A 1 s prepulse to 50 mV preceded recovery durations
of 10, 250, 500, 750 and 1000 ms at −150 mV. Only the 10 ms and
1000 ms recovery functions are shown. Inset shows time course of VpkC

m

recovery. Fit indicates a single-exponential time constant of 0·33 s.
Recovery from prepulse appears nearly complete at 1 s. Continuous line fit
for 10 ms recovery: VpkC

m
, −53·7 mV; z, 0·7; Qmax, 3·39; Clin, 20·9 pF.

Continuous line fit for 1000 ms recovery: VpkC
m
, −44·2 mV; z, 0·73; Qmax,

3·45 pC; Clin, 19·8 pF. Parallel dashed lines indicate the VpkC
m
of each

function.



in Cm because the magnitude of VpkC
m
shift was small.

Progressively larger voltage steps produced larger VpkC
m

shifts and, thus, larger changes in Cm at each fixed step
potential. The direction of capacitance change was increasing
for voltage steps positive to VpkC

m
, and decreasing for

voltage steps negative to VpkC
m
. Also note for this protocol

that Cm at the holding potential accumulated somewhat over
time because full Cm relaxation was not reached during the
interstep recovery period. Figure 5B shows the effect of
voltage-step duration on the non-linear capacitance function.
Determination of Cm at zero time (5 ms; the initial data
point measured during a voltage step is contaminated by
the transient response) or after 1 s provided differing
functions, with the 1 s determination showing a relative
compression of the function in the depolarizing direction;
indeed, Cm overlap occurred at very depolarized levels. This
is expected since the magnitude of prepulse effect is a
function of step potential.

There are several possible mechanisms which may account
for the observed prepulse effects, including intracellular
pressure change. OHC voltage-dependent motility occurs
under a constant cell volume constraint (Santos-Sacchi, 1993;
Dallos, Hallworth & Evans, 1993). Thus, during whole-cell
voltage stimulation, intracellular pressure may change,
despite continuity with pipette volume. Since modification
of intracellular pressure is known to shift VpkC

m
via tension

applied to the plasma membrane (Iwasa, 1993; Gale &
Ashmore, 1994; Kakehata & Santos-Sacchi, 1995), it is of
interest to determine whether prepulse effects are simply
related to a motility-induced intracellular pressure change.
Figure 6A illustrates that when OHCs (n = 6) were
collapsed with negative pipette pressure, causing a limiting
negative shift in VpkC

m
(Kakehata & Santos-Sacchi, 1995),

prepulse effects were still observed. Collapsed OHCs cannot
generate an intracellular pressure change (nor the consequent
pressure-induced membrane tension) since the usual voltage-
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Figure 4. The time course of prepulse effects has a fast and a
slow component

A, an OHC was stepped to −89 mV from a holding potential of
+50 mV, and the Cm at the new step potential was monitored every
2·5 ms using the admittance technique (see Methods). At the time
points indicated, voltage ramps (25 ms in duration) were delivered
in order to determine VpkC

m
from the voltage-capacitance function.

In B, the step stimulus was delivered without ramps, and the
continuous line (which is difficult to see, since it is obscured by the
many data points) is a double-exponential fit to the resultant
capacitance data (t0, 0·058 s; t1, 1·34 s; A0, 2·2 pF; A1, 1·48 pF). The
close correspondence of the overlying open symbols, which denote
the change in VpkC

m
relative to the first ramp measurement

(i.e. äVpkC
m
), indicates that the shift of the OHC capacitance

function along the voltage axis accounts for the relaxation of
capacitance during step potentials. C, a voltage step from a long-
term holding potential (> 2 min) of −79 mV to −39 mV, induces a
change in Cm over a similar time course to that in 4B. The fitted line
(t0, 0·067 s; t1, 1·18 s; A0, 0·46 pF; A1, 0·44 pF) is obscured by the
data points.

Figure 3. Prepulse-induced shifts occur at physiological
holding potentials

Prepulse-induced shift of capacitance function after an OHC was
held at a long-term holding potential of −79 mV. As with
depolarized long-term holding potentials, prepulses from
physiological holding potentials caused a shift in the positive
direction for negative prepulses (1 s duration). The shift in this case
is 11·8 mV for a 40 mV prepulse. Continuous line fit for −120 mV
prepulse: VpkC

m
, −12·5 mV; z, 0·84; Qmax, 2·9 pC; Clin, 24·7 pF;

Cm,pk, 48·5 pF. For +40 mV prepulse: VpkC
m
−24·3 mV; z, 0·84;

Qmax, 3·0 pC; Clin, 25·2 pF, Cm,pk, 49·8 pF.



dependent whole-cell mechanical response (but not gating
current) is abolished. Prepulse-induced voltage shifts merely
superimposed upon the negative pressure-induced steady-
state voltage shift. These data suggest that voltage-induced
motility induces little or no intracellular pressure changes,
in line with modelling efforts (Tolomeo & Steele, 1995).

Other possible prepulse mechanisms might involve intra-
cellular Ca¥ increases, and cytoskeletal—motor interactions.
These can be excluded since we have found no alterations of
prepulse effects upon using the fast Ca¥ chelator BAPTA
(10 mÒ (n = 4) or 20 mÒ (n = 4)) intracellularly, or after
intracellular digestion with pronase (n = 5) or trypsin
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Figure 5. The direction and magnitude of Cm change depends on
initial holding potential and step potential relative to VpkC

m

A, an OHC was stepped (−10 mV increments) from a holding potential
of +48 mV through VpkC

m
. Step durations were 1 s, with equal recovery

intervals at the holding potential. A total of 40 s of data were collected
at 5 ms resolution. The top panel shows Cmmeasured with the
admittance technique. The bottom panel shows the DC voltage stimulus,
corrected for residual series resistance. Note that steps to voltages more
depolarized than VpkC

m
induce Cm changes which increase over time,

while steps to potentials more hyperpolarized than VpkC
m
induce Cm

changes which decrease over time. The magnitude of Cm change
corresponds to step size. B, the Cm functions derived from the
measurements at onset (5 ms point; the initial data point measured by
Fast Fourier Transform during a voltage step is invalid since it is
contaminated by the transient response — these aberrant points are
visible at the transitions between voltage steps) or 1000 ms are plotted,
along with fitted functions. The plots indicate differences in the
instantaneous and steady-state Cm functions; notably a shift and
compression in the steady-state function in the depolarizing direction.
Continuous line fits for onset: Qmax, 2·81 pC; z, 0·85; Clin, 28·7 pF;
VpkC

m
, −68 mV. For steady-state: Qmax, 2·54 pC; z, 0·9; Clin, 28·7 pF;

VpkC
m
, −58·7 mV.

Figure 6. The mechanism responsible for prepulse effects
appears intrinsic to the lateral membrane

A, intracellular pressure does not alter prepulse effects. Before (0) and after (1)
collapse of OHC by reduction of intracellular pressure via patch pipette. Note
the parallel negative shift in VpkC

m
with negative pressure. Prepulse at each

potential was 1 s in duration. The sigmoidal lines were generated with the
electro-mechanical model described in the Discussion. Parameter values are the
same as set out in the Discussion, except that for the continuous line
corresponding to data before collapse: ì1, 4 mN m¢; ç1, 0·24 mN s m¢;
ìµ, 4 mN m¢; and çµ, 4·8 mN s m¢. The continuous line corresponding to data
after cell collapse was generated with the same parameters except that a
constant of 1 kTorr was subtracted from the mechanical energy, Em, to account
for the resultant decrease in membrane tension (see Discussion for model
details). B, Cmmeasurements made before (zero time after whole-cell
configuration, bottom trace) and after (10 min after whole-cell configuration,
top trace) intracellular pronase treatment (500 ìg ml¢, delivered via the patch
pipette). After 10 min, the cell had lost its cylindrical shape and formed a
sphere. The cell was held at +49 mV and stepped to −118 mV for 1 s. In each
case the onset Cm relaxed with a double-exponential time course. The difference
in absolute magnitude (DC) is due to a steady-state shift in VpkC

m
, from −90·7

to −97·6 mV, possibly induced by osmotic effects or a release in tension on the
membrane after cytoskeletal disruption. Such shifts during intracellular
enzymatic treatments have been noted previously (Huang & Santos-Sacchi,
1994). The relaxations are quite similar, indicating that the treatment had little
effect on the molecular structures responsible for voltage-induced VpkC

m
shift.

The continuous lines indicate the sum of two exponentials — zero time: ô0,
0·034 s; ô1, 0·447 s; 10 min: ô0, 0·042 s; ô1, 0·417 s.



(n = 4; 500 mg ml¢). Intracellular proteolytic treatment
has been shown to abolish normal OHC cyto-architecture by
disrupting the cortical cytoskeleton and subsurface cisternae
(Huang & Santos-Sacchi, 1994). An example of the negligible
effect of intracellular pronase treatment on voltage-
dependent VpkC

m
shift is provided in Fig. 6B. Another

indication that the VpkC
m
shift was unrelated to intracellular

structures is the poor correlation between the fitted Cm

exponential parameters and precise estimates of cell length,
viz. linear capacitance (rÂ of ô0 vs. Clin, 0·23; rÂ of ô1 vs. Clin,
0·15; rÂ of A0 vs. Clin, 0·004; rÂ of A1 vs. Clin, 0·033; n = 22;
step from +50 mV to −80 mV). It should be noted that the
pronase and trypsin experiments also exclude a host of
biochemical processes which would rely on enzymes
susceptible to proteolytic destruction, for example protein
kinases. Other treatments which did not interfere with
prepulse effects were salicylate (sub-maximal dose, 5 mÒ;
n = 5), and neomycin (1 mÒ; n = 3).

DISCUSSION

The OHC possesses a voltage-dependent capacitance or
gating charge movement with a VpkC

m
or mid-point voltage,

Vh, that is variable (Santos-Sacchi, Huang & Kakehata,
1994). The present data indicate that one of the factors
contributing to this variability is a dependence on initial
voltage conditions. More importantly, since motility-
related gating charge characteristics are known to mirror
characteristics of the mechanical activity of the OHC
(Ashmore, 1989, 1992; Santos-Sacchi, 1991, 1992; Kakehata
& Santos-Sacchi, 1995), the present experiments demonstrate
a link between the two factors, membrane potential and
VpkC

m
, that control the gain of OHC motility.

Some superficial characteristics of prepulse effects on OHC
motility-related gating currents are reminiscent of the
Cole—Moore effect on K¤ channel gating currents (Cole &
Moore, 1960; Stefani, Toro, Perozo & Bezanilla, 1994);
however, no shift in voltage dependence is associated with
the Cole—Moore effect. On the other hand, a shift in voltage
dependence is responsible for depolarization-induced fast
(complete within 50 ms) and slow (occurring over seconds to
minutes) inactivation of Na¤ channel gating (Bezanilla,
Taylor & Fernandez, 1982). Inactivation of Na¤ channels is
characterized by charge immobilization (Armstrong &
Bezanilla, 1977; Bezanilla & Armstrong, 1977). We had
previously noted an absence of OHC charge immobilization
on very short time scales (within a window of 26 ms; Fig. 9
in Santos-Sacchi, 1991), where Na¤ channel gating charge
immobilization is clearly observed. Given the present
results, this is understandable since in the OHC the fast
prepulse effect has a mean time constant of 70 ms;
additionally, since the voltage dependence of OHC charge
movement is significantly less steep than Na¤ channel gating
charge movement, a given shift in voltage dependencies will
present a smaller charge immobilization for the OHC. In
preliminary experiments, an extended observation window

permits the observation of charge immobilization in the
OHC, with a time course similar to the capacitance data. To
a limited extent, then, Na¤ channel gating behaviour is
comparable to that of the OHC lateral membrane motor.
Simple kinetic schemes to account for prepulse effects on the
Na¤ channel were discussed by Bezanilla et al. (1982), and
may possibly apply to the OHC. These abstract schemes do
not, however, provide insight into the physical correlates of
prepulse effects in the OHC.

The present data suggest that voltage prepulse appears to
work directly on the lateral membrane andÏor the embedded
molecular motors, and not via extrinsic tension delivered
by intracellular pressure or delivered by some other means,
e.g. Ca¥-dependent cytoskeletal interactions or enzyme-
based second messengers. While an extrinsic source of
tension can probably be ruled out, an intrinsic source of
tension can be envisioned. In this regard, it is notable that
the magnitude of voltage prepulse effects presents charac-
teristics similar to those of OHC motility itself. Namely, the
sigmoidal voltage dependence is similar between the two. It
is, therefore, conceivable that the activity (conformational
changes) of the molecular motors themselves produces a
force within the lateral membrane which dynamically
modifies VpkC

m
. Thus, while the electrical energy supplied

by the membrane potential will drive lateral molecular
motors into a preferred state, leading to an overall change
in membrane area, the force induced by this strain within
the viscoelastic membrane will influence the state of
adjacent motors, but will decay over time. In order to
account for the kinetics of VpkC

m
shift, the induced

membrane tension must dissipate following the time course
observed in the OHC Cm measurements (Figs 4 and 5).
Iwasa (1994) evaluated the effects of an externally applied
tension on the OHC membrane by redefining eqn (1) to
include an additional energy term (Em) in the description of
OHC Cm:

−ze(V − VpkC
m
) + Em

b = exp(––––––––––), (5)
kT

where Em, the mechanical energy per motor unit, was
calculated from the product of a, the unit areal change in
the lateral membrane motor, and Tm, the mean membrane
tension in the axial and circumferential directions,
determined from the law of Laplace. From Iwasa (Fig. 4,
1993) and Kakehata & Santos-Sacchi (Fig. 4, 1995), it is
known that 1 kPa intracellular pressure induces an OHC
longitudinal strain (ÄLÏL) of 0·07. Such a longitudinal strain
corresponds to a shift in VpkCm of 22·5 mV (Kakehata &
Santos-Sacchi, 1995), and can be accounted for by an
induced membrane mechanical energy of 1·2 kT according
to eqns (1a) and (5).

We model Em as being additionally voltage and time
dependent. The voltage-dependent characteristics match
those of OHC motility, and the time-dependent charac-
teristics accord with the time constants of OHC Cm

measurements. Depolarization, which drives the motors into
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a compact state, induces tension in the membrane. The
electro-mechanical model is implemented as follows.

The patch-clamped OHC is modelled electrically as an
electrode resistance (Rs) in series with a parallel combination
of a membrane resistance (Rm), linear capacitance (Clin) and
voltage-dependent capacitance (Cv) as defined above (see
Santos-Sacchi, 1993, for details). The electrical model
parameters are: Rs, 5 MÙ; Rm, 100 MÙ; Clin, 29 pF; Qmax,
2·3 pC; VpkC

m
, −50 mV; and z, 1. Voltage-dependent OHC

contraction, äL, is described by a two-state Boltzmann
function (Santos-Sacchi, 1991):

äLmax

äL = ––––––––––––––, (6)
−ze(V − VpkC

m
) + Em

1 + exp(–––––––––––)
kT

now including the additional mechanical energy term Em,
which is derived from the deformation-induced membrane
force (F).

Em = Fm ² ädm, (7)

Fm = FÏNcir, (8)

where Fm is the force per motor unit, determined by
dividing whole-cell membrane force (F) by Ncir, the number
of parallel motors along the circumferential dimension of
the OHC. ädm is the diameter change of the lateral
membrane motor.

The OHC lateral membrane is modelled as a parallel
combination of Maxwell (series combination of spring and
dash-pot) elements (standard 4-parameter Maxwell model;
Tschoegl, 1989) (inset in Fig. 7A). The equations describing
the mechanical model are:

dx �FÔ FÔ �Fµ Fµ
–– = –– + –– = –– + ––, (9)
dt ìÔ çÔ ìµ çµ

F = FÔ + Fµ, (10)

where the dot, e.g. in �FÔ, indicates differentiation with
respect to time, ìÔ and ìµ are the spring stiffness coefficients,
and çÔ and çµ are the dash-pot coefficients of viscosity.

The force induced by step deformation is a decaying double-
exponential function of time:

F = x[ìÔexp(−tÏôÔ) + ìµexp(−tÏôµ)], (11)

where:

ôÔ = çÔÏìÔ,

ôµ = çµÏìµ,

x = 0, t û 0,

x = 1, t > 0,

and the deformation of the model, x, is obtained from the
motility function äL(V). Maximum contraction, äLmax, is
set at 3 ìm (Santos-Sacchi & Dilger, 1988). The parameter
values of the mechanical elements are chosen to produce

maximal instantaneous voltage-dependent mechanical
energy (Em) of 1·2 kT, and to provide a double-exponential
time course for the relaxation of that energy which matches
the time course empirically determined in Fig. 5. The
mechanical parameter values which satisfy these conditions
are: ì1, 5·8 mN m¢; ç1, 0·35 mN s m¢; ìµ, 4·2 mN m¢;
and çµ, 5 mN s m¢. ädm is set to 0·5 nm and Ncir is 3000
(Santos-Sacchi, 1993). Notably, our model is of the plasma
membrane, since contributions by intracellular structures
have been dismissed. In this regard, our model differs from
classical treatments of the red cell membrane (e.g. Chien,
Sinu, Skalak, Usami & Tozeren, 1978) and a recent treatment
of OHC viscoelastic behaviour (see below; Ehrenstein &
Iwasa, 1996), since, in those analyses, cytoskeletal element
contributions were not ruled out. The model was evaluated
with the software package Simulink (Mathworks, MA, USA)
or hard-coded in C. Maximum force (F) generated with the
model is about 30 nN. This compares favourably with the
force determined from whole-cell stiffness measurements
(10 mN m¢ ² 3 ìm = 30 nN; Hallworth, 1996; Iwasa &
Adachi, 1997), or voltage-dependent force estimates
(0·1 nN mV¢ ² 200 mV = 20 nN; Hallworth, 1996; Iwasa
& Adachi, 1997). The stiffness coefficients for the membrane
spring components are also in good agreement with the
OHC membrane stiffness estimate (1 mN m¢) of Tolomeo,
Steele & Holley (1996); the values are greater than red blood
cell plasma membrane stiffness (10 ìN m¢; Skalak, Tozeren,
Zarda & Chein, 1973).

Figure 7 illustrates the results obtained from the model
when it is stimulated with the same voltage protocol used in
Fig. 5. The voltage-dependent mechanical energy which
develops is shown in the middle panel of Fig. 7A, and at
large voltage steps approaches instantaneous values of 1 kT,
followed by relaxations towards zero. The model was also
used to account for the data in Fig. 6A, indicating its
usefulness in describing prepulse effects. The similarity
between the capacitance of the model and OHC indicates
that tension developed by the voltage-driven molecular
motors residing within the lateral membrane can account for
the biophysical data.

Because of the correspondence between OHC capacitance
and motility, the length of the OHC is expected to mirror
the intrinsic tension-dependent changes in Cm. However, the
physiological significance of the link between membrane
potential and the voltage dependence of OHC capacitance
and motility is dependent on the magnitude and time course
of the phenomenon. The magnitude of VpkC

m
shift is

maximal in the physiological voltage range, showing a
voltage dependence of about 22 mV per e-fold change in
VpkC

m
. A step in membrane potential will produce not only a

very rapid change in cell length, but, in addition, a slow
length change as VpkC

m
shifts. Given the model parameters

used above, the ratio of slow length change to rapid length
change following a voltage step from the resting potential of
−70 mV is a bell-shaped function of step voltage, with a
maximum of about 0·2 at a voltage near the resting
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potential. An example of the mechanical response of the
model is shown in Fig. 8. This is a significant component of
the length change, and such a slow length change is
observable in records of OHC mechanical responses obtained
under whole-cell voltage clamp (Ashmore, 1987; Santos-
Sacchi, 1990, 1992).

The physical basis of the time course of VpkC
m
shift observed

here probably derives from viscoelastic elements within the
motor itself andÏor within the lipid bilayer. Alterations in
the mechanical properties of these structures may, therefore,
control the time course of the phenomenon. Nevertheless, the
double-exponential time course indicates that the mechanism
may only be significant at frequencies below about 3 Hz.
Even correcting for temperature effects (e.g. QÔÑ for OHC
gating charge kinetics is 1·5; Santos-Sacchi, 1990) will not
significantly increase the frequency response. However, such
slow effects may be utilized by the OHC medial efferent

system. The effects of the medial efferent system on the
peripheral auditory system encompass the time scales
reported here (Sridhar, Liberman, Brown & Sewell, 1995). It
is also to be expected that pathological states which cause
membrane potential alterations in the OHC, e.g. acoustic
overexposure (Cody & Russell, 1985), may evoke VpkC

m

shifts with attendant changes in the gain of OHC motility.
Since, normally, VpkC

m
is more depolarized than the OHC

resting membrane potential (Dallos et al. 1982; Santos-
Sacchi, 1991; Ashmore, 1992; Kakehata & Santos-Sacchi,
1995), a depolarizing shift in resting potential augmented
by a hyperpolarizing shift in the motility function should
increase mechanical gain, but reduce motor-generated non-
linearities; namely, DC and harmonic mechanical components
(Santos-Sacchi, 1993). In the peripheral auditory system,
where non-linearities are the hallmark of normal activity,
such interference with motility-based non-linearities may be
significant.
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Figure 7. Model results incorporating a voltage-induced
mechanical energy within the plasma membrane

A, the top panel shows the whole-cell capacitance induced by the
voltage stimulus in the bottom panel. Same voltage protocol as used in
Fig. 5. The middle panel shows the generated mechanical energy, Em.
Model Cm results are quite similar to the OHC Cm data of Fig. 5. Inset,
viscoelastic model of membrane, consisting of a parallel combination of
two Maxwell elements (series combination of spring and dash-pot). The
symbols ì1 and ìµ indicate the spring stiffness coefficients, and the
symbols ç1 and çµ indicate the dash-pot coefficients of viscosity.
B, onset (5 ms) and steady-state (1 s) Cm function as in Fig. 5B.
Continuous line fits for onset: Qmax, 2·94 pC; z, 0·81; Clin, 28·1 pF;
VpkC

m
, −65·1 mV. For steady state: Qmax, 2·42 pC; z, 0·95; Clin,

28·7 pF; VpkC
m
, −54·8 mV.

Figure 8. Predicted mechanical responses of the OHC to
voltage steps

Model results indicating the slow DC component attributable to
motor-induced membrane tension. Step voltage from −70 mV to
−50 mV.



Interestingly, Ehrenstein & Iwasa (1996) have observed
external, osmotically induced viscoelastic behaviour in the
intact OHC with a single time constant of about 40 s.
Within this time scale, tension induced by steady-state
membrane strain relaxes exponentially. This very slow time
course may suggest that the underlying mechanical elements
responsible for their observed viscoelastic behaviour are
distinct from those responsible for the VpkC

m
shifts observed

here. However, it should be noted that the apparent
viscosity of a medium may depend upon rate, duration and
magnitude of deformation (see Hochmuth, 1993). For
example, Chien et al. (1978) found that an increase in
duration of erythrocyte deformation from 2 to 20 s, caused
an increase in the time constant of recovery from about 110
to 260 ms. In this regard, the fast rate and small magnitude
of deformation induced by membrane voltage markedly
differ from those of the osmotic treatments of Ehrenstein &
Iwasa (1996).

Finally, it is noted that the VpkC
m
shift which is induced by

voltage-dependent motor activity underlies the existence
of both an instantaneous and a steady-state electro-
mechanical transduction function, as exemplified through
capacitance measurements (Fig. 5). This is somewhat
analogous to the instantaneous and steady-state stereociliar
mechano-electrical transducer functions which derive from
displacement-induced adaptation (Shepherd & Corey, 1994).
In each case, a time-dependent relaxation in a tension
produced by the appropriate physiological stimulus on a
membrane component (stereociliar channel or OHC motor)
will effectively result in a repositioning of the cell operating
point along the corresponding transduction function.
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Fast Electromechanical Amplification in the Lateral Membrane
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ABSTRACT Outer hair cells provide amplification within the mammalian cochlea to enhance audition. The mechanism is
believed to reside within the lateral membrane of the cell that houses an expansive array of molecular motors, identified as
prestin, which drives somatic electromotility. By measuring nonlinear capacitance, the electrical signature of electromotility, at
kilohertz rates we have uncovered new details of the early molecular events that arise from voltage perturbations of prestin.
We show that dynamic changes in motor state probability occur within the kilohertz range, and signify an amplificatory event.
Additionally, we show a lack of effect of Cl driving force, an absence of cell length effect (indicating that the kinetics does not
vary across auditory frequency), and the first demonstration of the time dependence of tension induced amplificatory shifts.
The process we have identified, where the stimulus-response function shifts in time along the stimulus axis in a multi-exponential
manner, bears similarities to those components of adaptation found in the OHC stereociliar transducer identified recently. As with
the forward transducer, the speed of the reverse transducer amplificatory event consequently impacts on high frequency periph-
eral auditory processing.
INTRODUCTION

The hallmark of mammalian cochlear amplification is

a mechanical nonlinearity that is thought to arise from the

mechanical activity of outer hair cells (OHC). There are two

key nonlinear electro-mechanical systems in OHCs, the ster-

eocilia forward transduction apparatus and lateral membrane

reverse transduction apparatus. Each is considered a potential

powerhouse for cochlear amplification. These systems trans-

duce acoustically derived electrical energy back into mechan-

ical energy that must finally feedback into the organ of Corti to

provide an enhanced drive to the inner hair cells (IHC), which

predominately control eighth-nerve afferent activity.

The favored mechanism for fast stereocilia feedback corre-

sponds to events underlying a Ca-dependent adaptation of the

hair cell’s receptor current (1,2). Owing to tension depen-

dence of the stereocilia channel, insight into channel open/

closed state probability derives from inspection of the cell’s

nonlinear receptor current-bundle displacement (I-X) or

conductance-displacement (G-X) relationship, which quan-

tifies the activity of the channels’ tension sensors. Positive

tension increases the probability that the channels will reside

in the open state. During a step bundle displacement, fast

adaptation apparently results from the influx and binding of

Ca ions to a component of the unidentified transduction

channel, somehow closing the channel. At the channel popu-

lation level, the process is observed as a shift of the channels’

Boltzmann distribution along the stimulus axis in the same

direction (polarity) as the stimulus (bundle displacement).
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Thus, the process of opening transduction channels tends to

close those same channels in a time-dependent manner, and

the process has been shown recently to operate at the submilli-

second timescale (kHz range) in OHCs (3). The resultant,

channel-induced bundle movements may provide feedback

into the auditory end organ.

The OHC lateral membrane motor, recently identified as

prestin (4), is voltage dependent, and has been known for

some time to work effectively in the kilohertz range (5,6).

One popular model posits that the integral lateral membrane

motors fluctuate in area between two states, contracted and

expanded, just as bundle channels fluctuate between closed

and open states (7,8). Owing to the motor’s voltage depen-

dence, insight into motor state probability derives from

inspection of the cell’s nonlinear charge-voltage (Q-V) or

capacitance-voltage (C-V) relationship, which quantifies the

activity of the motors’ voltage sensors (9,10). Depolarization

favors the contracted state. Prestin presents a behavior some-

what akin to, but notably different from the bundle adaptation

process. That is, during a step voltage stimulus there is a shift in

the motors’ Boltzmann distribution along the stimulus axis,

but unlike bundle adaptation, the shift is of opposite polarity

(11). A negative voltage step will shift the distribution in the

positive direction, and visa versa. This necessarily leads to

an amplification of the mechanical response, because, for

example, the shift caused by a hyperpolarizing voltage stim-

ulus results in an accompanying, time-dependent augmenta-

tion in the number of motors in the expanded state at the

new voltage (see Fig. 2). Thus, the voltage-dependent process

that causes motors to expand tends to recruit more motors into

the expanded state, whereas the process that contracts motors

tends to recruit additional motors into the contracted state.

Whereas the OHC motor can be driven between states at
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frequencies in excess of 80 kHz (6), the fastest component of

the amplificatory shift was shown previously to be ~70 ms

(11), a timescale well below the kilohertz requirements for

an influence on cochlear amplification. We show that just as

previous measures of bundle adaptation kinetics were and still

may be compromised by the technical problems inherent in

studying acoustic rate events (3), our previous measures of am-

plificatory kinetics were underestimated. We now find compo-

nents of the amplificatory shift that operate at submillisecond

timescales, establishing the significance of this phenomenon

in high frequency auditory processing. Additionally, we inves-

tigate the influence of Cl� anions, a recently identified key

player in OHC motor activity (12,13), and membrane tension

on this amplificatory mechanism.

METHODS

Guinea pigs were decapitated after anesthetic overdose with halothane.

Outer hair cells were freshly isolated from the guinea pig cochlea using

Dispase (1 mg/ml) followed by trituration, and were whole-cell voltage

clamped at room temperature using an Axon 200B amplifier. Membrane

voltages were corrected for the effects of residual series resistance, which

ranged from 3–5 MU. Ionic blocking solutions were used to remove

voltage-dependent ionic conductances so that capacitive currents could be

analyzed in isolation (10). Extracellular solution included: 100 mM NaCl,

20 mM TEA, 20 mM CsCl, 2 mM CoCl2, 1.48 mM MgCl2, 2 mM CaCl2,

10 mM HEPES, and 5 mM dextrose, adjusted to pH 7.2 with NaOH, and

adjusted to 300 mOsm with dextrose. Pipette solution included: 140 mM

CsCl, 10 mM EGTA, 2 mM MgCl2, and 10 mM HEPES, adjusted to

pH 7.2 with CsOH, and adjusted to 300 mOsm with dextrose (used in

Figs. 1 and 3–5). In some cases, TEA, CsCl, CoCl2, CaCl2, and MgCl2
were omitted (Figs. 6–8). Gluconate was used to replace chloride (Fig. 6).

In some experiments, the extracellular solution was used in patch electrodes.

In a few experiments, 50 mM GdCl3 was included in the extracellular

solution to decrease residual currents. At this concentration, gadolinium

has an insignificant affect on OHC capacitance (14).

To deliver rapid changes in membrane tension, we used a pressure clamp

system from ALA Instruments (Westbury, NY). Pipette tip diameters were

increased in size for these experiments (~1 MU).

Outer hair cell capacitance was measured with a continuous high-resolu-

tion two-sine voltage stimulus protocol (20 mV peak at both f1 and f2; f2 ¼
2 � f1; f1 ranging up to 3906.3 Hz), and subsequent FFT based admittance

analysis (11,15). These small, high frequency sinusoids were superimposed

on voltage steps and sinusoids that spanned up to �200 mV.

Outer hair cell C-V plots were fitted with the function Cm ¼ Clinþ Cv,

where Clin is the voltage-independent (linear surface area component) capac-

itance of the lipid bilayer, and Cv ¼ dQnonL/dV is the voltage-dependent

component of Cm originating from prestin voltage-sensor activity. The first

derivative with respect to Vm of a two-state Boltzmann function Q ¼ Qmax/

(1 þ exp(�ze(Vm � VpkCm)/kBT)) was used to fit the C-V data (10). Qmax is

total charge moved. The measured apparent valence of prestin voltage-

sensor (z) is defined as z ¼ q � d, where d is a normalized perpendicular

projection of distance traveled by the voltage sensor charge (q) within the

plasma membrane field. VpkCm is the membrane potential (Vm) at which pres-

tin molecules are distributed equally between expanded and contracted

states. It corresponds to the peak of the Cv function.

All data collection and most analyses were carried out with an in-house

developed Window’s based whole-cell voltage clamp program, jClamp
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(www.scisoftco.com), using a Digidata (Axon, CA) 1320 board. MATLAB

(The MathWorks, Natick, MA) or SigmaPlot was used for fitting the Cm data.

RESULTS

Voltage steps from a holding potential ofþ50 mV (Fig. 1 C),

a potential chosen because it is in a near-linear region of the

OHC Q-V function, induce changes in whole cell current and

capacitance (Fig. 1, A and B). The change in steady state

current is a monotonic function of voltage (in this case,

residual unblocked currents largely representing the activity

of GmetL (13) (Fig. 1 E), whereas capacitance is a bell-shaped

function of voltage (Fig. 1 D). Membrane current noise

increases with hyperpolarization level due to activation of

membrane conductances, reaching a maximum at the most

hyperpolarized level of �150 mV. On the other hand,

membrane capacitance noise peaks near the voltage at peak

capacitance (Vpkcm). This likely results from the cresting

chatter of prestin transitions between compact and expanded

states at that voltage, because for a molecule that fluctuates

between two states, variance of activity will be maximal

when state probability is 0.5. Both channel current noise

and gating shot noise analyses have been used to garner

single channel characteristics (16–18). For the OHC, NLC

noise, which is analogous to shot noise, should peak when

motor state probability is half, i.e., where NLC is maximal.

As far as other possible contributors to the generation of

OHC capacitive noise, because the mechanical compliance

of the lateral membrane (analogous to behavior hair bundle

compliance (19)) is maximal at the midpoint voltage (Vpkcm)

of the Boltzmann (20), the membrane embedded motors

might be more susceptible to mechanical and/or thermal

noise influences. It has been shown that motors are quite

sensitive to mechanical and thermal perturbations (21–24).

Time-dependent changes in the magnitude of Cm (DCm) at

a fixed step occur because the C-V function shifts along the

voltage axis as a result of changes from initial voltage condi-

tions (Fig. 1 A). Fig. 2 illustrates a mechanistic account of the

observation, and is discussed later. As a methodological

control, Dieters’ cells, supporting cells from the organ of

Corti, were tested. No time-dependent changes in capacitance

are observed during step changes in voltage (data not shown).

In our original work on this time-dependent phenomenon,

double exponential fits to DCm were made (11)

DCm ¼ Cm

�
t
�
¼ C0 e�t=t0 þ C1 e�t=t1 þ Coff ; (1)

where C0 and C1 are the magnitudes of each of the compo-

nents of the exponential time courses t0 and t1, respectively.

Coff is an offset, the cell’s linear capacitance, required for

fitting purposes. An example is shown in Fig. 3 A, using a

Cm sampling rate (f1) of 195 Hz, used previously. However,

Fig. 3, B and C, shows that the double exponential is not as

accurate as the stretched exponential fitting function (25),

DCm ¼ Cm

�
t
�
¼ C0$e½�ðt=tÞ1=h� þ Coff ; (2)
where meanings are as above, and h is an indicator of non-

homogeneity in the time course of change, the value of 1

reducing to a single exponential distribution. Residuals of

the double exponential fit, especially at early times, are larger

than those of the stretched exponential fit. The stretched

exponential approach has been used to characterize complex

relaxations in proteins where the discrete assumptions of

single or multi-exponential processes may not hold (26). It

can be useful when component rates of a phenomenon are

not stationary in time, or when a phenomenon could present

multiple components if looked at over a wider timescale. For

example, because the apparent viscosity of a medium may
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depend on rate, duration and magnitude of deformation, such

stimulus dependence could be better assessed by a more

dynamic fit. Although this type of fitting procedure may be

especially important when an extended time course of DCm

is inspected, if we focus our attention on short initial time

segments during a step in voltage, a double exponential

proves adequate to show the fast kinetics of DCm (Fig. 4).

To resolve faster components of DCm, sampling frequency

was extended to 1.9–3.9 kHz, and step durations were

restricted below 100 ms. By increasing sampling frequency

from 0.196 to 1.95–3.9 kHz, a significant enhancement in

the resolution of early events is obtained, simply because

sampling begins at 256 or 512 ms, rather than 5.12 ms after

the onset of the voltage step. Because typically the first few

points are discarded because of the transient current response

contamination of the FFT, most of our older data (11) were

obtained after an initial delay of >10 ms, having clearly

biased the analysis toward slower components of DCm.

Fig. 4 A illustrates this enhancement in resolution over our

previous measurements (11). Fig. 4 B shows the DCm

response to a 20-ms step voltage where fits to either a

stretched exponential or a double exponential were made and

the residuals plotted. Each seems adequate (SE ¼ 0.0326 vs.

0.0337 pF, respectively). The stretched fit gives a time

constant of 1.2 ms and h value of 2.2. The first component

of the double exponential is well below 1 ms, and the second

is an order of magnitude larger (t0: 0.57 � 0.142; t1: 6.38 �
1.22 ms; A0: 1.61 � 0.3, A1: 1.7 � 0.41 pF, n ¼ 6). These

data indicate that early components of the amplificatory shift

work in the kilohertz range.

The time course of DCm, and consequently, the shift in

Vpkcm, is dependent on voltage step magnitude (Fig. 5).

Because the clamp time constant (tclamp) will depend on

the step potential when recording from OHCS, as it depends

on the sum of linear- and voltage-dependent capacitance, Cm

Biophysical Journal 96(2) 739–747
(tclamp ¼ Rs � Rm/(Rs þ Rm) � Cm), the time course of

capacitance shift was determined at the termination of the

voltage step when the holding voltage was reestablished

(tail capacitance; Fig. 5 A, inset). The greater the voltage

change the faster was the amplificatory shift. This voltage

dependence could be due to a variety of voltage-dependent

phenomenon in the OHC that may affect prestin, including

membrane tension, membrane stiffness (as it can influence

tension effects), or transmembrane chloride movements.

Chloride is a major player in prestin activity (12,13,27),

and has been shown to permeate the OHC lateral plasma

membrane under the control of membrane voltage and

tension (13). Because chloride can shift the voltage depen-

dence of NLC (13,28), it is conceivable that chloride influx

during step changes in membrane potential could shift

Vpkcm in a time-dependent manner. However, inspection

of currents and capacitance simultaneously evoked by

voltage steps (Fig. 1) indicates no correspondence of the

two in time. Instead, it is possible that the time course of

accumulation or removal of subplasmalemmal intracellular

chloride may be the important factor. To evaluate this

possibility, we varied the chemical driving force for Cl by

changing the concentration of extracellular Cl� (1, 10, or

140 mM), while using either normal pipettes with 10 mM

intracellular Cl� or perforated patch pipettes to maintain

normal low intracellular Cl� concentrations of ~10 mM

(27). These manipulations produced neither significant

changes in the magnitude nor the time course of the ampli-

ficatory shift (Fig. 6). These data indicate that Cl� in and of

itself does not contribute to the timing of the amplificatory

process, leaving the possibility that mechanical events, e.g.,

membrane tension, within the OHC membrane might influ-

ence the generation of the shift. We had previously modeled

the shift as resulting from relaxations of motor induced

membrane tension (11).



The voltage-induced deformations of the lateral membrane

must be influenced by the mechanical properties of the cell;

for example, the stiffness of the OHC varies with cell length

A

B

FIGURE 4 Early components of the amplificatory shift are shown with

a faster Cm sampling rate. (A) Cm relaxations measured in the same cell in

response to a voltage step from þ50 mV to �150 mV. Top trace was

sampled at 1.96 kHz and bottom trace (shifted down for visibility) was

sampled at 196 Hz. Early components are evident with fast sampling. (B)

Example of Cm relaxation (averaged traces, n ¼ 9) in response to 20 ms

voltage step from þ50 to �150 mV at a Cm sampling frequency of 3.9

kHz. In this case a double exponential fit and stretched fit provide equally

good fits as indicated by residuals. For six cells, t0: 0.57 � 0.142 t1: 6.38

� 1.22 ms; A0: 1.61 � 0.3, A1: 1.7 � 0.41 pF.
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(30) and whole cell stiffness (that is additionally voltage

dependent (31)) might feedback into the active mechanics

of the lateral membrane. To see if cell stiffness can influence

the shift, we tested whether cell length correlates with the time

course of the shift. Fig. 7 shows that cell length does not influ-

ence the time course of the amplificatory shift.

Finally, we tested whether rapid changes in membrane

tension, which are expected to produce rapid changes in motor

state probability (21,22,24), can mimic or interact with the

voltage induced amplificatory shift. Fig. 8 shows that rapid

changes in membrane tension at a fixed voltage shifts Vpkcm

in a time-dependent manner, mimicking to some extent the

Cm relaxations induced by step voltage changes. The examples

shown are two of the best cells obtained in over 30 cells studied.

An example of the OHC strain associated with a pressure step

(black solid trace) is depicted in Fig. 8 A, and shows that the

major strain occurs at the onset of the pressure delivery to the

cell. In Fig. 8 B, before step changes in pipette pressure,

a voltage ramp (denoted by the numeral 1) was delivered to

measure Vpkcm. Subsequently, a step in pressure was delivered

and after 2 s another voltage ramp (2) was delivered to gauge the

shift in Vpkcm. Finally, a voltage step from 0 to �50 mV was

delivered to observe the voltage-induced Cm relaxation at the

stepped pressure. The protocol was repeated after a minute

wait for recovery. In this manner, pressure steps up to 2 kPa

were delivered. The lowest pressure step depicted (Fig. 8 B,

black line) produced no response because cellular material in

the pipette tip obstructed flow. With increasing pressures it

can be seen that the pipette unplugged at decreasingly shorter

times after onset of the pressure step (red, green, dark green,

blue, and purple). The last pressure pulse (purple) caused the

cell to burst at ~1.75 s after onset. The shift in Vpkcm and changes

in z are plotted in Fig. 8, C and D. The reduction in z may corre-

spond to the restricted movements of charge that Adachi and

Iwasa (33) found on extreme inflation of the trypsinized

OHCs. In general, the effects of rapid pressure changes corre-

spond to analogous step changes in voltage; however, the

time course of the shifts (compare relaxations due to pressure

alone versus the additional voltage step (3)) is slower for pres-

sure changes. One caveat is that intracellular pressure may not

be as constant as membrane voltage because OHC strain

changes slightly during the constant pipette pressure pulse.

DISCUSSION

By measuring OHC nonlinear membrane capacitance at sub-

millisecond resolutions, we have examined the early time

course of the dynamic response of the OHC motor to precon-

ditioning membrane voltages and tensions. We show for the

first time that this time course is multi-exponential, with the

earliest detectable components residing in the kilohertz range,

thereby establishing the phenomenon’s potential significance

in peripheral auditory processing of the mammal. These

effects actually extend well into the low frequency range, as

well; indeed, altering steady state resting potentials can stably

Biophysical Journal 96(2) 739–747
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set the operating point of electromotility to different points

along the voltage axis.

Our data, although measuring whole cell capacitance,

actually provide insight into the initial condition-dependent

conformational states of the motor protein, prestin. As such,

the correspondence between voltage-induced DCm and motor

state probability can be extracted from the data of Fig. 1, as

schematized in Fig. 2. Thus, for voltage steps to potentials

positive to Vpkcm (Fig. 2 A, a / b), the magnitude of Cm

increases during the step duration, because the rising side of

the C-V function moves to the right and the shift eventually

halts at a point where capacitance is now larger at the step

potential. For steps to potentials negative to Vpkcm (Fig. 2 A,

a / c), the magnitude of Cm decreases during the step dura-

tion, because the falling side of the C-V function moves to the

right and the shift halts at a point where capacitance is now

lower at the step potential. Although capacitance may

increase or decrease (Fig. 2 B), both correspond to a unidirec-

tional change in motor state probability, as a conversion of

capacitance to gating charge would show. Consequently,

depolarizing voltages, in addition to causing a near instanta-

neous redistribution of motors to the compact state, will foster

a supplemental recruitment of additional motors into that

state, leading to an amplification of the initial response. The

same amplification effect holds for hyperpolarizing voltages,

where recruitment of motors will be into the expanded state.

To reiterate, when OHC holding potential is stepped to a

negative potential and maintained there, there will be a shift

in the motor state probability function in the opposite direc-

tion to positive potentials. The initial voltage step to a negative

potential will immediately cause a set of motors to move to the

expanded state. When the motor state probability function

moves to positive potentials, at the fixed holding potential

more motors will enter the expanded state because the new

probability at the fixed holding potential dictates it. From

this, it is easy to predict the distortion in the mechanical

response that will arise, distortion being the hallmark of

mammalian cochlear amplification (34).

It should be emphasized that the amplificatory shift that

occurs in the Boltzmann function does not predict a high

pass response. In contrast, it is a process that rapidly follows

the instantaneous change in motor state probability initiated

by a step voltage, and continues over the stretched exponen-

tial time course we have described, reaching maximum at

steady state. Thus, it is a low pass response where motors

are recruited into the same state initially evoked by the onset

of the voltage stimulus. We previously modeled the expected

response (11), which we and others have observed in OHC

mechanical responses. The multi-exponential amplificatory

response dictates that the phenomenon will have impact in

the acoustic frequency range. To be sure, the most important

frequency range for humans is that of the speech frequencies

(500–2000 Hz).

Although anions play a major role in NLC generation, our

results indicate that modifying the driving force for chloride

movement across the OHC lateral membrane through GmetL
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(13) does not modify the extent or time course of the ampli-

ficatory shift. This is in marked contrast with the effects of

altering the driving force for Ca2þ on stereociliar adaptation

(3). Reducing the entry of Ca2þ through the stereociliar

channels can remove the tension-induced shift in the forward

transducer function along the stimulus axis. Thus, parallels

between the two mechanisms (apical stereociliar and lateral

prestin motor) are not tight. It should be noted that although

driving force for chloride did not significantly affect the

amplificatory shift of the motor, the interactions of anions

with the motor may still play a role. In this regard, we

have found recently that the state probability of prestin influ-

ences anion binding affinity (L. Song and J. Santos-Sacchi,

unpublished), and that even if concentrations remain the

same at the intracellular binding sites of prestin, changes in
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binding site affinity, as can occur with allosteric modulation,

could alter energy profiles, resulting in Vpkcm shifts. We are

exploring such possibilities currently.

Since the initial observations of Iwasa (21), membrane

tension effects on the OHC motor have provided important

information on surprisingly efficient piezoelectric activity

of this protein (35). Because membrane tension can shift

Vpkcm and, indeed, in extreme applications, restrict confor-

mational activity (33), we had modeled the voltage-induced

amplificatory shift as resulting from motor induced tension

(11). In this study we attempted to directly test this by

applying rapid changes in membrane tension and seeking

Cm relaxations that mimic those induced by voltage steps.

Although there are indications of Cm relaxations after rapid

tension changes, the time courses of voltage-induced and

tension-induced Cm relaxations differ, tension effects being

slower. It is possible that during our attempts to alter

membrane tension through global changes in OHC structure
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we may have been restricted by the viscoelastic properties of

the whole cell. For example, Ehrenstein and Iwasa (36)

found that mechanical relaxations in the OHC have a time

constant on the order of 40 s. However, because the fastest

Cm relaxation time constants that we found with pressure

steps were ~2 orders of magnitude faster than their measured

time course, our pressure clamp driver seems to have been

quite successful in overcoming this mechanical impediment.

We suggest that tension induced by the molecular motors

themselves can better bypass this viscoelastic constraint,

thereby providing more rapid tensions to evoke fast amplifi-

catory shifts. Thus, we still view motor-derived membrane

tension, possibly through alterations of anion binding

affinity, to underlie voltage-induced amplificatory shifts.

Nevertheless, as we have shown previously, the membrane

environment of prestin can have profound effects on the

magnitude and time course of the amplificatory shift (37).

In summary, we show remarkably fast changes in the

Boltzmann distribution of prestin motor states induced by

initial voltage conditions. The shifts along the voltage axis

represent amplificatory supplementation to the voltage-

induced mechanical response of the cell, and it is expected

that this phenomenon will impact on high frequency periph-

eral auditory processing.

This study was supported by the National Institute on Deafness and Other

Communication Disorders grant DC00273 to J.S.S.
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Abstract Recently, we identified an outer hair cell (OHC)
lateral membrane conductance, GmetL, that colocalizes with
prestin and passes Cl−, thereby influencing prestin’s
(SLC26A5) electromechanical activity. In this study, we
report on a comparison of the temperature and tension
dependence of GmetL and prestin. Though we find signif-
icant temperature and tension dependence of each,
substantial differences exist which indicate their indepen-
dent identity. The following data support this conclusion:
(1) The voltage dependence of GmetL does not follow that
of prestin’s nonlinear capacitance (NLC) function when the
latter is shifted by either temperature or membrane tension;
(2) Unlike native OHCs whose NLC can be modulated by
influx of extracellular Cl−, prestin-transfected Chinese
hamster ovary (CHO) cells do not show this phenomenon;
(3) Stretch-sensitive, single channel currents are not
evidenced after prestin transfection in CHO cells; and (4)
There is no correlation between prestin expression level
(gauged via NLC) and transmembrane current through
GmetL. Thus, GmetL must result from the activity of another
molecular species within the lateral membrane of the OHC.
A clue to its identity is the conductance’s nonlinear
temperature dependence in contrast to prestin and other

OHC conductances’ linear dependence. Whereas K+

conductances in OHCs present a uniform Q10 close to
1.2, GmetL shows a bimodal Q10, with a Q10 of 1.5 below
34°C and a Q10 of greater than 4 and above. The
dissociation of SLC26A5 (prestin) and GmetL theoretically
provides for a modifiable anionic feedback to prestin via
the degree of spatial separation between these interacting
partners within the OHC lateral membrane.

Introduction

The outer hair cell (OHC) lateral membrane motor, prestin
or SLC26A5 [15, 27, 31], is thought to underlie the
mammalian cochlear amplifier [14], and intracellular
chloride is known to influence its activity [19, 21, 29].
This motor activity, measured either as a length change of
the OHC or as an associated nonlinear capacitance (NLC),
has been modeled successfully as a two-state Boltzmann
process, with depolarization driving the motor into the
compact state [10, 22, 23]. Recently, we discovered a
stretch/voltage sensitive conductance (GmetL) that nonse-
lectively passes small cations and anions through the OHC
lateral membrane [21]. Furthermore, the intracellular
accumulation of chloride via this conductance strongly
influences prestin activity, increasing the probability of
prestin being in the compact state. We found no indication
of a conductance similar to GmetL in isolated neighboring
Deiters’ cells, which lack prestin.

GmetL shares some properties of prestin, namely, its
restricted location within the lateral membrane, tension
dependence, and modulation by Cl− channel blockers [21].
In this regard, it is well established that some transporter
family members actually underlie ionic conductances,
including, for example, cystic fibrosis transmembrane
conductance (CFTR) [8], the sodium/bicarbonate cotrans-
porter, NBCn1 [4], and the glial glutamate transporter
EAAT2 [20]. In fact, recently, another SLC26 family
member, SLC26A7, has been shown to function as a
chloride channel that is regulated by pH [13]. It is in-
teresting to note, whereas SLC26A7 chloride currents are
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blocked by DIDS, that GmetL is actually enhanced by DIDS
[21], similar to the Na current associated with NBCn1
expression [4]. It is conceivable that GmetL could result
from either the expression of prestin itself or through other
proteins within the lateral membrane. In this study, we
analyze the temperature and tension dependence of GmetL

and prestin, thereby allowing us to determine whether
prestin activity results in or influences Cl− movements
through membranes expressing this protein. Our data
indicate that the molecular identity of GmetL is distinct from
prestin, providing insight into their feedback capabilities.

Materials and methods

General

Guinea pigs were killed with halothane inhalation overdose
in accordance with an approved protocol from Yale
University’s Animal Use and Care Committee. OHCs
were freshly isolated from the adult guinea pig organ of
Corti by sequential enzymatic (dispase 0.5 mg/mL) and
mechanical treatment in Ca-free medium. Currents and
capacitance from voltage-clamped cells were recorded at
room temperature or at other temperatures (set by a Peltier
device controlling the perfusion chamber) using an Axon
200A or 200B amplifier, Digidata 1321A or NI PCI-6052E
board (Axon Inst., CA, USA; National Inst., USA), and the
software program jClamp (Scisoft, CT, USA). To limit
interfering K+ conductances, the base intra- and extracel-
lular solution was NaCl or TrisCl 140–150, CaSO4 2.5,
MgSO4 1.2, HEPES 10, pH 7.2, 300 mOsm. Chloride
substitutions were made with malate. For K+ current
studies, intracellular solutions were made with KCl.
Solutions were delivered to individual cells by Y tube
during continuous whole bath perfusion of base extracel-

lular solution. Series resistance effects were corrected
offline. Currents were monitored at the fixed holding
potential stated in the figure legends. Evaluations of gerbil
prestin were made in Chinese hamster ovary (CHO) cells.
Transient cotransfection was achieved as described pre-
viously [16], with cotransfection of GFP. Data are
presented as mean±SE.

Nonlinear capacitance

Nonlinear membrane capacitance was evaluated using a
continuous high-resolution (2.56 ms sampling), two-sine
voltage stimulus protocol (10 mV peak at both 390.6 and
781.2 Hz), with subsequent fast Fourier transform-based
admittance analysis as fully described in Santos-Sacchi et
al. [24, 26]. These high-frequency sinusoids were super-
imposed on voltage ramps. To avoid capacitive current
contamination (influenced by the cell’s voltage-dependent
capacitance) of ImetL, we used ramps of 1 s duration. Peak
nonlinear capacitance was determined by subtracting linear
capacitance. C–V data were fit with the first derivative of a
two-state Boltzmann function and a constant representing
the linear capacitance [22],

Cm ¼ Qmax
ze

kT

b

1þ bð Þ2
þ Clin

b ¼ exp
�ze Vm � Vpkcm

� �
kT

� �
(1)

where Qmax is the maximum nonlinear charge moved,
Vpkcm is voltage at peak capacitance or half maximal
nonlinear charge transfer, Vm is membrane potential, Clin is
linear capacitance, z is apparent valence, e is electron
charge, k is Boltzmann’s constant, and T is absolute
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temperature. A phenomenological equation was devised to
fit the sigmoidal Vm dependence of I metL, providing
estimates of the midpoint voltage (Vh) of its operating
voltage range, which were then compared with the midpoint
voltage, Vpkcm, of the simultaneously recorded NLC.

I ¼ A � dV � exp dVj j
�
b

� �
þ off (2)

where A is current amplitude, dV=Vm−Vh, b is a slope factor,
and off is an offset.

Single channel recoding

Prestin-transfected CHO cells and controls were tested for
the occurrence of stretch-activated single channel currents.
Forty control CHO cells and 55 CHO cells transfected with
normal prestin-yellow fluorescent protein were recorded
by cell-attach configuration. Some of them were also re-
corded by inside-out configuration. Patches were made
over fluorescent hot spots. Bath solution (mM): 140 NaCl,
2 MgSO4, 2 CaSO4, 10 HEPES; pipette solution (mM):
140 NaCl, 2 MgSO4, 2 CaSO4, 10 EGTA, 10 HEPES
pH 7.2, 300 mOsm.

Results

NLC capacitance in the OHC is a shallow function of
voltage (Fig. 1). The magnitude- and voltage-operating
range is highly dependent on intracellular chloride levels
but is also dependent in the native OHC on extracellular
chloride which passes through a lateral membrane conduc-
tance. Figure 1a shows that, in the presence of low
extracellular chloride (1 mM), washout of intracellular
chloride with low chloride containing patch pipette
solutions shifts NLC to depolarizing levels and decreases
its peak magnitude. After reaching steady state, the intro-
duction of normal extracellular chloride levels (140 mM)

restores NLC. This restoration is a consequence of a
gradient-driven, lateral membrane chloride current, ImetL,
that has a V-shaped conductance, GmetL, and has been
shown to be charge nonselective [21]. Fitting the slope
conductance of the GmetL defines a midvoltage (Vh), where
conductance is minimal, and establishes an operating
voltage range which can be compared to that of NLC
measured in the same cell. To determine whether the
underlying molecular structure, prestin, which is respon-
sible for NLC generation, also fosters GmetL, we simulta-
neously compared Vh and Vpkcm, under conditions where
Vpkcm is known to change.

First, we altered bath temperature (from 25 to 40°C),
which has been shown to shift Vpkcm in the depolarizing
direction [17, 25]. Figure 2 shows that whereas the
operating voltage range of prestin is altered by temperature,
shifting about 1 mV/°C, that of GmetL is little affected.
Second, we changed intracellular turgor pressure to alter
tension on the OHC membrane. As expected, increasing
turgor pressure shifted Vpkcm to depolarizing levels [6, 9,
11, 27] (Fig. 3); however, the voltage-operating range of
GmetL is unaffected. These observations were confirmed in
more than five OHCs. Finally, we directly tested whether
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prestin transfection in nonauditory cells results in the
generation of a chloride conductance in addition to NLC.
We previously showed that prestin targets the plasma
membrane and generates NLC in CHO cells [18]. Now, we
find that, as with OHCs in the presence of low extracellular
chloride (1 mM), washout of intracellular chloride with low
chloride containing patch pipette solutions shifts NLC to
depolarizing levels and decreases its peak magnitude
(Fig. 4). However, unlike native OHCs, the introduction
of normal extracellular chloride levels (140 mM) fails to
restore NLC. The degree of reduction in NLC during

washout of chloride is dependent on the substitute anion.
For malate, NLC decreases nearly fully (Fig. 4a); however,
with gluconate as substitute, about 30% NLC remains
(Fig. 4b), similar to what we find in OHCs [21, 29]. For
either substitute anion, however, the subsequent reintro-
duction of high extracellular chloride does not increase
NLC. Similar experiments carried out with gramicidin
patches to eliminate pipette washout of chloride near the
inner aspect of prestin gave the same results (Fig. 5a). On
the other hand, when we increased intracellular chloride via
the patch pipette after gramicidin patch rupture or when we
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reintroduced chloride via whole-cell pipette backfill after
intracellular washout, NLC increased or recovered, respec-
tively. We also compared prestin activity (Qmax) to GmetL

activity (ImetL at −70 mV in symmetrical 140 Cl solutions)
to see if there was a correlation between the two (Fig. 5b).
In either CHO cells or OHCs, the activities were
uncorrelated. In addition, we searched for stretch-depen-
dent, single channel activity that might have arisen
following prestin expression in CHO cells and found
none (Fig. 6). Taken together, our data show that prestin is
not responsible for the chloride conductance, GmetL, found
in OHCs.

Finally, though we found no change in the voltage-
operating range of GmetL with temperature (Fig. 2), ImetL

magnitudes at −70 mV were bimodally temperature
sensitive. Figure 7 shows that below about 34°C, the Q10

value was 1.58 (open circles, inset), but above that
temperature, Q10 was 4.22 (closed circles). In comparison,
in the absence of ionic-blocking solutions, K+ currents at
+30 mV (steady holding level) in OHCs (triangles) show
Q10s of less than 1.3.
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Discussion

GmetL is partially blocked by a few stretch-channel
blockers, including gadolinium, tamoxifen, and quinine
but is resistant to a host of other channel and transporter
blockers [21]. Although the molecular identity of GmetL

remains unknown, it is clear that GmetL and prestin share
some characteristics, including restriction to the lateral
membrane and sensitivity to chloride channel blockers
(e.g., niflumic acid). One possibility is that GmetL arises
from prestin itself, just as SLC26A7 underlies a chloride
conductance [13]. Here, because we hypothesized that
GmetL could arise from the conformational activity of
prestin, we surmised that modulating prestin’s voltage
dependence with temperature and pressure would necessa-
rily affect GmetL’s voltage dependence if the foregoing
premise were true. To test whether prestin produces the
OHC conductance or whether prestin somehow gates this
conductance (possibly via a prestin-induced mechanical
activation), we monitored characteristics of GmetL while
modulating NLC with established techniques, including
manipulations of turgor pressure and temperature, to see if
each is similarly affected. In addition, we determined
whether transfection of prestin into nonauditory cells
induces a chloride conductance. The absence of a corre-
spondence between the voltage-operating range of NLC
and of GmetL in OHCs and an absence of significant Cl−

flux in prestin-transfected cells lead us to conclude that
each is independent. This conclusion is further established
by the absence of a correlation between Qmax and ImetL

magnitudes in CHO cells and OHCs, and the absence of
induced, stretch-dependent single channel activity in
prestin-transfected CHO cells.

Another indication of the distinct nature of the two
lateral membrane components is the temperature effects we
observe on each. Though each is temperature sensitive, a
clear breakpoint in sensitivity is evidenced for GmetL,
where the conductance markedly changes its behavior as a
characteristic temperature is crossed; NLC, on the other
hand, is monotonically responsive to temperature, and this
additionally indicates that possible phase transitions within
the lateral membrane do not occur. That is, temperature has
its effects on the protein structures underlying NLC and
GmetL, not the membrane environment. This is not to say
that temperature cannot affect prestin via the lipid bilayer,
as we have shown that lipid reactive agents and, indeed,
temperature can alter the kinetics of voltage- (prepulse)
induced shifts in the motor’s Boltzmann function along the
voltage axis [28].

It is of interest that the temperature dependence of GmetL

points to a molecular structure whose conformation is
switched at a threshold temperature. Again, the absence of
such a threshold phenomenon in the K+ currents of OHCs
argues against a nonspecific influence on the membrane.
This type of behavior is reminiscent of some temperature
sensitive transient receptor potential (TRP) channels [7],
where Q10 above threshold temperatures, ranging from 30
to 50°C, can switch to greater than 10. It is also interesting
that TRP channels can be mechanically sensitive, as is

GmetL. Nevertheless, TRP channels are cation selective,
and we have previously tested the TRP channel blocker,
ruthenium red, without effect [21]. It is interesting that
GLUT5 is known to be associated with prestin within the
lateral membrane [1]; however, in our preliminary tests,
cotransfection of GLUT5 and prestin into CHO cells did
not generate chloride fluxes. It may be that ImetL may arise
from other components within the lateral membrane,
including other SLC26 family members whose residence
has not yet been determined in the OHC. CFTR has also
been found to interact with prestin in OHCs [30], though
we have not found electrophysiologic evidence for this or
other chloride channels in the OHC [21].

Currently, there are two mechanisms that may contribute
to cochlear amplification in mammals. One mechanism
involves stereociliary bundle mechanics, driven by ionic
flux of Ca++ through the, as yet, molecularly unidentified
{however, see [5] for a review} stereociliary mechan-
oelectrical transducer (MET) conductance [3, 12]. The
other mechanism involves prestin-based electromotility of
OHCs [2, 14, 31], which, being anion dependent [19], can
be modulated by ionic flux of chloride through the, as yet,
molecularly unidentified lateral membrane conductance,
the GmetL [21, 30]. Our observations indicate that for the
latter mechanism, interaction between ion and motor
function arises from distinct molecular contributors,
namely, prestin and GmetL, whereas in the former case,
the MET conductance works on itself. This difference
between feedback mechanisms may be important in
understanding capabilities of each mechanism towards
amplification. For example, whereas the molecular colo-
calization of the stereociliary bundle’s feedback mecha-
nism constrains timing of interactions between Ca++ and
the channel, the distinct identities of prestin and GmetL

could permit variable interaction delays simply by varying
the distances between each within the lateral membrane. It
is well known that setting appropriate feedback delays is
crucial in nonlinear system performance, and, thus, having
a potential means to adjust feedback delays may be viewed
as particularly advantageous.
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In mammals, two classes of hair cell evolved to meet the
requirements of high frequency acoustic reception. The
inner hair cell, which is innervated by the majority of
eighth-nerve afferents (Spoendlin, 1986), is the primary
sensory receptor. The outer hair cell (OHC), while capable of
generating acoustically evoked receptor potentials (Dallos et
al. 1982), additionally functions as a mechanical effector
that is thought to provide feedback to the basilar membrane
to enhance auditory sensitivity and frequency resolving
power (Brownell et al. 1985; Ashmore, 1987; Dallos, 1992).

The OHC is clearly unique. It alone is capable of voltage-
induced mechanical responses ranging up to at least 100 kHz
(Frank et al. 1999). The lateral membrane of this cylindrical
cell houses the molecular machinery responsible for this

response (Dallos et al. 1991; Kalinec et al. 1992; Huang &
Santos-Sacchi, 1993). Recently the gene for a candidate
motor protein, prestin, has been cloned (Zheng et al. 2000),
and this protein is restricted to the lateral membrane of
OHCs (Belyantseva et al. 2000). Prestin, in addition to
enabling voltage-induced mechanical activity in transfected
non-auditory cells, was shown to display some of the
electrical characteristics of the native OHC sensor/motor,
namely gating charge movement or non-linear capacitance
that exhibits shallow voltage dependence (Zheng et al. 2000). 

In this study we explored further the characteristics of
prestin’s voltage sensor, and found that similar to the native
OHC motor, prestin’s charge vs. voltage (Q–V) function
possesses memory (Santos-Sacchi et al. 1998) and is
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1. Under whole-cell voltage clamp, the effects of initial voltage conditions and membrane tension
on gating charge and voltage-dependent capacitance were studied in human embryonic kidney
cells (TSA201 cell line) transiently transfected with the gene encoding the gerbil protein
prestin. Conformational changes in this membrane-bound protein probably provide the
molecular basis of the outer hair cell (OHC) voltage-driven mechanical activity, which spans the
audio spectrum.

2. Boltzmann characteristics of the charge movement in transfected cells were similar to those
reported for OHCs (Qmax = 0.99 ± 0.16 pC, z = 0.88 ± 0.02; n = 5, means ± S.E.M.). Unlike that
of the adult OHC, the voltage at peak capacitance (Vpkcm) was very negative (_74.7 ± 3.8 mV).
Linear capacitance in transfected cells was 43.7 ± 13.8 pF and membrane resistance was
458 ± 123 MΩ.

3. Voltage steps from the holding potential preceding the measurement of capacitance–voltage
functions caused a time- and voltage-dependent shift in Vpkcm. For a prepulse to _150 mV,
from a holding potential of 0 mV, Vpkcm shifted 6.4 mV, and was fitted by a single exponential
time constant of 45 ms. A higher resolution analysis of this time course was made by measuring
the change in capacitance during a fixed voltage step and indicated a double exponential shift
(r0 = 51.6 ms, r1 = 8.5 s) similar to that of the native gerbil OHC.

4. Membrane tension, delivered by increasing pipette pressure, caused a positive shift in Vpkcm. A
maximal shift of 7.5 mV was obtained with 2 kPa of pressure. The effect was reversible.

5. Our results show that the sensitivity of prestin to initial voltage and membrane tension,
though present, is less than that observed in adult OHCs. It remains possible that some other
interacting molecular species within the lateral plasma membrane of the native OHC amplifies
the effect of tension and prior voltage on prestin’s activity.
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mechanically sensitive (Iwasa, 1993; Gale & Ashmore, 1994;
Kakehata & Santos-Sacchi, 1995). That is, the motor
molecule’s behaviour is influenced by prior voltage
conditions and membrane tension.

METHODS
The electrical characteristics of prestin and the native OHC
sensor/motor were evaluated under the same conditions. Transient
transfection of human embryonic kidney (TSA201) cells with gerbil
prestin was performed as previously described (Zheng et al. 2000).
Co-expression of green fluorescent protein provided visual
identification of transfected cells. OHCs were freshly isolated from
the cochleae of gerbils, which were killed by decapitation following
anaesthetic overdose (100 mg kg_1 Nembutal, I.P.). This method
follows the guidelines established by Northwestern and Yale
University’s Animal Care and Use Committees. Cells were whole-cell
voltage clamped with an Axopatch 200B amplifier (Axon

Instruments, CA, USA) at a holding potential of 0 mV. The patch
pipette solution contained (mM): 140 CsCl, 2 MgCl2, 10 EGTA, 10
Hepes; pH 7.2. The external solution contained (mM): 120 NaCl, 20
TEA-Cl, 2 CoCl2, 2 MgCl2, 10 Hepes, 5 glucose; pH 7.2. Osmolarity
was adjusted to 300 mosmol l_1 with glucose. Current responses were
filtered at 5 kHz. Corrections were made for the effects of residual
series resistance, which averaged less than 10 MΩ. All data collection
and most analyses were performed with a Windows-based whole-cell
voltage-clamp program, jClamp (SciSoft, CT, USA), utilizing a
National Instruments PCI-6052E 16-bit interface. Matlab (Natick,
MA, USA) was used for some analyses. Fits were made with the
Levenberg-Marquardt algorithm. Recordings from TSA201 cells that
evidenced electrical coupling to adjacent cells were excluded from
data analysis. Coupling was assessed with input capacitance
measures (Santos-Sacchi, 1991a).

Whole-cell membrane capacitance was measured with two
techniques, transient and AC. The former entailed the delivery of a
stair-step voltage ranging from _160 to 120 mV, in 14 mV
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Figure 1. Prestin’s charge movement is sensitive to
initial voltage

A, gating current (a) in a prestin-transfected TSA201
cell induced by a voltage step (c) to _100 mV from a
holding potential of 0 mV. Non-transfected cells did
not produce gating currents (b). P/_4 protocol was
used with a subtraction holding potential of +50 mV.
B, whole-cell Cm determined with dual sinusoidal
technique (top panel). The bottom panel shows the
voltage protocol. Sinusoids have been removed for
visual clarity. Data were obtained from 4 episodes;
voltage was stepped to _150 mV with incrementing
durations from a holding potential of 0 mV. Five-
second intervals at the holding potential were allowed
for recovery between episodes. C, capacitance data
from B are plotted vs. ramp voltage. Traces are shifted
downward (1 pF decrements) for visual clarity. Fits
indicate a shift in Vpkcm denoted by 0 (Vpkcm, Qmax, z
and C lin were, respectively: _87.15 mV, 0.89 pC, 0.66
and 14.7 pF), 6 (_84.2 mV, 0.91 pC, 0.64 and 15.0 pF),
• (_81.5 mV, 0.97 pC, 0.61 and 15.0 pF) and
2 (_79.8 mV, 0.96 pC, 0.63 and 14.9 pF). The same
symbols are used in the inset plot to show the time
course of the shift. A single exponential fit gave
r = 116 ms.



increments. Transient currents were integrated to obtain cell
capacitance (Cm) measurements as previously described (Huang &
Santos-Sacchi, 1993). The second technique utilized a continuous
high-resolution (2.56 ms sampling) two-sine voltage stimulus protocol
(10 mV peak at both 390.6 and 781.2 Hz), with subsequent fast
Fourier transform (FFT)-based admittance analysis (Santos-Sacchi et
al. 1998). These high-frequency sinusoids were superimposed on
voltage ramp, step or sinusoidal stimuli. Capacitance data were fitted
to the first derivative of a two-state Boltzmann function (Santos-
Sacchi, 1991b):

zebCm = Qmax ≤—————≥ + C lin, (1)
kT (1 + b)2

_ze(Vm _ Vpkcm)
b = exp ≤———————≥,

kT

where Qmax is the maximum non-linear charge moved, Vpkcm is voltage
at peak capacitance or half-maximal non-linear charge transfer, Vm is
membrane potential, C lin is linear capacitance, z is valency, e is
electron charge, k is Boltzmann’s constant and T is absolute
temperature. Gating currents were obtained as described previously
(Santos-Sacchi, 1991b). Vpkcm was tracked in real time with 2 mV
resolution by monitoring the reversal of gating current polarity as
fully described previously (Kakehata & Santos-Sacchi, 1995). Pipette
pressure was monitored with a solid-state device (WPI, FL, USA)
(Kakehata & Santos-Sacchi, 1995).

RESULTS
With ionic currents blocked, transfected TSA201 cells
evidenced non-linear gating currents with characteristics
similar to those obtained from native OHC lateral
membrane sensor/motors (Fig. 1Aa). Control cells that were
not transfected did not generate such currents (Fig. 1Ab).
This result confirms the findings of Zheng et al. (2000).
Transient analysis of the membrane capacitance arising
from these gating currents provided estimates of the
voltage-dependent Boltzmann characteristics of the
charges. In five cells, we obtained values similar to those
reported for OHCs, namely Qmax = 0.99 ± 0.16 pC and
z = 0.88 ± 0.02 (means ± S.E.M.). Unlike that of the OHC,
however, the voltage at peak capacitance (Vpkcm) was very
negative (_74.7 ± 3.8 mV) at the outset of whole-cell
voltage clamp. Guinea-pig OHCs had their peak non-linear
capacitance at _21.5 mV (Kakehata & Santos-Sacchi, 1995).
Linear capacitance in transfected cells was 43.7 ± 13.8 pF
and membrane resistance was 458 ± 123 MΩ.

Voltage steps from the holding potential preceding the
measurement of capacitance vs. voltage (C–V) functions
caused a time- and voltage-dependent shift in Vpkcm.
Figure 1B illustrates an example utilizing the
admittance-based measurement technique. From a
holding potential of 0 mV, the cell was stepped to
_150 mV for 10, 60, 210 or 460 ms, after which the cell
was ramped to 100 mV to obtain the C–V function. The
negative prepulse caused a shift in the capacitance
function in the depolarizing direction; as prepulse length
increased, the magnitude of the shift increased, with a
7.3 mV shift being obtained after 460 ms. The inset in
Fig. 1C presents the time course of the shift and shows a

single exponential fit with a time constant of 116 ms.
Figure 2 presents the average results obtained from such
prepulse experiments; a single exponential fit to the
averaged data points provided a time constant of 45 ms.
In comparison, similar data obtained from native OHCs
could be fitted with a time constant of about 200 ms
(Santos-Sacchi et al. 1998). Additionally, whereas
prepulse-induced, steady-state shifts of 14 mV are found
in native OHCs (Santos-Sacchi et al. 1998), the average
shift was 6.4 mV in transfected cells (Fig. 2).

We refined our estimates of the time course of the Vpkcm

shift by measuring cell capacitance during constant
voltage steps. Since a change in voltage induces a shift in
the bell-shaped capacitance function along the voltage
axis, at any fixed voltage the magnitude of the
capacitance will change over time, and will reflect the
time course of the shift in Vpkcm (Santos-Sacchi et al. 1998).
Figure 3 illustrates this phenomenon for a transfected cell
and a gerbil OHC. During the voltage step, the
capacitance magnitudes changed with a double
exponential time course. For the transfected cell r0 was
51.6 ms and r1 was 8.5 s, whereas for the OHC r0 was
69.2 ms and r1 was 2.79 s. It should be noted that the
duration of the step was short relative to the second time
constant values. Good fits by eye were obtained by fixing
both second time constants at 1.2 s, the second time
constant value obtained from OHCs when longer step
durations were delivered (Santos-Sacchi et al. 1998). 

Finally, we evaluated the effects of membrane tension on
Vpkcm. Membrane tension, applied via pipette or osmotic
pressure, is known to shift Vpkcm in OHCs (Iwasa, 1993;
Gale & Ashmore, 1994; Kakehata & Santos-Sacchi, 1995).
Figure 4 shows that changes in pipette pressure can
reversibly shift Vpkcm in transfected cells. For example, a
pipette pressure of 2 kPa resulted in a shift of about
7.5 mV. With pressures larger than 2 kPa cells were
blown off the pipette or seals were lost. Changes in the
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Figure 2. Average Vpkcm vs. prepulse duration

Data were obtained from experimental protocols as in
Fig. 1. Plotted are the means ± S.E.M. for five
transfected cells. The single exponential fit gave
r = 45 ms.
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Figure 4. Effects of membrane tension on Vpkcm

A, C–V functions were obtained with transient analysis
under conditions where pipette pressure was modified.
Capacitance functions are offset by _4 pF for visual
clarity. 0, fitted Vpkcm. A straight line is drawn through
the top three values, indicating the depolarizing shift in
Vpkcm that accompanied pipette pressure increases. Pipette
pressure was less than 0 kPa (_ _), ~0.6 kPa (+),
~1.3 kPa (+ +) and ~2 kPa (+ + +). When pressure was
made negative, Vpkcm shifted back in the hyperpolarizing
direction. Fits (from top trace to bottom trace) for Vpkcm,
Qmax, z and C lin were, respectively: _68.0 mV, 0.81 pC,
0.66 and 50.6 pF; _66.2 mV, 0.91 pC, 0.60 and 50.6 pF;
_60.5 mV, 0.91 pC, 0.58 and 50.5 pF; _65.4 mV, 0.96 pC,
0.55 and 50.8 pF. B, Vpkcm was tracked during changes in
pipette pressure. Photographs of patch-clamped
transfected cells correspond to points (arrows) before and
after a pressure increase that changed cell diameter by
8 %. A slight depolarizing shift in Vpkcm was observed
during the pressure increase.

Figure 3. Time course of capacitance
change following voltage step

A, transfected cell capacitance decreased
with r0 = 51.6 ms and r1 = 8.5 s
indicative of the time-dependent shift in
Vpkcm. B, OHC capacitance decreased with
r0 = 69.2 ms and r1 = 2.79 s. These
results are predicted by a visco-elastic
model of motor interactions (Santos-
Sacchi et al. 1998).



dimensions of the cells confirmed that pipette pressure
was delivered to the cells (Fig. 4B). The magnitude of the
response was small compared to that of OHCs where
shifts as large as 50 mV are found (Kakehata & Santos-
Sacchi, 1995). 

DISCUSSION
Non-linearity is the hallmark of the mammalian auditory
system’s active process whereby near-threshold responses
are selectively enhanced. In fact, a variety of non-linear
phenomena exist within single OHCs that identify
candidate mechanisms likely to underlie the ‘cochlear
amplifier’. These include non-linearities intrinsic to the
mechanics of the cell soma, as well as those of the stereo-
ciliary bundle. Within the soma several non-linear,
voltage-dependent processes have been studied, including
electromotility (Brownell et al. 1985; Ashmore, 1987;
Santos-Sacchi & Dilger, 1988), stiffness (He & Dallos, 1999)
and membrane lipid mobility (Oghalai et al. 2000). Recently,
we showed that the very same stimulus, i.e. lateral
membrane voltage, that evokes OHC somatic mechanical
activity influences its form (Santos-Sacchi et al. 1998).
We successfully modelled the effect as a visco-elastic
interaction among lateral membrane motor molecules,
where motor-induced membrane tension shifted the cell’s
C–V function. One of the consequences of this interaction
is similar to that occurring within the stereociliary
bundle, namely that a shift in the operating point of the
transducer function over time provides for differing
instantaneous and steady-state responsiveness.
Consequently, in the case of the OHC soma, we observe
hysteresis in the C–V or Q–V function, the magnitude of
which may be frequency dependent (J. Santos-Sacchi &
E. Navarrete, unpublished observation). Even at the
system level, susceptibility of the motor to membrane
tension underlies the generation of non-linearities
resulting from mechanical interactions among OHCs
within the organ of Corti (Zhao & Santos-Sacchi, 1999).
Our present observation that prestin displays the same
complex electrical characteristics, and attendant non-
linearities, as those of the native OHC motor confirms the
identity of this protein. Since prestin presents these
qualities in the absence of its normal cellular
environment, our work also raises questions about the
molecular requirements for full functional activity.

There are several features that differentiate OHCs from
other hair cells. Most notably, the OHC possesses an
extensive composite lateral wall, consisting of the
mechanically active lateral plasma membrane, the
cortical cytoskeleton and the subsurface cisternae (Flock
et al. 1986; Holley et al. 1992; Pollice & Brownell, 1993).
Structural distinctions such as these probably underscore
a functional requirement for unique protein constituents,
and indeed, besides prestin, other proteins specific to the
OHC are known to exist (Sakaguchi et al. 1998; Zheng et
al. 2000). While it is possible that novel auxiliary protein

subunits act in conjunction with prestin to modify its
behaviour, as occurs for ionic channels (Walker & De
Waard, 1998), our present results indicate that other
unique proteins present in the normal OHC are not
required for the generation of voltage-induced or tension-
induced shifts in Vpkcm. We had previous indications of
this autonomy, since we demonstrated that neither of the
effects was abolished in OHCs by destruction of
intracellular constituents with trypsin or pronase
(Kakehata & Santos-Sacchi, 1995; Santos-Sacchi et al.
1998). 

Notwithstanding the many electrical properties of the
lateral membrane motor that appear intrinsic to prestin,
auxiliary subunit contributions cannot be ruled out. In
this regard, we found that Vpkcm values in transfected cells
are very negative relative to those found in adult OHCs
(_74.7 vs. _21.5 mV; Kakehata & Santos-Sacchi, 1995).
Two physiological mechanisms that are capable of
shifting Vpkcm are membrane tension (Iwasa, 1993; Gale &
Ashmore, 1994; Kakehata & Santos-Sacchi, 1995) and
phosphorylation (Frolenkov et al. 2000). While the
voltage dependencies that we found may simply result
from differences in resting membrane tension between
transfected cells and OHCs, or from differences in the
degree of phosphorylation, it is also possible that
auxiliary subunits can contribute. Indeed, the voltage-
dependent Ca2+ channel b subunit is known to shift the
voltage dependence of the channel’s activation (De
Waard et al. 1994). Interestingly, during the
development of rat OHCs, Vpkcm shifts from hyper-
polarized levels to more depolarized levels as found in
adult guinea-pig OHCs over the course of a few days
(Oliver & Fakler, 1999). Although Oliver & Fakler (1999)
argued in favour of phosphorylation over subunit
interaction, the issue remains open. Finally, we note that
the magnitude of the effects that we observed in the
present study is not as great as that seen in native OHCs
(Kakehata & Santos-Sacchi, 1995; Santos-Sacchi et al.
1998). Thus, while the intrinsic properties of a single
protein, prestin, may form the basis of mammalian
auditory system responsiveness, it remains possible that
some other interacting molecular species within the
lateral plasma membrane amplifies the effect of tension
and prior voltage on prestin’s activity. One such
candidate protein is the sugar transporter GLUT-5,
which localizes to the OHC lateral membrane and may
influence the OHC motor (Géléoc et al. 1999; Belyantseva
et al. 2000). GLUT-5 is not expressed in TSA201 cells (J.
Zheng, unpublished data). Notwithstanding this scenario,
it should be noted that another possibility, not yet
examined, is that intrinsic constituents of the TSA201
cell’s plasma membrane could influence the activity of an
expressed foreign protein. Nevertheless, it is certainly
clear that with the identification of prestin and other
novel OHC proteins, the issue of molecular interactions
within the OHC’s mechanically active lateral plasma
membrane can be directly assessed.
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Control of Mammalian Cochlear Amplification by
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Chloride ions have been hypothesized to interact with the membrane outer hair cell (OHC) motor protein, prestin on its intracellular
domain to confer voltage sensitivity (Oliver et al., 2001). Thus, we hypothesized previously that transmembrane chloride movements via
the lateral membrane conductance of the cell, GmetL , could serve to underlie cochlear amplification in the mammal. Here, we report on
experimental manipulations of chloride-dependent OHC motor activity in vitro and in vivo. In vitro, we focused on the signature electrical
characteristic of the motor, the nonlinear capacitance of the cell. Using the well known ototoxicant, salicylate, which competes with the
putative anion binding or interaction site of prestin to assess level-dependent interactions of chloride with prestin, we determined that
the resting level of chloride in OHCs is near or below 10 mM, whereas perilymphatic levels are known to be �140 mM. With this
observation, we sought to determine the effects of perilymphatic chloride level manipulations of basilar membrane amplification in the
living guinea pig. By either direct basolateral perfusion of the OHC with altered chloride content perilymphatic solutions or by the use of
tributyltin, a chloride ionophore, we found alterations in OHC electromechanical activity and cochlear amplification, which are fully
reversible. Because these anionic manipulations do not impact on the cation selective stereociliary process or the endolymphatic poten-
tial, our data lend additional support to the argument that prestin activity dominates the process of mammalian cochlear amplification.

Key words: chloride; hearing; outer hair cell; capacitance; basilar membrane; cochlea

Introduction
Hallowell Davis coined the term “cochlear amplifier” to signify a
boost in hearing capabilities near threshold that is provided by
the uniquely mammalian outer hair cell (OHC) (Davis, 1983).
The subsequent discovery of electrically evoked OHC mechanical
activity provided a very attractive substrate for amplification
(Brownell et al., 1985). Nevertheless, processes thought to be
characteristic of mammalian cochlear amplification (e.g., spon-
taneous otoacoustic emissions) have been observed in lower ver-
tebrates lacking OHCs (Manley et al., 2001); such observations
have fueled the debate over whether the source of amplification
in the mammal is the prestin-containing lateral membrane of the
OHC or the stereociliary transduction apparatus, each of which
can potentially provide feedback into the basilar membrane
through accessory structures (Santos-Sacchi, 2003). This debate
may frame an evolutionary battle between an anionic based
mechanism and a cationic based mechanism, the calcium ion
underpinning stereocilia-based feedback (Fettiplace et al., 2001;
Chan and Hudspeth, 2005) and the chloride ion underpinning

prestin-based feedback (Oliver et al., 2001; Rybalchenko and
Santos-Sacchi, 2003).

The manner whereby stereocilia may provide force feedback
during auditory stimulation relies on the intracellular action of
calcium ions on either myosin molecules or the transduction
channel itself, possibly ankyrin-repeat transient receptor poten-
tial cation channel, subfamily A, member 1; both of these actions
influence apical bundle mechanics (Yamoah and Gillespie, 1996;
Gillespie and Corey, 1997; Fettiplace and Ricci, 2003; Corey et al.,
2004). In contrast, the lateral membrane motor, prestin (Zheng et
al., 2000), is highly sensitive to intracellular anions (Oliver et al.,
2001; Rybalchenko and Santos-Sacchi, 2003; Song et al., 2005), in
particular, chloride, which has been shown to pass through a
lateral membrane conductance, GmetL, in a voltage- and tension-
dependent manner (Rybalchenko and Santos-Sacchi, 2003).
Both ions respectively alter the steady state energy profile of their
corresponding transduction mechanism; calcium shifts the ste-
reociliar channel open probability along the mechanical deflec-
tion axis (Kennedy et al., 2003), and chloride shifts the area state
probability of prestin along the voltage axis (Rybalchenko and
Santos-Sacchi, 2003). These ionic effects contribute to force gen-
eration in each system, because, as the data imply, conforma-
tional changes in the molecules accompany ion binding.

There have been several reports that have focused on the as-
signment of amplificatory substrate in the mammal. Notably, a
prestin knock-out has provided direct evidence that this unusual
motor protein (Zheng et al., 2000) is required for OHC electro-
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mechanical activity and cochlear amplification (Liberman et al.,
2002). In contrast, studies on isolated mammalian cochleas,
which may retain some residual characteristics of cochlear am-
plification, point to potential contributions from stereociliary
mechanics (Fettiplace et al., 2001; Kennedy et al., 2003; Chan and
Hudspeth, 2005).

We report here that modulating chloride activity in vitro and
in vivo, with cochlear amplifier intact, either directly by basolat-
eral perfusion of the OHC with altered chloride content solutions
or by the use of tributyltin (TBT), a chloride ionophore (Toste-
son and Wieth, 1979; Wieth and Tosteson, 1979; Song et al.,
2005), alters OHC electromechanical activity and cochlear am-
plification in a reversible manner. Because these anionic manip-
ulations do not impact on the cation-selective stereociliary pro-
cess or the endolymphatic potential, our data lend additional
support to the argument that prestin activity dominates the pro-
cess of mammalian cochlear amplification.

Materials and Methods
In vitro
The methods for single hair cell recordings were the same as those de-
scribed in detail previously (Song et al., 2005). Hartley albino guinea pigs
were killed with halothane. Temporal bones were excised, and the top
three turns of the cochleae were dissected with enzyme treatment (0.5
mg/ml Dispase I; 10 –12 min). Individual outer hair cells were isolated by
gentle trituration. Isolated single outer hair cells were then studied under
whole-cell voltage clamp and were held at 0 mV to eliminate the electrical
drive for Cl across the lateral membrane; therefore, Cl concentration
changes were studied in isolation. A custom made Y-tube perfusion sys-
tem was used to deliver experimental solutions to isolated OHCs. Perfo-
rated patch solutions contained 25 mg/ml gramicidin in 0.25% DMSO
(Akaike, 1996).

Nonlinear capacitance (NLC) was measured using a continuous high-
resolution (2.56 ms sampling) two-sine stimulus protocol (10 mV peak
at both 390.6 and 781.2 Hz) superimposed onto a voltage ramp from
�150 to �140 mV (Santos-Sacchi et al., 1998b; Santos-Sacchi, 2004).
Capacitance data were fit to the first derivative of a two-state Boltzmann
function (Santos-Sacchi, 1991) as follows:

Cm � Qmax

ze

kT

b

�1 � b�2 � Clin ,

where

b � exp��ze�Vm � VpkCm�

kT � ,

where Qmax is the maximum nonlinear charge moved, Vpkcm (also com-
monly called Vh) is voltage at peak capacitance or equivalently at half-
maximum charge transfer, Vm is membrane potential, z is valence, Clin is
linear membrane capacitance, e is electron charge, k is Boltzmann’s con-
stant, and T is absolute temperature. NLC was calculated by subtracting
linear capacitance (Clin) from peak amplitude (Cmpk).

The base extracellular solution contained the following (in mM): 140
NaCl, 2 CaSO4, 1.2 MgSO4, and 10 HEPES. Cl concentration was ad-
justed from 1 to 140 mM by substituting Cl with gluconate. Final solu-
tions were adjusted to �300 mOsm with D-glucose and adjusted to pH
�7.2–7.3 with NaOH. Pipette solutions (same as extracellular solution
except with the addition of 10 mM EGTA) contained Cl ranging from 1 to
140 mM. This composition permitted us to reduce ionic currents (mainly
K currents), which we and others routinely block to measure precisely
NLC or gating charge movements (Santos-Sacchi, 1991; Song et al.,
2005). The extracellular perfusion solution (1–140 mM Cl) also con-
tained graded concentrations of salicylate (1 �M to 10 mM), with or
without the addition of 1 �M TBT. For the gramicidin patch experiments,
although we attempted to record cells as soon after the animals were
killed as possible, we were limited by time required for dissection and cell

isolation and by the time after seal formation to achieve good whole cell
conditions, namely achieving a series resistance of �20 M�.

In vivo
Animals and surgery. Pigmented guinea pigs weighing 250 –350 g were
used in this experiment. After anesthesia, the left bulla was opened via a
lateral and ventral approach, and the middle ear muscle tendons were
sectioned. A hole (�0.3 � 0.4 mm) in the scala tympani of the cochlea
was made for measuring the basilar membrane (BM) velocity.

Basilar membrane velocity measurements. The BM velocity at the site
corresponding to the frequency near 17 kHz [the characteristic frequency
(CF)] was measured from a gold-coated reflective glass bead (10 –30 �m
in diameter) on the BM using a laser interferometer (Polytec OFV 1102
Laser Vibrometer; Polytec, Waldbronn, Germany). The BM velocity re-
sponse was evoked by pure tones (2–24 kHz) delivered through a speaker
coupled to the ear canal. The output of the interferometer consists of a
voltage proportional to the velocity of the targeted bead. The voltage was
measured with a lock-in amplifier and recorded by reading the magni-
tude and phase by computer query via the serial line output from the
lock-in amplifier. The vibration of stapes was measured at the end of each
experiment and used to compute the gain of BM motion.

Perilymphatic perfusion. For the perilymphatic perfusion, an inlet hole
(diameter, �90 �m) was made in the scala tympani of the basal turn of
the cochlea close to the round window niche, and the hole for BM mea-
surement served as fluid outlet. A polyethylene tube with a fine tip (di-
ameter, �80 �m) was inserted into the inlet hole, and the other end of
this tube was connected to a three-way perfusion system that allowed
solution replacement. Perfusion was accomplished using a precision sy-
ringe pump. Tributyltin (50 �M), salicylate (1–10 mM), or combinations
of the two agents in artificial perilymph (PL) were infused into the scala
tympani at the rate of 2 �l/min with the duration of 10 –20 min. Similar
results were found with 10 �M TBT, but higher concentrations ensured
better access across the BM into the spaces of Nuel. The normal artificial
perilymph composition is as follows (in mM): 132 NaCl, 3.5 KCl, 25
NaHCO3, 1.3 CaCl2, 1.14 MgCl2 6H2O, 0.51 NaH2PO4 H2O, 5.0 Tris, 3.3
glucose, and 2.1 urea. For chloride reductions, gluconate substitutions
were made. During our treatments, we measured low-frequency cochlear
microphonics (CM), a procedure commonly accepted to gauge the OHC
stereociliar transducer function (Patuzzi and Moleirinho, 1998) and en-
dolymphatic potential (EP) to evaluate potential effects on supporting
cell K recycling, which might be expected to compromise the EP (Wange-
mann et al., 2004).

Results
Determination of the resting chloride gradient across the
OHC membrane
Our first goal was to characterize resting intracellular levels of
chloride in OHCs, using the effects of salicylate on NLC as a
quantitative measurement tool. The elucidation of the chloride
gradient across the OHC basolateral membrane is important in
understanding our subsequent in vivo manipulations of perilym-
phatic chloride levels. Peak OHC NLC is reduced in the presence
of salicylate (Fig. 1a). The flattening of NLC (and increase at
voltages away from the voltage at peak capacitance [Vpkcm]) at
high salicylate doses occurs because the voltage sensitivity is de-
pressed across a wider voltage range, an observation completely
in line with previous work (Tunstall et al., 1995; Kakehata and
Santos-Sacchi, 1996; Santos-Sacchi and Navarrete, 2002). Be-
cause salicylate competes for the binding site of chloride on pres-
tin (Oliver et al., 2001), increasing the intracellular concentration
of chloride should counter the effects of salicylate. Indeed, the
addition of TBT to the extracellular solution induces an influx of
chloride down its chemical gradient and a restoration of NLC.
We have shown previously that TBT only enhances the flux of
chloride when there is a chemical gradient of the anion across the
OHC plasma membrane. Consequently, we found that the effects
of salicylate cannot be countered by TBT when intracellular and
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extracellular chloride levels are equal (Fig. 1b). From these data, it
is clear that the degree of NLC reduction by salicylate is greatly
dependent on intracellular Cl level. When we reduce the concen-
tration of Cl on the cytoplasmic aspect of the integral membrane
motor protein, the ability of salicylate to reduce remaining NLC
increases (Fig. 1a,b, compare left panels). To quantify this obser-
vation, we constructed average dose–response functions for a
range of salicylate and chloride concentrations (Fig. 2). Although
salicylate has its effects on the intracellular aspect of the motor

(Kakehata and Santos-Sacchi, 1996; Oliver et al., 2001), for these
experiments, we needed to unequivocally control intracellular Cl
by setting both intracellular and extracellular Cl concentration to
the same level under whole-cell voltage clamp; this is an essential
approach that we used previously, because the lateral membrane
conductance, GmetL, efficiently passes Cl ions (Rybalchenko and
Santos-Sacchi, 2003; Song et al., 2005). Voltage-dependent NLC
was quantified by subtracting linear capacitance from peak ca-
pacitance, which directly correlates with estimates of maximum
motor charge movement (Qmax 	 4kT/ze � NLC) (Santos-
Sacchi et al., 1998a), determined from fits to the first derivative of
a two-state Boltzmann function (see Materials and Methods).
IC50Sal for extracellular salicylate action on the motor ranges from
29 �M for the 1 mM intracellular Cl condition to 964 �M for the
140 mM Cl condition. From these data, and assuming a salicylate
dissociation constant, Kd Sal, of 23.8 mM (Oliver et al., 2001), we
can extract an average chloride dissociation constant, Kd Cl 	
[Cl]/(IC50Sal/Kd Sal � 1), of 3.4 
 0.6 mM (mean 
 SD, from the
five tested chloride concentrations), which compares favorably to
previous direct estimates of the Kd Cl of �6 mM of the motor
(Oliver et al., 2001; Song et al., 2005). Although this small differ-
ence is likely insignificant, the agreement is actually much better
considering that our IC50Sal values are based on extracellular con-
centrations of salicylate, and we previously demonstrated that
intracellular levels will be slightly lower than extracellular levels
(Kakehata and Santos-Sacchi, 1996). With our data serving as a
calibration standard, we were able to glean an estimate of the
intracellular chloride activity of OHCs, a quantity of which the
determination is essential in assessing the significance of the role
of this anion in cochlear amplification in vivo. Thus, by using the
gramicidin patch variant of the whole-cell voltage clamp, we
measured the effect of salicylate without perturbing intracellular
chloride levels (because gramicidin is impermeant to Cl) in the
presence of normal, in vivo-like extracellular chloride concentra-
tions, namely 140 mM. Under these conditions, the effectiveness
of salicylate on OHCs, which were patched quickly after isolation
from the cochlea to abate chloride loading, was similar to that
under the 10 mM intracellular Cl condition (Fig. 3A), indicating
that intracellular chloride rests near 10 mM. OHCs maintained in
culture for longer times showed higher chloride levels, and this
accumulation of intracellular chloride was accompanied by cell
swelling (Fig. 3B). The similarity between our estimate of OHC
intracellular chloride (�10 mM) and the Kd Cl of OHC (�6 mM)
(Oliver et al., 2001; Song et al., 2005) and the opposing interac-
tions between salicylate and intracellular chloride levels set pre-
dictable outcomes from comparable manipulations in vivo, if co-
chlear amplification arises predominantly from OHC lateral
membrane motor activity.

In vivo effects of chloride manipulations
To test for anionic modulation of cochlear amplification, we di-
rectly measured BM motion using a laser interferometer in living
guinea pigs, the cochleas of which were surgically exposed. Per-
fusion of artificial PL (see Materials and Methods for composi-
tions) in the scala tympani was accomplished via a local two-port
system in the basal turn and permitted basolateral perfusions of
OHCs without altering the ionic milieu of endolymph that
bathed the apically located stereocilia (Fig. 4A). BM motion is
sharply tuned to a characteristic frequency determined by place
along the cochlea spiral, in our preparation corresponding to
�16 –17 kHz. The tip of the tuning curve is highly vulnerable,
and generally any manipulation of the cochlear fluids or homeo-
static environment results in a decrease in cochlear amplification.

Figure 1. TBT rescues the reduction of salicylate block in NLC under whole-cell voltage
clamp. Only in the presence of a chloride gradient can TBT counter this reduction. A, B, Effects of
graded concentrations of salicylate in the presence of a chloride chemical gradient (A) and in the
absence of a gradient (B). Note also the shifts in operating voltages (Vpkcm) that accompany
changes in intracellular chloride, an increase shifting NLC to hyperpolarizing voltages. Such
shifts directly alter the gain of OHC electromotility at the normal resting potential of the cell
(Kakehata and Santos-Sacchi, 1996).

Figure 2. Average dose–response curves (mean 
 SE; n 	 4 –5) for extracellularly applied
salicylate block of NLC. Each curve was collected at a different intracellular concentration of
chloride. Chloride was unequivocally controlled by matching intracellular and extracellular lev-
els, as we have done previously (Song et al., 2005). Note the leftward shift as intracellular
chloride is reduced, indicating a more effective action of salicylate on the motor. Logistic fits
provided the following slope and IC50Sal values (1, 5, 10, 20, and 140 mM chloride, respectively):
0.79, 29.5 �M; 0.83, 77.9 �M; 0.81, 124.0 �M; 0.86, 165 �M; 0.86, 964 �M. There is no signif-
icant difference between slopes at any concentration.
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Interestingly, to date, no manipulation has been found [other
than positive DC electric current (Parthasarathi et al., 2003)] to
improve cochlear amplification once compromised. Figure 4B
shows BM responses in a sensitive cochlea, where surgical prep-
aration caused minimal loss in sensitivity (�10 dB), as gauged by
preoperation and postoperation auditory compound action po-
tential (CAP) measures. After switching perfusion from normal
PL to a PL containing TBT (50 �M), a reduction in BM motion
was observed (Fig. 4B). An even larger reduction was brought on
by a switch to salicylate containing PL (5 mM) and was reversed by
washout. Interestingly, in a cochlea where the preparatory ma-
nipulations produced a large decrease in CAP sensitivity (�20
dB), the action of TBT was to augment acoustically evoked BM
vibration (Fig. 4C). Peak amplitude (at best frequency) of the BM
mechanical tuning (evoked by 40 dB sound pressure level
acousti) with artificial perilymph and TBT perfusion into the

scala tympani showed an enhancement of 4.42 
 1.16 dB
(mean 
 SD; n 	 5; paired t test, p � 0.001). In linear terms, this
is a �50% increase in response (1.66 
 0.22). This highly unusual
and repeatable finding may indicate that intracellular chloride is
normally poised at a level that is optimal, and that changes in
intracellular chloride activity can have either positive or negative
effects on BM tuning, depending on initial condition of the prep-
aration (i.e., perhaps preparative procedures altered Cl levels and
our perfusions re-established preinsult conditions). Again, in this
animal, salicylate caused a decrease in BM motion, but the com-
bination of salicylate and TBT resulted in an effect less detrimen-
tal than salicylate alone, reminiscent of the rescuing effect of TBT
on the block by salicylate of NLC in vitro. Finally, we directly
tested the effects of low-chloride PL (5 mM; substitution with
gluconate) on BM motion. A profound loss of cochlear amplifi-
cation was found (loss of sharp tip region and shift of CF to lower
frequencies), which was fully reversible after reperfusion with
normal PL (Fig. 4D). The addition of TBT to the normal perfu-
sion again augmented BM motion above initial conditions. How-
ever, TBT was unable to counter the loss induced by low-chloride
perfusions, because very little gradient in chloride existed across
the OHC plasma membrane. CM at sub-CF frequencies (0.5
kHz), which report on stereociliary forward transduction in
OHCs (Patuzzi and Moleirinho, 1998), were unchanged or
slightly increased by low chloride or salicylate perfusions, as ex-
pected from previous work (Desmedt and Robertson, 1975;
Fitzgerald et al., 1993). This implies that our treatments do not
affect stereociliary processes, including the transducer Ca sensi-
tivity. Additionally, we measured the EP in three animals under
low-chloride conditions and found it to be unaffected (�3 mV
variations). Together, the in vitro and in vivo data indicate the
powerful role played by chloride in cochlea amplification and
highlight the importance of the prestin-containing lateral mem-
brane and its conductance, GmetL.

Discussion
The problem of assignment of cochlear amplification to the api-
cal or lateral membrane of the OHC may reduce to a test of the
effects of modulating chloride levels around the basolateral re-
gion of the OHCs, a manipulation that should not interfere with
the cationic workings of the proposed stereociliar mechanism.
Indeed, this general approach has been used to assess the contri-
bution of calcium ion effects on the role of stereocilia in amplifi-
cation, in which modulation of endolymphatic ionic makeup was
performed while maintaining perilymphatic makeup (Chan and
Hudspeth, 2005). We approached this issue by directly measur-
ing cochlear amplification on the BM in vivo, along with compli-
mentary measures of isolated OHC activity under whole-cell
voltage clamp. Thus, in vitro, we measured the electromechanical
activity of isolated OHCs by gauging the motor-generated NLC
of the cell under whole-cell voltage clamp (Santos-Sacchi, 1991),
and in vivo we measured BM vibratory velocity directly (Nuttall et
al., 1991). Interactions among three manipulations of the lateral
membrane motor were made using the following: (1) salicylate, a
well known ototoxicant that works directly on the motor (Tun-
stall et al., 1995; Kakehata and Santos-Sacchi, 1996) via its inter-
action with the chloride binding site of the motor (Oliver et al.,
2001); (2) TBT, an ionophore that promotes OHC Cl flux down
its chemical gradient (Song et al., 2005); and (3) extracellular
chloride levels, which will influence intracellular chloride activity
via GmetL (Rybalchenko and Santos-Sacchi, 2003; Song et al.,
2005). We found that in intact OHCs, intracellular chloride rests
at level well below that of extracellular chloride, being �10 mM or

Figure 3. Estimates of OHC intracellular chloride levels using the gramicidin patch method.
A, IC50Sal was determined in the presence of 140 mM extracellular chloride to mimic the in vivo
condition. It should be stressed that IC50Sal measures only evaluate the interactions between
intracellular salicylate and chloride on the motor and are not directly influenced by extracellular
chloride levels; thus, the IC50Sal values determined above in Figure 2 A serve as valid calibrations
to estimate intracellular chloride levels regardless of extracellular chloride levels. The plot
shows that as the length of time after an animal’s death (AD) increased, intracellular chloride
increased. For the cases in which quick measurements were made, IC50Sal was close to that of the
value obtained with 10 mM intracellular chloride, indicating that OHC chloride levels are near or
possibly �10 mM for cells under in vivo-like conditions. B, OHC diameter is a sensitive indicator
of cell swelling and shows an increase as time AD increased, corresponding with the simulta-
neous estimates of intracellular chloride above. OHC images show one cell recorded at 30 min
and another at 210 min, the latter showing pronounced swelling. The chloride loading after
death probably indicates that our measures provide overestimates of intracellular chloride lev-
els. Each symbol in the plots denotes an analysis from an individual cell from different animals
(n 	 8).
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less intracellularly. Manipulations of ex-
tracellular chloride, the effects of which
arose from the chemical gradient of chlo-
ride across the OHC membrane, had pro-
nounced effects on motor charge move-
ment in vitro and markedly and reversibly
affected cochlear amplification on the
basilar membrane.

Our data provide clear evidence that
the gain of cochlear amplification is tied
directly to the gain of OHC motor activity,
the electrical correlates of which are the
amount of motor charge moved and the
voltage range over which the motors oper-
ate, both of which are influenced by intra-
cellular chloride and salicylate (Tunstall et
al., 1995; Kakehata and Santos-Sacchi,
1996; Oliver et al., 2001; Rybalchenko and
Santos-Sacchi, 2003; Song et al., 2005). Ef-
fects on stereociliar transduction and EP
were absent, lending support to a direct
effect on the OHC lateral membrane mo-
tor protein, prestin. Interestingly, al-
though salicylate was found to affect emis-
sions in the Tokay gecko (Stewart and
Hudspeth, 2000), the hair cells of which
lack prestin, there is no direct action of
salicylate on the stereociliar mechanoelec-
trical transducer (MET) channels (Kimit-
suki et al., 1994). Although a variety of
physiological factors affect the gain of
OHC motor activity, including membrane
tension (Iwasa, 1993; Gale and Ashmore,
1994; Kakehata and Santos-Sacchi, 1995),
temperature (Santos-Sacchi and Huang,
1998), and phosphorylation (Huang and
Santos-Sacchi, 1993; Szonyi et al., 1999;
Frolenkov et al., 2000; Deak et al., 2005),
the recruitment of a ubiquitous anion to drive our exquisite sense
of hearing bares an underlying simplicity in design for such a
complicated endorgan.

How might chloride work on cochlear amplification?
Clearly, it has been shown that chloride ions have a powerful
effect on prestin activity via an intracellular binding or interac-
tion site (Oliver et al., 2001; Rybalchenko and Santos-Sacchi,
2003; Song et al., 2005). The effect may not simply apply to chlo-
ride interactions but also to interactions with other anions, for
example, sulfate. Interestingly, whereas sulfate was initially found
by Oliver et al. (2001) to be ineffective in influencing prestin
activity, namely an inability to support NLC, we and others have
since found that sulfate can support NLC in intact OHCs while
shifting Vh to very depolarized potentials (Rybalchenko and
Santos-Sacchi, 2003; Ashmore, 2005; Fettiplace, 2005). Never-
theless, the physiological abundance of chloride indicates that it
may be the major player in OHC function.

It is conceivable, however, that manipulating perilymphatic
chloride could have effects within the cochlear aside from the
OHC lateral membrane. For example, chloride transport is
thought to play a role in K recycling within the inner ear (Wange-
mann et al., 2004). Our observation that the endolymphatic po-
tential is unperturbed during our manipulations rules out such a
possibility, because K recycling interference would compromise

the EP. Additionally, it is well known that OHC turgor can be
modulated by extracellular chloride manipulations (Cecola and
Bobbin, 1992; Song et al., 2005), and that electromotility can be
modulated by changes in membrane tension (Iwasa, 1993; Gale
and Ashmore, 1994; Kakehata and Santos-Sacchi, 1995). Indeed,
we hypothesized that cochlear amplification could be controlled
by turgor pressure changes in OHCs (Kakehata and Santos-
Sacchi, 1995). Thus, it may be that turgor pressure changes ac-
companied by chloride flux contributes to our in vivo measures
(in vitro we control turgor pressure and show chloride effects
directly). We note, however, that in the absence of a chloride
conductance and gradient, such effects on turgor pressure would
not arise, because it is the flux of chloride that instigates water
movement into and out of the OHC. Interestingly, manipula-
tions of perilymphatic osmolarity in vivo have been found to
modulate otoacoustic emissions, and the auditory compound ac-
tion potential (Choi and Spector, 2005). Thus, it may be that two
mechanisms known to modulate the OHC lateral membrane may
contribute to the chloride effects we observed, although the ef-
fects we observe are larger than those observed with osmolarity
manipulations.

The lateral membrane as forward and reverse transducer
The apparent voltage-dependent nature of OHC electromotility
necessarily encumbers the effectiveness of the presumed stimulus

Figure 4. A, Schematic of in vivo preparation. See Materials and Methods for details. B, BM responses to acoustic stimulation
during perfusion with artificial PL. The temporal order of listed perfusions is from top to bottom. This was a sensitive cochlea where
CAP thresholds were little affected by surgery (�10 dB). In this case, a switch from normal PL to TBT-containing solution causes
a decrease in BM motion. Salicylate produces a more pronounced reduction, and recovery follows reperfusion with TBT PL. C, This
example shows a preparation that was less sensitive; thresholds deteriorated at �20 dB. TBT perfusion, in this case, augmented
BM vibration and antagonized the detuning effects of salicylate. D, Perfusion of low chloride PL caused a profound loss of cochlear
amplification, which was completely reversible. Again, in this animal, TBT increased BM vibration in the presence of normal
chloride levels but was ineffective in the presence of low chloride levels, in which a chloride gradient across the OHC membrane
would be small or absent. The small difference in the effects of low Cl treatment between the first perfusion and the fourth
perfusion may stem from previous TBT treatment or the time between data collections. For visual clarity, sound pressure is plotted
on a linear scale; frequency is plotted logarithmically.
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(receptor potentials) in driving high-frequency mechanical activ-
ity. This conundrum derives from the low-pass resistor-capacitor
(RC) filter effect of the plasma membrane of the cell (Santos-
Sacchi, 1989, 1992; Housley and Ashmore, 1992), estimated to be
between 50 and 800 Hz. Consequently, receptor potentials gen-
erated by stereociliary transduction elements will be reduced at
high acoustic frequency, resulting in diminished feedback into
the basilar membrane. Although several proposals have been ad-
vanced to understand how the OHC may deal with this difficulty
(Santos-Sacchi et al., 1998a; Kakehata and Santos-Sacchi, 1995;
Dallos and Evans, 1995; Spector et al., 2003), the issue remains
unresolved.

We presented previously a hypothesis that the OHC lateral
membrane, with its mechanically active conductance, GmetL, may
have usurped the role of stereocilia by fluxing anions, rather than
cations, during acoustic stimulation (Rybalchenko and Santos-
Sacchi, 2003; Santos-Sacchi, 2003). Notably, acoustically driven
motions of the organ of Corti have been shown to deform the
OHC soma (Fridberger and De Monvel, 2003), potentially gating
GmetL at acoustic rates. Furthermore, tuned mechanical responses
of the isolated OHC induced by water-jet driven mechanical
stimulation of the lateral membrane can be blocked by poly-
lysine (Brundin et al., 1989; Brundin and Russell, 1994), a chem-
ical that partially blocks GmetL (Rybalchenko and Santos-Sacchi,
2003). Such a cellular adaptation of forward transduction may
offer a means to overcome the RC filter problem. Basically, the
anion driven conformational state dependence of prestin would
be unencumbered by the low-pass filtering effects of the OHC
membrane but would only depend on the kinetics of anion cur-
rent flow and submembranous accumulation and clearing. We
have shown mechanical gating of GmetL in the kilohertz range
(Rybalchenko and Santos-Sacchi, 2003), but additional work on
this hypothesis is required.

Although our data provide support for an evolutionary switch
from cation to anion control, it was shown recently that manip-
ulations of Ca-dependent stereociliar mechanics altered a re-
maining nonlinearity present in an in vitro explant of the mam-
malian cochlea, suggesting that bundle mechanics could partly
contribute to mammalian cochlear amplification (Chan and
Hudspeth, 2005). Thus, it appears that the evolution of the OHC
and its mechanically active lateral membrane may have occurred
to supplement an already primitive amplificatory system, which,
for the mammal, begged an extra boost.
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Abstract

The outer hair cell (OHC) from the organ of Corti plays a crucial role in hearing through its unique voltage-dependent mechanical
responses. Furosemide, one of the loop diuretics, disrupts normal cochlear function. Here we report on direct effects of furosemide
on OHC motility-related, voltage-dependent capacitance using the whole-cell patch-clamp technique. Extracellularly applied
furosemide reversibly shifted the voltage at peak capacitance (VpkCm ) to positive levels. The shift, whose maximum approached 90
mV, evidenced a Hill coefficient of 1.5 and K1=2 of 10 mM. Changes in the magnitude of nonlinear capacitance were not fully
reversible. While it is clear that the overwhelming effect of furosemide on hearing results via its effects on the endolymphatic
potential, the present results indicate that furosemide directly alters OHC motility and may, in part, contribute to sensory
dysfunction. ß 2001 Published by Elsevier Science B.V.

Key words: Outer hair cell ; Motility; Nonlinear capacitance; Basilar membrane tuning

1. Introduction

The outer hair cell (OHC) from the organ of Corti is
believed to provide feedback into the basilar membrane
through its unique voltage-dependent mechanical re-
sponses (Ashmore, 1987; Brownell et al., 1985; San-
tos-Sacchi and Dilger, 1988). The feedback sharpens
the passive mechanical vibration of the cochlear parti-
tion. The OHC has a nonlinear gating charge move-
ment or, equivalently, a voltage-dependent capacitance
which presents characteristics similar to those of OHC
motility, indicating that membrane-bound voltage sen-
sor^motor elements control OHC length (Ashmore,
1990; Dallos et al., 1993; Santos-Sacchi, 1991, 1993).

Furosemide, one of the loop diuretics, is ototoxic.
Systemic or intracochlear administration of furosemide
induces changes in receptor potentials (Forge and
Brown, 1982), auditory -nerve responses (Evans and
Klinke, 1982) and basilar-membrane vibration (Rug-
gero and Rich, 1991). Furosemide is thought to exert
its e¡ects on these stimulus-related responses via inter-

ference with stria vascularis function (Brown and
McElwee, 1972; Kusakari et al., 1978; Wangemann,
1995), namely, through a reduction of the positive en-
dolymphatic potential (EP). Ruggero and Rich (1991)
suggested that a decrease in basilar membrane vibration
at near-characteristic frequencies (CF) results from an
indirect action of furosemide on OHCs via a reduction
of receptor potentials, the presumed driving force for
OHC motility. They concluded that the sensitivity and
frequency selectivity of basilar membrane responses are
due to the mechanical activity of OHCs. In order to
examine whether furosemide may interfere with OHC
motility more directly, we studied the e¡ects of furose-
mide on OHC motility-related nonlinear capacitance
using the whole-cell patch-clamp technique.

2. Methods

OHCs were freshly isolated from the organ of Corti
of the guinea-pig cochlea, following death by anesthetic
overdose with Nembutal. The procedures were in accor-
dance with Yale University's Animal Use And Care
Committee guidelines. OHCs were whole-cell voltage
clamped using patch pipets with initial resistances of
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2^3 M6. Series resistance ranged from 3 to 5 M6. The
patch-pipette solution contained (in mM): 140 CsCl,
2 MgCl2, 10 EGTA and 10 HEPES, with pH 7.2 and
300 mOsm. Ionic blocking solutions were used to re-
move voltage-dependent ionic conductances so that
capacitative currents could be analyzed in isolation.
The external solution contained (in mM): 100 NaCl,
20 TEA, 20 CsCl, 2 CoCl2, 1.52 MgCl2, 10 HEPES
and 5 dextrose, pH 7.2, 300 mOsm. Furosemide was
tested in concentrations ranging from 0.5 to 30 mM,
with NaCl adjusted to maintain osmolarity. Drugs
were applied via cell-chamber perfusion, or in some
cases via Y tube. Voltages were corrected for the e¡ects
of residual series resistance.

Whole-cell membrane capacitance was measured with
two techniques, transient and AC. The former entailed
the delivery of a stair-step voltage stimulus. Transient
currents were integrated to obtain cell capacitance (Cm)
measures as previously described (Huang and Santos-
Sacchi, 1993). The latter technique utilized a continuous
high-resolution (2.56 ms sampling) two-sine voltage
stimulus protocol (10 mV peak at both 390.6 and
781.2 Hz), with subsequent fast Fourier transform-
based admittance analysis (Santos-Sacchi et al., 1998).
These high-frequency sinusoids were superimposed on
voltage-ramp stimuli. Capacitance data were ¢t to the
¢rst derivative of a two-state Boltzmann function (San-
tos-Sacchi, 1991),

Cm � Qmax
ze
kT

b
�1� b�2 � Clin �1�

b � exp
3ze�V m3VpkCm�

kT

� �

where Qmax is the maximum nonlinear charge moved,
V pkCm is voltage at peak capacitance or half-maximal
nonlinear charge transfer, Vm is membrane potential,
Clin is linear capacitance, z is valence, e is electron
charge, k is Boltzmann's constant, and T is absolute
temperature. VpkCm was tracked in real time with
2 mV resolution by monitoring the reversal of gating
current polarity as fully described elsewhere (Kakehata
and Santos-Sacchi, 1995).

3. Results

The inset of Fig. 1 illustrates the e¡ect of furosemide
on VpkCm of an isolated OHC utilizing the VpkCm track-
ing procedure. The drug (20 mM) shifted VpkCm from a
resting value of 365 mV to about +20 mV; washout
reversed the e¡ect. In order to prevent interference by
potential turgor pressure changes (Kakehata and San-
tos-Sacchi, 1995), the cylindrical cell was collapsed with

negative pipette pressure from the outset of recording.
The dose response curve for the shift in V pkCm (Fig. 1)
indicates a Hill coe¤cient of 1.5, Km of 10.06 mM, and
maximum shift of 86.9 mV. Signi¢cant shifts were seen
at low concentrations, i.e. at 1 mM, the average shift
was 5.96 þ 1.43 mV (n = 18; mean þ S.E.M.).

Furosemide also reduced the magnitude of nonlinear
capacitance in a graded manner (Fig. 2, inset). For the
cell depicted in Fig. 2, Cmpk decreased from 36.2 pF to
35.6, 34.0, 32.3 and 30.9 pF at 0.7, 4, 15 and 20 mM,
respectively. The corresponding positive shifts in V pkCm

were 12, 20.9, 62.4 and 75.6 mV. However, the e¡ects of
furosemide on the magnitude and voltage dependence
of OHC capacitance were not necessarily correlated.
Upon washout, whereas V pkCm typically returned to
near-initial conditions, nonlinear capacitance usually re-
mained depressed. Since OHC capacitance and mechan-
ical functions coincide (Kakehata and Santos-Sacchi,
1995; Wu and Santos-Sacchi, 1998), this depression
corresponds to a change in the form of the OHC elec-
tromechanical function.

4. Discussion

A correspondence between OHC nonlinear capaci-
tance and motility indicates that the lateral membrane
motor and sensor are tightly coupled or one entity
(Santos-Sacchi, 1991; Kakehata and Santos-Sacchi,
1995); the motor is likely the recently identi¢ed protein
prestin (Zheng et al., 2000; Santos-Sacchi et al., 2001).
We demonstrate here that furosemide directly alters the
OHC's peak capacitance and VpkCm , demonstrating that
the drug directly a¡ects the mechanical activity of the
OHC. The magnitude of its e¡ect is one of the largest
of any drug measured to date. Interestingly, the peak
capacitance does not recover with the same time course
as V pkCm , indicating that the voltage sensitivity of the
mechanical response is more sensitive to furosemide
than is its operating point along the voltage axis. It
should be noted that the Boltzmann model parameters
that describe the nonlinear capacitance are not neces-
sarily linked, and it is not unusual to independently
a¡ect one but not another. For example, VpkCm could
shift simply due to a change in membrane surface
potential, while all other parameters remain constant.

The mechanism whereby furosemide a¡ects the OHC
motor is not clear. Furosemide, which is a known in-
hibitor of chloride transport (see Wangemann, 1995), is
also reported to block Cl channels, such as Q-amino-
butyric acid A (Nicoll, 1978; Pearce, 1993) and Ca2�-
dependent Cl channels (Evans et al., 1986). Despite the
existence of a potentially susceptible Cl channel in the
lateral membrane (Gitter et al., 1986; Ohnishi et al.,
1993), we have ruled out consequent e¡ects on turgor

HEARES 3726 15-8-01

J. Santos-Sacchi et al. / Hearing Research 159 (2001) 69^7370



pressure by collapsing the OHCs. It may be signi¢cant
that furosemide can also block sulfate transport (Wol-
paw and Martin, 1986) and that the recently identi¢ed
OHC motor protein, prestin, is homologous to sulfate
transporters (Zheng et al., 2000).

The predominant ototoxic e¡ects of furosemide on
cochlear function are believed to result from a drop

in the EP (Evans and Klinke, 1982; Sewell, 1984; Wan-
gemann, 1995). However, while Ruggero and Rich
(1991) conclude that furosemide-induced decreases in
basilar membrane vibration at near-CF are via an in-
direct action of furosemide on OHCs, there is some
evidence that furosemide treatments can a¡ect OHCs
directly (Comis et al., 1990; Forge and Brown, 1982).

Fig. 1. E¡ect of furosemide on VpkCm . Inset: V pkCm as a function of time after whole-cell voltage-clamp con¢guration was obtained with the
tracking technique. Furosemide (20 mM) was applied by bath. The delay in response is due to time required for bath solution exchange. Cell
was collapsed from the outset of recording. Note reversible shift in VpkCm . The main ¢gure shows three parameter Hill ¢t giving a Hill coe¤-
cient of 1.5, Km of 10.06 mM, and maximum shift of 86.9 mV. Data points are mean þ S.E.M., with observation number ranging from 3 to 10.

Fig. 2. E¡ect of furosemide on OHC C^V function. Inset: Change in peak capacitance as a function of furosemide concentration (mean þ -
S.E.M.). The main plot shows, for an individual OHC, the e¡ects of 0.7, 4, 15, and 20 mM furosemide (diamonds, successively decreasing
peaks) on the cell's C^V function. Control (¢lled circle) and wash conditions (gray circle) are shown as well. Fits (solid lines) are to Eq. 1. Fit-
ted parameters: control (VpkCm , z, Qmax, Clin, respectively: 351.51, 0.67, 2.57, 19.35), 0.7 mM (339.47, 0.60, 2.95, 18.19), 4 mM (330.11, 0.52,
3.06, 18.13), 15 mM (11.36, 0.61, 1.69, 22.19), 20 mM (24.67, 0.53, 1.76, 21.51) and wash (348.44, 0.48, 3.03, 18.09).
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Indeed, it has recently been demonstrated that oto-
acoustic emissions, which are thought to re£ect OHC
mechanical activity, are capable of recovering from the
e¡ects of furosemide treatment prior to the recovery of
the EP (Mills et al., 1993). These data indicate that EP
alterations may not solely underlie furosemide's e¡ects
on cochlear function.

Ostensibly, the strongest argument that intravenous
furosemide works solely on the stria vascularis, without
direct e¡ects on OHC function, is the rapidity of its
adverse e¡ects on eighth-nerve function; perilymphatic
perfusion apparently requires longer times and high
concentrations, and Evans and Klinke (1982) and Sew-
ell (1984) are frequently quoted in support of this argu-
ment. However, Evans and Klinke report only data
from one experimental attempt at perilymphatic perfu-
sion, and Sewell cites his unpublished observations. It is
invariable that during surgical preparation for perilym-
phatic perfusion cochlear function is depressed by 20
dB or greater (Sewell, personal communication). Thus,
during perilymphatic perfusion of furosemide, if the
e¡ects were smaller than 20 dB they would not have
been observed. Since we show that the e¡ect of furose-
mide is immediate on isolated OHCs, we would expect
a rapid e¡ect via perilymphatic perfusion of the mid-
micromolar concentrations instilled by Evans and
Klinke. We conclude that e¡ects were masked by a
compromised cochlear.

It is expected that either a shift in the OHC mem-
brane potential or the voltage dependence of the cell's
mechanical response may modify the OHC's feedback
into the basilar membrane, since the gain of the OHC
mechanical response will be modi¢ed (Kakehata and
Santos-Sacchi, 1996). Small changes in feedback can
have pronounced e¡ects. For example, the major e¡er-
ent neurotransmitter, acetylcholine, maximally hyper-
polarizes the OHC membrane potential a few millivolts
(Housley and Ashmore, 1991). Such an e¡ect may
underlie the observation by Dolan et al. (1997) that
stimulation of the OHC e¡erent system is capable of
modifying basilar membrane mechanics in vivo. How
e¡ective might furosemide be in altering OHC activity
in the living animal, given its large Km of 10 mM? Mid-
micromolar concentrations of furosemide can shift
V pkCm by about 1 mV. By comparison, salicylate, an-
other ototoxic agent which has measurable consequen-
ces at perilymphatic concentrations of 400 WM (Jastre-
bo¡ et al., 1986), shifts V pkCm less than the same
concentration of furosemide (Kakehata and Santos-
Sacchi, 1995). Following intravenous administrations
of ototoxic furosemide levels, perilymphatic concentra-
tions are cleared more slowly than in serum, but reach
only low micromolar concentrations (V15 WM) (Rybak
et al., 1979). Interestingly, immature animals accumu-
late higher perilymphatic levels (Mills et al., 1997).

While the e¡ects of such low furosemide concentrations
on cochlear function in the absence of EP e¡ects has yet
to be determined, it can be reasonably concluded that a
compromised EP, as occurs with intravascular admin-
istration, will have a predominant e¡ect on cochlear
function.

Acknowledgements

This work was supported by Grant NIDCD
DC00273.

References

Ashmore, J.F., 1987. A fast motile response in guinea-pig outer hair
cells : the cellular basis of the cochlear ampli¢er. J. Physiol. 388,
323^347.

Ashmore, J.F., 1990. Forward and reverse transduction in the mam-
malian cochlea. Neurosci. Res. 12, S39^S50.

Brown, R.D., McElwee, T.W., Jr., 1972. E¡ects of intra-arterially and
intravenously administered ethacrynic acid and furosemide on co-
chlear N 1 in cats. Toxicol. Appl. Pharmacol. 22, 589^594.

Brownell, W.E., Bader, C.R., Bertrand, D., de Ribaupierre, Y., 1985.
Evoked mechanical responses of isolated cochlear outer hair cells.
Science 227, 194^196.

Comis, S.D., Osborne, M.P., Je¡ries, D.J., 1990. E¡ect of furosemide
upon morphology of hair bundles in guinea pig cochlear hair cells.
Acta Otolaryngol. (Stockh.) 109, 49^56.

Dallos, P., Hallworth, R., Evans, B.N., 1993. Theory of electrically
driven shape changes of cochlear outer hair cells. J. Neurophysiol.
70, 299^323.

Dolan, D.F., Guo, M.H., Nuttall, A.L., 1997. Frequency-dependent
enhancement of basilar membrane velocity during olivocochlear
bundle stimulation. J. Acoust. Soc. Am. 102, 3587^3596.

Evans, E.F., Klinke, R., 1982. The e¡ects of intracochlear and sys-
temic furosemide on the properties of single cochlear nerve ¢bres
in the cat. J. Physiol. 331, 409^427.

Evans, M.G., Marty, A., Tan, Y.P., Trautmann, A., 1986. Blockage
of Ca-activated Cl conductance by furosemide in rat lacrimal
glands. P£ug. Arch. 406, 65^68.

Forge, A., Brown, A.M., 1982. Ultrastructural and electrophysiolog-
ical studies of acute ototoxic e¡ects of furosemide. Br. J. Audiol.
16, 109^116.

Gitter, A.H., Zenner, H.P., Fromter, E., 1986. Membrane potential
and ion channels in isolated outer hair cells of guinea pig cochlea.
ORL J. Otorhinolaryngol. Relat. Spec. 48, 68^75.

Housley, G.D., Ashmore, J.F., 1991. Direct measurement of the ac-
tion of acetylcholine on isolated outer hair cells of the guinea pig
cochlea. Proc. R. Soc. Lond. Biol. Sci. 244, 161^167.

Huang, G., Santos-Sacchi, J., 1993. Mapping the distribution of the
outer hair cell motility voltage sensor by electrical amputation.
Biophys. J. 65, 2228^2236.

Jastrebo¡, P.J., Hansen, R., Sasaki, P.G., Sasaki, C.T., 1986. Di¡er-
ential uptake of salicylate in serum, cerebrospinal £uid, and peri-
lymph. Arch. Otolarygol. Head Neck Surg. 112, 1050^1053.

Kakehata, S., Santos-Sacchi, J., 1995. Membrane tension directly
shifts voltage dependence of outer hair cell motility and associated
gating charge. Biophys. J. 68, 2190^2197.

Kakehata, S., Santos-Sacchi, J., 1996. E¡ects of salicylate and lantha-
nides on outer hair cell motility and associated gating charge.
J. Neurosci. 16, 4881^4889.

HEARES 3726 15-8-01

J. Santos-Sacchi et al. / Hearing Research 159 (2001) 69^7372



Kusakari, J., Ise, I., Comegys, T.H., Thalmann, I., Thalmann, R.,
1978. E¡ect of ethacrynic acid, furosemide, and ouabain upon
the endolymphatic potential and upon high energy phosphates of
the stria vascularis. Laryngoscope 88, 12^37.

Mills, C.D., Whitworth, C., Rybak, L.P., Henley, C.M., 1997. Quan-
ti¢cation of furosemide from serum and tissues using high-per-
formance liquid chromatography. J. Chromatogr. B Biomed. Sci.
Appl. 701, 65^70.

Mills, D.M., Norton, S.J., Rubel, E.W., 1993. Vulnerability and adap-
tation of distortion product otoacoustic emissions to endocochlear
potential variation. J. Acoust. Soc. Am. 94, 2108^2122.

Nicoll, R.A., 1978. The blockade of GABA mediated responses in the
frog spinal cord by ammonium ions and furosemide. J. Physiol.
283, 121^132.

Ohnishi, S., Hara, M., Inagaki, C., Yamashita, T., Kumazawa, T.,
1993. Regulation of Cl-conductance in delayed shortening and
shrinkage of outer hair cells. Acta Otolaryngol. (Stockh.) 500
(Suppl.), 42^45.

Pearce, R.A., 1993. Physiological evidence for two distinct GABAA
responses in rat hippocampus. Neuron 10, 189^200.

Ruggero, M.A., Rich, N.C., 1991. Furosemide alters organ of Corti
mechanics: evidence for feedback of outer hair cells upon the
basilar membrane. J. Neurosci. 11, 1057^1067.

Rybak, L.P., Green, T.P., Juhn, S.K., Morizono, T., Mirkin, B.L.,
1979. Elimination kinetics of furosemide in perilymph and serum
of the chinchilla. Neuropharmacologic correlates. Acta Otolaryn-
gol. (Stockh.) 88, 382^387.

Santos-Sacchi, J., 1991. Reversible inhibition of voltage-dependent

outer hair cell motility and capacitance. J. Neurosci. 11, 3096^
3110.

Santos-Sacchi, J., 1993. Harmonics of outer hair cell motility. Bio-
phys. J. 65, 2217^2227.

Santos-Sacchi, J., Dilger, J.P., 1988. Whole cell currents and mechan-
ical responses of isolated outer hair cells. Hear. Res. 35, 143^150.

Santos-Sacchi, J., Kakehata, S., Takahashi, S., 1998. E¡ects of mem-
brane potential on the voltage dependence of motility-related
charge in outer hair cells of the guinea-pig. J. Physiol. 510, 225^
235.

Santos-Sacchi, J., Shen, W., Zheng, J., Dallos, P., 2001. E¡ects of
membrane potential and tension on prestin, the outer hair cell
lateral membrane motor protein. J. Physiol. 531, 661^666.

Sewell, W.F., 1984. The e¡ects of furosemide on the endocochlear
potential and auditory-nerve ¢ber tuning curves in cats. Hear.
Res. 14, 305^314.

Wangemann, P., 1995. Comparison of ion transport mechanisms be-
tween vestibular dark cells and strial marginal cells. Hear. Res. 90,
149^157.

Wolpaw, E.W., Martin, D.L., 1986. Sulfate-chloride exchange trans-
port in a glioma cell line. Biochim. Biophys. Acta 855, 302^
311.

Wu, M., Santos-Sacchi, J., 1998. E¡ects of lipophilic ions on outer
hair cell voltage-dependent capacitance and motility. J. Membr.
Biol. 166, 111^118.

Zheng, J., Shen, W., He, D.Z., Long, K.B., Madison, L.D., Dallos,
P., 2000. Prestin is the motor protein of cochlear outer hair cells.
Nature 405, 149^155.

HEARES 3726 15-8-01

J. Santos-Sacchi et al. / Hearing Research 159 (2001) 69^73 73



ELSEVIER Hearing Research 80 (1994) 21-24 

Cell coupling in the supporting cells of Corti’s organ: 
Sensitivity to intracellular H+ and Ca’2 

Yukihiro Sato a, J. Santos-Sacchi b,* 

“ Department of Otolaryngoiogy, Kawasaki Medical School, Kawasaki, Japan 
h Sections qf Otolaryngology and Neurobiology, Yale Medical School, BML, 244, 333 Cedar Street, New Halm, CT 06510, USA 

(Received 2 March 1994; revision received 1 June 1994: accepted 5 June 1994) 

Abstract 

The input capacitance of cell pairs or small groups can be used to gauge the degree of electrical coupling via gap junctions 
(Santos-Sacchi, 1991). In order to estimate junctional sensitivity to intracellular Ca+ and H+ concentration, the input 
capacitance of supporting cell syncytia of the organ of Corti was measured with the whole cell voltage clamp technique, while 

directly modifying the cation concentrations via the patch pipette. Typically, a pH below 6.5 was capable of uncoupling Hensen 
cells. On the other hand, pCa levels as low as 3 were ineffective. 

Keywords: Gap junctions; Organ of Corti; Supporting cell; Homeostasis; Ionic concentration 

1. Introduction 

The supporting cells of the organ of Corti not only 
serve to physically support the hair cells, but probably 
to maintain the homeostasis of the organ. It is signifi- 
cant, therefore, that the supporting cells are joined 

together by gap junctions (Jahnke, 1975; Gulley and 
Reese. 1976; Iurato et al., 19761, and are consequently 
electrically and metabolically coupled (Santos-Sacchi 
and Dallos, 1983; Santos-Sacchi, 1986). In our previous 
work, we demonstrated that uncoupling was induced 
reversibly by treatments which lead to a rise in [Ca+‘li 
or [H+li, either by direct intracellular iontophoresis of 

these ions or in the case of H+, by perfusion of the 

cells with CO, saturated media (Santos-Sacchi, 1984, 
198.5, 1991). During those experiments the degree of 
intracellular ionic concentration changes was unknown. 
The present work was carried out in order to estimate 
the relative uncoupling abilities of these two ions, by 
intracellular perfusion with known cation concentra- 
tions. We report that supporting cell coupling is more 
sensitive to alterations of [H+li. 

* Corresponding author. 

037%5955/94/$07.00 0 1994 Elsevier Science B.V. All rights reserved 
SSDI 037%5955(94)00000-0 

A preliminary account of this work has been pre- 
sented previously (Sat0 and Santos-Sacchi, 19911. 

2. Methods 

Albino guinea pigs were decapitated under 
halothane anesthesia. The cochleas were removed, the 
top two turns separated, and placed in calcium free 
Leibovitz salt solution containing 1 mg/ml trypsin. The 

tissue was agitated gently in a modified test tube shaker 
for about 15 min, where upon isolated cells where 
harvested and allowed to settle onto the coverslip 
bottom of a 750 ~1 perfusion chamber. The cells were 

continuously perfused with an ionic blocking solution 
containing (in mM) 100 NaCl, 20 TEA, 20 CsCl, 2 
CoCl,, 1.52 MgCl,, 10 HEPES and 5 dextrose, pH 7.2, 
300 mOsm. Patch electrodes contained (in mM) 140 
CsCl, 10 HEPES, 10 EGTA, and 2 MgCl,, with the pH 
ranging from 4.03 to 8.14, adjusted using CsOH. Alter- 
natively, at a fixed pH of 7.2, pCa was altered between 
2.3 and 8. EGTA buffering was used only for levels of 
Ca at and below 1 PM (Imai and Takeda, 1967). 
Calcium levels in bulk solution were verified using a 
Ca-sensitive electrode (Orion Research). Initial resis- 
tances of the patch electrodes ranged from 3-4 MR. 
The ionic blocking solution was used to reduce the 
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Fig. 1. Group of four cells, one cell of which was whole cell recorded. 
Pipette pH was 7.54. The input capacitance is stable during the 6.5 
min recording, indicating that no uncoupling had occurred Insets: 
Capacitive current traces due to - 10 mV steps collected at begin- 
ning and end of recording session. Changes in trace shape is indica- 
tive of changes in cell parameters. Scale: 1.4 nA/4 ms. 

voltage dependent ionic conductances so that capaci- 
taive currents were recorded in isolation. Blockers of 
plasmalemma voltage dependent ionic channels do not 
interfere with junctional communication (Fig. 1; San- 
tos-Sacchi, 1991). 

Pairs or small groups of isolated Hensen cells were 
easily identified under Hoffmann optics and one cell of 
the pair or group was whole cell voltage clamped. The 
measurement of input capacitance is a sensitive indica- 
tor of cell coupling because by definition the input 
capacitance will correspond to the amount of electri- 
cally contiguous membrane. Changes in input capaci- 
tance can therefore indicate the degree of cell coupling 
(Santos-Sacchi, 1991). However, because the other 
whole cell parameters (i.e., R, and R,) can change as 
well during alterations in coupling, it is necessary to 
estimate the input capacitance corrected for these 
changes. For a single cell the proper method of mea- 
suring membrane capacitance can be obtained by mod- 
elling the cell-clamp as an electrode resistance (access 
resistance, R,) in series with a parallel combination of 
a membrane resistance CR,), and a membrane capaci- 
tance CC,>. Solving for membrane capacitance 
(Santos-Sacchi, 1993), 

c = CR, +Rd'Q (Rd Q =---- 
m RizK R; v,’ (1) 

The charge <Q> is obtained by integration of the 
decaying current transient induced by the command 
voltage step (V,:lO-20 mV>, at a holding potential of 
-80 mV. R,,, is equal to the sum of membrane and 
electrode resistances, and is obtained from the steady 
state current response. R, is estimated from the cur- 
rent decay time constant (Santos-Sacchi, 1993). To a 
first approximation, for pairs or small groups of cells, 
Ri, and C, replaced R, and C,, respectively. The 
capacitance determination is actually only exact when 
either the cells are highly coupled (if voltage drops are 
equal in coupled cells) or uncoupled. Nevertheless, the 

intermediate capacitance values during uncoupling are 
useful inasmuch as they reflect changes in cell-to-cell 
interaction, i.e., in the electrical contiguity between the 
membranes of adjacent cells. Cell uncoupling was 
judged to occur if input capacitance values approached 
single cell levels (2.5 + 9 pF; Santos-Sacchi. 19911, within 
recording periods of 6 min. Syncytia with an initial K,,, 
less than 70 ML! were abandoned. Electronic series 
resistance compensation was not performed in order to 
gauge pipette plugging. 

The care and use of the animals in this study were 
approved by the Yale Animal Care and Use Commit- 
tee under NIH grant DC00273. 

3. Results 

Whole cell recordings were made 30 min to 2 h after 
tissue isolation, sufficient time for residual halothane, 
a potent uncoupler, to be washed away. The input 
capacitance of a syncytium of supporting cells depends 
upon the number of coupled cells. In Fig. 1, a group of 
four Hensen cells, one cell of which was whole-cell 
recorded, possesses an input capacitance of about 120 
pF. This is roughly four times the value of single cells 
(Santos-Sacchi, 1991). In this case, the pipette solution 
pH was 7.54, and the Ca concentration was less than 10 
nM. The input capacitance is stable during the 6.5 min 
recording period, indicating that the recorded cell re- 
mains coupled to adjacent cells. When pH is lowered 
below 6.5, an increase in the probability of uncoupling 
occurs (Figs. 2 and 3). Note in Fig. 2 that the input 
capacitance begins to decrease during uncoupling be- 
fore the input resistance changes. This indicates that 
capacitance measures are more sensitive than DC re- 
sistance measures in evaluating junctional conductance 
changes. Between pH 7 and 8, only one cell uncoupled 
(N = 71, possibly due to injury during recording. Be- 
tween pH 5 and 7, five cells uncoupled (N = 131, and 
between pH 4 and 5, 6 cells uncoupled (N = 12). 

Unlike H+ effects, Ca+2 induced uncoupling was 
observed in only one out of two cases at pCa 2.27 (Fig. 
4). At lower concentrations (N= 18; pCa 3-8) no 
uncoupling was observed throughout the recording pe- 
riod, which typically lasted for greater than 6 min. 
Pooling all data for cells into two groups where pH was 
either above or below 7, we obtained 2 uncouplings / 
26 observations, and 11 uncouplings/25 observations, 
respectively. There were significantly fewer uncoupled 
cells in the high pH condition (x2 = 6.2; P = 0.01). 

4. Discussion 

The classic experiments of Loewenstein (e.g., 
Loewenstein et al., 1967) implicated CafZ as a control- 
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Fig. 2. Two cells with patch pipette at pH 4.62. (A): Input resistance 

increases as cells uncouple. Note that Ri, begins to rise following 

changes in C,,. (Bl: Input capacitance begins to decrease almost 

immediately after establishment of whole cell configuration. It even- 

tually approaches single cell values as the recorded cell’s junctional 

conductance decreases. (Cl: Capacitive transients recorded at 50 s 

intervals (l-7). Note the decrease of steady state values over time 

indicative of increasing input resistance; the reduction of the charge 

(area under curves) over time corresponds to the decrease in Ci,. 

ling factor in gap junctional communication. Subse- 
quently, pH was implicated as well (Turin and Warner, 
1977). Considerable controversy still exists concerning 
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Fig. 3. Two or three cells. Patch pipette pH was 6.85. Cell uncoupling 

occurred only after prolonged recording. Insets: Capacitive current 

traces due to - 10 mV steps collected at beginning and end of 

recording. Changes in trace shape is indicative of changes in series 

resistance, as well as R,, and C,,. Scale: 0.4 nA/0.8 ms. 
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Fig. 4. Large group of cells, one cell of which was whole cell 

recorded. Pipette pH was 7.2 and pCa was 2.27. The input capaci- 

tance drops after one hundred seconds. indicating that uncoupling 

had occurred due to this high level of Ca”. Insets: Capacitive 

current traces due to - IO mV steps collected at beginning and end 

of recording. Scale: 0.2 nA/6 ms. 

the sensitivity of gap junctional communication to in- 

tracellular Ca+’ and H+ levels. For example, Spray et 

al. (1981) found in fish blastomeres that uncoupling 
due to pH alterations occurred near physiological lev- 

els whereas calcium effects were observed only in the 
millimolar range. Indeed, Cat’ has been shown to 
permeate both hepatocyte and smooth muscle cell gap 
junctions (Saez et al., 1989; Christ et al., 19Y3). On the 

other hand, others have found that CaCZ can uncouple 
cells at concentrations approaching physiological lev- 

els, viz., in the low to sub-micromolar range (Neyton 
and Trautmann, 1986; Noma and Tsuboi, 1987; Per- 

rachia, 1990). The intracellular regulation of Ca+’ and 

H+ are coupled, so that it is important to have control 
of each ion during experimental manipulations. In the 
present study, direct perfusion of small Hensen cells 
with buffered solutions provided a convenient means to 
study the differential effects of these ions on support- 
ing cell junctional conductance. 

It is demonstrated here that an individual Hensen 
cell is more likely to uncouple from its neighbors 
during alterations of pH near physiological levels than 
during alterations of calcium near physiological levels. 
Indeed, only when calcium levels were clearly patho- 

logic, did uncoupling occur. It should be noted that the 
ability to maintain the cell’s intracellular H+ and Ca+’ 
concentrations at that of the electrode’s solution de- 
pends upon the efficacy of the intracellular perfusion, 
and intracellular buffering capacity. The latter is an 
especially important factor at sites proximal to gap 
junctions which may be distal to the perfusion site. In 
this regard, it is important to note than Hensen cells 
are relatively small, with single cell capacitance values 
of about 25-30 pF (Santos-Sacchi, lY91). Intracellular 
concentration variability may also occur due to pipette 
plugging. One difference noted between the two exper- 
imental protocols was a greater series resistance for 
high Ca+’ containing pipettes. In the Ca+’ modifica- 
tion experiments the average series resistance was 29 



Mi2 as compared to 17 M0 for the H+ modification 
experiments. Typically, as the concentration of either 
ion was increased, the series resistance increased. Nev- 
ertheless, there are indications that the experimental 
differences between Hf and Ca+* sensitivities are 
real, and not related to perfusion problems. That is, in 
a group of cells (N = 5) near pH 6, where the probabil- 
ity of uncoupling is great, the series resistance was 21.6 
MR. At a comparable concentration of calcium, (pCa 6 
[N = 5]), where the probability of uncoupling is negligi- 
ble, the series resistance was 10.1 Ma. Thus, in cases 
of similar perfusion efficiencies, intercellular communi- 
cation in the supporting cells appears more sensitive to 
the effects of H+ than Caf2. Nevertheless, other means 
of raising intracellular Ca+* levels should be explored. 

The supporting cells of the organ of Corti are exten- 
sively coupled to one another via gap junctions (lurato 
et al., 1976; Jahnke, 1975). It is probable that such 
coupling is important for sinking of K+ released during 
hair cell and neural activity, even in relative quiet. 
Indeed, it has been shown that Henson cells ‘share’ 
ionic channels among each other via gap junctions; in 
particular, an inward rectifier is active near normal 
resting potentials (Santos-Sacchi, 1991). The sensitivity 
of the inner ear to metabolic insult is high and it is 
likely that resulting H+ imbalances contribute to this 
insult by uncoupling supporting cells. 
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SUMMARY

Sensory hair cell ribbon synapses respond to
graded stimulation in a linear, indefatigable manner,
requiring that vesicle trafficking to synapses be rapid
and nonrate-limiting. Real-time monitoring of vesicle
fusion identified two release components. The first
was saturable with both release rate and magnitude
varying linearly with Ca2+, however the magnitude
was too small to account for sustained afferent firing
rates. A second superlinear release component
required recruitment, in a Ca2+-dependent manner,
of vesicles not in the immediate vicinity of the
synapse. The superlinear component had a constant
rate with its onset varying with Ca2+ load. High-speed
Ca2+ imaging revealed a nonlinear increase in internal
Ca2+ correlating with the superlinear capacitance
change, implicating release of stored Ca2+ in driving
vesicle recruitment. These data, supported by
a mass action model, suggest sustained release at
hair cell afferent fiber synapse is dictated by Ca2+-
dependent vesicle recruitment from a reserve pool.

INTRODUCTION

The hair cell afferent fiber synapse maintains a high level of tonic

vesicle release and responds to graded input with linear changes

in release across awide range of stimulus frequencies (Furukawa

et al., 1978). Information regarding frequency, intensity, and

phase of stimulation are transferred across this synapse with

high fidelity (Rose et al., 1967, 1971) and mechanisms by which

this occurs are the focus of much work (Eisen et al., 2004; Meyer

et al., 2009; Neef et al., 2007; Nouvian et al., 2006; Parsons et al.,

1994; Schnee et al., 2005). Hair cells have a presynaptic dense

body (DB) or synaptic ribbon, as do other sensory cells requiring

graded and tonic release (Lagnado, 2003; Parsons and Sterling,

2003; Schnee et al., 2005; von Gersdorff and Matthews, 1997).

The functional significance of the DB is unclear but synapses
326 Neuron 70, 326–338, April 28, 2011 ª2011 Elsevier Inc.
with DBs have common features including linear release with

increasing Ca2+ load, high release rates, and limited fatigue. At

conventional synapses, vesicle populations are classified based

on location and release kinetics, with a readily releasable pool

(RRP) of vesicles near the membrane, a more distal recycling

pool that communicates with the RRP, and a larger reserve

pool whose role varies with synapse type (Rizzoli and Betz,

2005). Physiological investigations with either capacitance

measurements or optical techniques find that pools do not

strictly adhere to these distributions and that the ability to

move between pools varies with synapse type (Rizzoli and

Betz, 2004, 2005).

At ribbon synapses, vesicle pools have been classified by

position relative to the ribbon and plasma membrane (Nouvian

et al., 2006). The locations of vesicles around the ribbons have

been correlated with capacitance measurements that identify

pools based on release kinetics and saturation (Gomis et al.,

1999; Gray and Pease, 1971; Mennerick and Matthews, 1996;

Moser and Beutner, 2000; Schnee et al., 2005). Data establishing

a direct link between vesicle location and release pools are

limited. Furthermore, vesicle populations are often more difficult

to observe in auditory hair cells because saturation is less

evident and rapid vesicle trafficking appears to create overlap

between pools (Schnee et al., 2005).

The role of the DB in regulating synaptic transmission remains

unclear. In hair cells lacking DBs because of knockout of the

anchoring protein bassoon, sustained exocytosis is maintained

but synchronous vesicle release is lost (Khimich et al., 2005).

DBs may tether vesicles, clustering them near presynaptic

membranes, a hypothesis supported by morphological data

(Lenzi et al., 1999; Wittig and Parsons, 2008). The DB may also

control release rates, acting as a conveyor belt to rapidly bring

vesicles to release sites (Parsons and Sterling, 2003). Causal

data to support any specific role is limited (Nouvian et al., 2006).

How vesicles reach synaptic regions is also contentious. In the

visual system, vesicles may freely diffuse within the cytosol until

affixing to DBs (Holt et al., 2004; LoGiudice and Matthews,

2009). Brownian motion can provide enough DB-vesicle encoun-

ters to maintain vesicle availability during long release paradigms

(Beaumont et al., 2005). Data from hair cells suggest vesicles are

present inagradient; density ishighest near thesynapseand lower
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Figure 1. Paired-Pulse Paradigms Suggest Vesicle Trafficking

Is Fast, Limiting the Ability to Identify Discrete Pools

(A) Paired pulses of 300 ms duration with interpulse intervals from 1000 to

10 ms, with capacitance shown above and ICa below. Red lines indicate

instantaneous capacitance values, revealing a lack of depletion regardless of

interpulse interval (IPI) with short duration IPIs unmasking a facilitatory effect.

(B) Summary of data from protocol shown in (A) demonstrating that release

from the second stimulus was greater than that observed from the first (n = 4).

The bar graph represents change in capacitance for the second pulse with IPI

given below, ctrl is the average capacitance change for the first stimulus.

(C) Summary of release data where the IPI was constant at 30 ms and the

stimulus duration varied from 10 to 300 ms. Cross-hatched bars indicate

second pulse response, while open bars indicate initial response; n is given

above each pair. Asterisks indicate statistical significance at the p < 0.05 level.
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away from the synapse (Lenzi et al., 1999; Schnee et al., 2005),

intimating a more structured system. Calcium dependence of

vesicle traffickinghasalsobeensuggested (Spassovaetal., 2004).

In this study, we assess synaptic vesicle trafficking and fusion

at the hair cell afferent synapse in real time. Our approach has

allowed us to separate release into a linear component that

does not require recruitment of vesicles and a superlinear

component dependent upon vesicle trafficking. We are able to

clearly identify pools of depletable vesicles that correspond in

size to those vesicles near the DB. Data presented here implicate

strong intereactions between the RRP and the recycling pool,

which together account for the observed linear release compo-

nent and also demonstrate an ability to rapidly recruit from the

reserve pool. Vesicle trafficking is calcium dependent and

release of stored calcium may be critical for recruitment of vesi-

cles to the release site from the distant reserve pool.

RESULTS

Ca2+ Dependence of Trafficking
At retinal ribbon synapses, paired-pulse experiments identified

an RRP that could be depleted (Coggins and Zenisek, 2009).

For experiments with turtle auditory hair cells, we designed

a protocol to elicit a capacitance change roughly equivalent to

release of all vesicles associated with the DB (300 ms pulse

to �20 mV, based on previous estimates of vesicle distribution,

Schnee et al., 2005) and the interval between pulses was varied

from 1 s to 10 ms (Figure 1A). Surprisingly, we did not observe

depletion or reduction of release during the second pulse at any

interpulse duration (Figure 1B). Rather, as the interpulse interval

was reduced, capacitance increased (Figure 1). The increase in

release from the second pulse approached that equivalent to

a single 600 ms pulse (data not shown). These data suggest

that vesicles can be rapidly recruited to release sites faster than

they are depleted. To test whether a depletable pool could be

observed by altering stimulus duration, we held the interpulse

interval at 30 ms and varied stimulus duration between 10 and

300 ms (Figure 1C). Depletion was never observed and again,

as stimulus duration was increased, the second response was

greater than the first, indicative of rapid vesicle recruitment.

Assuming capacitance reflects synaptic vesicle fusion, a change

of 400 fF equates to 8000 vesicles (assuming 50 aF per vesicle) or

186 vesicles per synapse (see Figure 4 for synapse counts), more

vesicles thanpreviously identified tobenear thesynapse (Schnee

et al., 2005), indicating that rapid vesicle recruitment is required.

To identify discrete pools, it might be necessary to reduce

calcium entry as a potential means of slowing release and

possibly vesicle trafficking. Additionally, pool populations might

be masked by priming of synapses such that the second stimu-

lation might not provide similar information to the initial one. This

can be a significant issuewhenmultiple stimulations are required

to assess release across a broad time frame. Additionally, both

intra- and intercellular variability may make it more difficult to

identify discrete vesicle pools.

Two-Sine Measurements
To address these concerns and more directly investigate vesicle

trafficking, we developed a method for continually monitoring
cell capacitance that simultaneously tracks capacitance and

conductance changes. This two-sine technique requires accu-

rate compensation of electrode capacitance and calibration of

the recording system (for detailed description of technique see

Santos-Sacchi, 2004 and Supplemental Information, Figures

S1–S3). With this approach, we could resolve all components

of release from a single cell with a single pulse. Importantly,
Neuron 70, 326–338, April 28, 2011 ª2011 Elsevier Inc. 327



Figure 2. Two Ca2+-Dependent Components of Vesicle Release

Were Observed during Hair Cell Depolarization

(A) ICa elicited in response to membrane depolarization from �85 mV

to �30 mV (75% peak, left) or �43 mV (35% of peak, right).

(B) Capacitance change elicited in response to ICa in (A); arrow indicates

superlinear onset. Colors show regions where rates are different.

(C) Expansion of the axis of (B). Red identifies a saturable pool of vesicles that

differs in amplitude between stimulus protocols. Blue indicates an interme-

diary component that also is saturable depending on Ca2+ load and purple

represents the superlinear component.

(D) Expansion of plots in (B) to illustrate the intermediate component of release

where depletion has ended but superlinear response has not started. The

dashed line is the exponential fit showing depletion.

(E) Capacitance against Ca load (integral of current in A), demonstrating both

linear and nonlinear (indicated by arrow) responses. Dashed lines are fit to Hill

equation: Cm = Cm(max) 3 xn/(kn + xn) where n is Hill coefficient (r2 = 0.99, see

text for details).

(F) Plot of capacitance change after stimulation from high-frequency

(1 mM EGTA internal) cells included in this study for varying intensities and

durations of depolarization as compared to previous data obtained with

single-sine wave method (Schnee et al., 2005).
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continuous monitoring of capacitance allowed the use of proto-

cols eliciting submaximal ICa, thereby slowing Ca2+ influx, with

the goal of creating separation between individual components

of trafficking and release.

Figure 2 provides an example of a cell probed with a depolar-

ization eliciting either 75% or 35% of the maximal Ca2+ current.

As predicted, strong depolarization compressed release compo-

nents so that saturable pools were difficult to observe (Figures

2B and 2C, left panel). Surprisingly though, the rate of release

increased during the stimulation (Figure 2). We commonly

observed a slight delay in release after the stimulus onset that

varied with intensity and repetition making it difficult to quantify

(Figure 2C). Probably this delay relates to strong calcium

clearance mechanisms at the synapse and results from nonphy-

siological stimulus protocols where cells are held at very hyper-

polarized potentials (see Figure 5). Slowing Ca2+ entry separated

release into at least two clearly identifiable components, an initial

shallow component that showed depletion followed by a large,

rapid, superlinear component (Figure 2B). These results are in

contrast to those from photoreceptors where the initial release

was fast, followed by longer but slower release components

(Innocenti and Heidelberger, 2008). With slower Ca2+ accumula-

tion, the depletable pool size increased from 24 vesicles/

synapse to 60 vesicles/synapse (based on 50 aF/vesicle and

synapse numbers presented in Figure 4). Therefore, slowing

Ca2+ entry unmasked a saturable pool of vesicles whose pool

size varied with Ca2+ load. Depending on stimulus intensity this

additional pool could be recruited into the depletable first

component (Figure 2D).

Plotting the Ca2+ load against capacitance changes corrobo-

rated the superlinear nature of the second release component

(Figure 2E). Interestingly, the dramatic difference in Ca2+ load

required to elicit the secondary larger capacitance change

depended on the rate of Ca2+ entry. Depolarizations closer to

the peak elicited the superlinear component with less than 200

pC of Ca2+ entry as compared to 600 pC when Ca2+ entry was

slowed. This may reflect the presence of strong Ca2+ clearance

mechanisms at the synapse that were overwhelmed with rapid

Ca2+ entry. Fitting the data in Figure 2E with a Hill equation by

using previously determined maximal release values (Schnee

et al., 2005) yielded a Hill coefficient of 3.6 ± 0.4 for the high-

frequency cells (n = 14). The coefficient was not dependent

upon level of depolarization as the shift in the capacitance versus

Ca2+ load with depolarization was parallel (Figure 2E). This value

is similar to that obtained when photolysis of caged calcium was

used to stimulate release and to that observed in mouse IHCs

(Beurg et al., 2010; Beutner et al., 2001). Interestingly, this value

is predominated by the superlinear component of release that is

at least in part a reflection of vesicle trafficking and not only of

release.

The nonlinearity in release differs from previous measure-

ments (Schnee et al., 2005). However, a limitation to those exper-

iments was the use of the single-sine method, which provided no

direct kinetic information; rather, kinetics were inferred from

responses measured after the pulse by combining responses

from multiple cells and/or multiple pulses to individual cells.

A comparison of data collected by using the two-sine wave

technique to that previously obtained by using the single-sine
328 Neuron 70, 326–338, April 28, 2011 ª2011 Elsevier Inc.



Figure 3. Superlinear Release Is Observed

in Whole-Cell and Perforated-Patch

Recordings and across Species

(A) The ICa (above) and capacitance response

(below) are presented for a turtle cell recorded in

whole-cell mode (1mM EGTA as buffer). A satu-

rating response as well as two superlinear

responses are presented in response to different

levels of depolarization.

(B) A perforated patch-recording (n = 4) presented

in a similar manner to (A).

(C) A whole-cell recording from a rat inner hair cell

(n = 16) with 1 mM EGTA as the buffer. Similar

responses were observed from all conditions.
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technique confirmed that variability between and within cells

may have masked the superlinear behavior of individual cells

(Figure 2F). These data point out the limitations of using a tech-

nique that requires multiple sampling to intuit kinetic information

as compared to direct measurements of kinetics.

To determine whether the superlinear release component was

an artifact of whole-cell recording, we performed perforated-

patch experiments to maintain endogenous buffering. We

observed two release components in both perforated-patch

recordings and whole-cell recordings by using 1 mM EGTA (Fig-

ure 3), indicating that the observed release properties are not

due to the whole-cell recording technique. To ensure that the

superlinear release component is not unique to turtle, we

recorded from rat and mouse inner hair cells (ages postnatal

day P7–P15) and observed two components of release in these

preparations (Figure 3C). Previous work in chick auditory hair

cells also documented two release components (Eisen et al.,

2004), suggestingmultiple release components may be a ubiqui-

tous feature of vesicle release in hair cells.

Comparisons between Hair Cells of Different Frequency
Locations
Quantitative comparison of release properties between

frequency positions requires knowing the number of synapses

present. Whole-mount papillae were double labeled with

Ctbp2+PSD-95 or Ribeye+PSD-95 antibodies to count the

number of functional ribbon synapses at the same tonotopic

positions used in the electrophysiological analysis (n = 6). Exam-

ples from a high-frequency position are shown in Figures 4A–4F.

Ribbon synapses were localized in hair cell basolateral regions

(Figures 4D and 4E), were scarce above the nucleus and were

typically present in series, probably corresponding to the finger-

like projections of the afferent fiber (Figures 4D and 4F, inset). No

synapses were included that did not positively label adjacent

pre- and postsynaptic markers (Figure 4F, inset). PSD-95 puncta

that did not have a corresponding Ribeye component accounted

for less than 5% of the observed puncta. Frequency histograms

are plotted to show the distribution of synapses for both

frequency positions (Figure 4G). The low-frequency distribution
Neuron 70, 326–3
was best fit with a normal distribution

having a center value of 19.5 ± 0.4

synapses/cell and a full-width at half-

maximum value of 9 (r2 = 0.92; n = 38
cells). The high-frequency distribution was best fit by the sum

of two Gaussians with center peaks of 46 ± 1 and 75 ± 4, and

full-width at half-maximum values of 21 and 9, respectively

(r2 = 0.92; n = 90 cells). Previous morphological work suggested

that at higher frequencies some hair cells are dually innervated

(Sneary, 1988). Hypothesizing that dual innervations might

account for the bimodal distribution in synapse number and

further correlate with ICa, we plotted the frequency distribution

of peak ICa (Figure 4H), revealing a bimodal distribution. The

second population of cells with larger ICa (�3% of the total)

and those with larger synapse number (�5% of the total) may

represent dual innervations and skew the absolute mean values

(Sneary, 1988). Therefore, we used the major peak value in all

analyses, rather than the mean of the total population, to ensure

similar cell populations were compared between high- and low-

frequency cells. ICa (peak of fit) increased from 313 pA to 586 pA

between frequency locations; similarly, synapse number

increased from 20 to 46 from low to high frequency such that

the Ca2+ load per synapse was 16 pA/synapse for low frequency

compared to 13 pA/synapse for high frequency. Calcium chan-

nels are considered clustered at release sites based on previous

measurements in turtle (Tucker and Fettiplace, 1995) and frog

(Roberts et al., 1990).

First Release Component: Pool Size
As discussed above, depolarizations elicited two distinct

components of release, the first corresponding to a saturable

pool whose release rate varied with Ca2+ entry and a second

component in which the release rate was increased relative to

the first component. Sixty-four percent of high-frequency cells

and 80% of low-frequency cells had a clearly identifiable satu-

rable vesicle pool. The smallest saturable pool observed (Figures

4K and 4L) had asymptotic capacitance measurements of 48 ±

20 fF (n = 12) and 90 ± 35 fF (n = 9) for low- and high-frequency

cells, respectively. This pool size agrees reasonably well with

vesicle numbers under the ribbon closest to the plasma

membrane and might represent the RRP (Schnee et al., 2005;

Rizzoli and Betz, 2005). The largest saturable pools identified

(Figures 4K and 4L) were 145 ± 71 (n = 11) for low- and
38, April 28, 2011 ª2011 Elsevier Inc. 329



Figure 4. Low-Frequency Cells Release Faster per Synapse Than

High-Frequency Cells

(A–C) Maximal-intensity projections of confocal Z-stacks from a whole-mount

preparation (high frequency). Immunofluorescence portrays the presence of

ribbons (Ctbp2, red) adjacent to postsynaptic densities (PSD95, green).
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328 ± 187 fF (n = 12) for high-frequency cells. These values are

not statistically different from previous morphological measure-

ments estimating vesicles associated with the DB and the total

pool may correspond to the recycling pool and the RRP (Rizzoli

and Betz, 2005; Schnee et al., 2005). Movement of vesicles

within this pool was dependent on the rate of Ca2+ entry, sug-

gesting that trafficking of vesicles to release sites is fast and

Ca2+ dependent and that the ability of vesicles to move between

pools is enhanced at auditory ribbon synapses.
First Release Component: Release Rates
Release rates varied linearly with Ca2+ load (Figures 4M and 4N).

To compare high- and low-frequency cells, we selected stimuli

where the Ca2+ load was comparable when normalized to

synapse number. Rates were estimated by fitting lines to the

initial portions of the release plots prior to depletion. The release

rate at low-frequency synapses was significantly faster (530 ± 10

vesicles/s/synapse, n = 14) than at high-frequency synapses

(191 ± 60 vesicles/s/synapse, n = 11) (p < 0.05, see Figure S6A).

We also compared the Ca2+ dependence between frequency

positions (Figures 4M and 4N). Release varied linearly with

Ca2+ for the initial release component but the relationship often

appeared more exponential in low-frequency cells (Figure 4M),

as has been described for mammalian low-frequency cells

(Johnson et al., 2008). However, careful inspection reveals

encroachment of the superlinear release component (Figures

4K and 4L). No superlinear component is seen in high-frequency

cells at these stimulus levels (Figure 4L). The presence of this

superlinear component may account for the exponential appear-

ance, suggesting perhaps that vesicle trafficking and not intrinsic
(D) A three-dimensional (3D) reconstruction of a single hair cell with red being

Ctbp2, green being PSD95, and blue being DAPI.

(E) A 3D confocal reconstruction showing the presence of ribbons (Ribeye, red)

in the basolateral region of hair cells. Hair bundles can be localized with

phalloidin staining (green).

(F) Amaximum-intensity projection by using Ribeye (red) and PSD95 (green) to

colocalize synapses. Insets in F represent regions outlined to better illustrate

the coupling of label. Scale bars: C and E, 5 mm; D and F, 1 mm. Note that the

Ribeye antiserum also labels the kinocilium nonspecifically.

(G) A frequency histogram (blue being low frequency and red high frequency

throughout) for the number of synapses per cell with solid lines asGaussian fits

to plots (see text for details).

(H) A plot of the frequency distribution for peak ICa, again with Gaussian fits to

data as solid lines; arrow indicates small peak corresponding to high-

frequency cells with twice the ICa.

(I–N) ICa (I and J) and capacitance measurements (K and L) in response to

different voltage steps (�44, �41, �38, �35, �43 mV from �80 mV) for low-

(blue) and in response to different voltage steps (�50,�47,�44,�41,�38mV

from �80 mV) for high-frequency(red) cells. Both high-frequency (J, L, and N)

and low-frequency (I, K, and M) hair cells show linear, incremental increases in

release with increased Ca2+ load. Expanding the smallest capacitance

response from (K and L) reveals a saturating component (inset, scale bars are

200 ms and 20 fF). Black lines indicate linearity of release for larger depolar-

izations. (M and N) plot the data from (K and L) against the integral of the

corresponding ICa illustrating the linear relationship between release and Ca2+

entry for the first release component. Note that the low-frequency response

appears nonlinear because of encroachment of the superlinear component.

Encroachment is depicted by horizontal solid lines above traces derived from

the point where the capacitance response diverges from linearity (L). Solid

black lines in (M and N) point out linearity of response.



Figure 5. The Superlinear Release Component Onset Is Ca2+

Dependent but the Release Rate Is Not

(A) ICa in response to listed voltage steps from �85 mV.

(B) The capacitance responses corresponding to ICa in (A). In each panel,

arrows indicate where release becomes superlinear.

(C) A plot of the Ca2+ load against the capacitance change; responses are

color-coded as in (A and B).

(D) An expansion of the axis from (C) to better exhibit the capacitance results

versus Ca2+ load.

(E) The upper panel shows stimulus and the lower panel presents the ICa in

response to color-coded stimuli where prepulse to �45 mV (red) or �85 mV

(black) were presented.

(F and G) A plot of the capacitance response against time (F) or Ca2+ load

(G) for the same stimuli as in (E). Similar results were obtained in 19 cells.
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differences in Ca2+ dependence of release may be responsible

for the observed results (Figure 4M). We consistently observed

that the superlinear component required less Ca2+ influx in

low-frequency cells than high-frequency cells, which could

create an apparent exponential appearance to the Ca2+

dependence.

Superlinear Release Components
The larger superlinear release component was observed in all

cells when the Ca2+ load was high (Figure 5). The superlinear

nature of the response is denoted by a sharp increase in release

rate during constant stimulation. As in Figures 3 and 4, capaci-

tance traces elicited by smaller ICa showed a linear response until

reaching a point where release rate dramatically increased.

Additional depolarization did not further increase the release

rate but rather shortened the onset time of this faster component

(Figure 5B). Maximal rates, obtained by fitting a linear equation to

the slope of the superlinear component, were 0.9 ± 0.5 pF/s

(n = 13) and 1.0 ± 0.8 pF/s (n = 17) for low- and high-frequency

cells, respectively, corresponding to 20,000 vesicles/s and

18,000 vesicle/s or 900 vesicles/s/synapse and 434 vesicles/s/

synapse for low- and high-frequency cells, respectively. As

with the first release component, low-frequency synapses oper-

ated faster than high-frequency synapses, though release rates

per cell were comparable. Plotting the change in capacitance

against Ca2+ load (Figure 5C) shows that the inflection point

where the superlinear component began was at the same Ca2+

load for the two responses, suggesting the temporal difference

in Figure 5B was due to the difference in rate of Ca2+ entry. As

seen in Figure 2, this onset time for the superlinear component

could be varied by altering the Ca2+ load. Further inspection of

the Ca2+ load driving capacitance change (Figure 5D) shows

that first component release plateaus just prior to the onset of

the superlinear response. Whether initial vesicle pool depletion

provides a signal for rapid vesicle recruitment to the synapse

remains to be explored.

Functional Relevance of Superlinear Component
The superlinear capacitance changes are paradoxical in that

postsynaptic recordings have indicated that release at the hair

cell afferent fiber synapse is linear (Keen and Hudspeth, 2006;

Li et al., 2009). No physiological experimental data exist that

correspond to the superlinear release kinetics, yet large numbers

of vesicles must be released continually in order to account

for afferent firing properties (Taberner and Liberman, 2005).

To address this question, we voltage clamped hair cells

at �45 mV, near the expected resting potential (Farris et al.,

2006) and thendepolarized thecells to thepeak ICa. The response

was compared to the conventional experimental protocol in

which the cell is held at�85mV (Figures 5E–5G). At the hair cell’s

resting potential, whereCa2+ channel open probability is nonzero

(Figure 5E), the ICa in response to the depolarization was mini-

mally reduced, yet the capacitance change was dramatically

increased (Figure 5F). The capacitance response from �85 mV

was small and saturating, indicating that release was depleted

and the superlinear component not recruited, while the response

at the resting potential was almost linear, more in line with what is

expected based on afferent fiber recordings. These data suggest
that vesicle release and trafficking kinetics are strongly depen-

dent on calcium homeostasis such that altering homeostasis by

hyperpolarizing the cell results in the recruitment of an apparent

superlinear process, whereas under physiological conditions

release could be maintained for much longer periods of time by

the merging of linear and superlinear processes. The magnitude

of the release observed with the prepulse requires recruitment of

vesicles to release sites (i.e., a superlinear process), suggesting

that the prepulse results in the temporal merging of the two

release components. Biophysically, it is possible to distinguish
Neuron 70, 326–338, April 28, 2011 ª2011 Elsevier Inc. 331



Figure 6. Fast Ca2+ Buffers Slow Release

Rates and Onset of Release but Pool Size

Does Not Change

(A–C) EGTA (tan) at 1 mM (A), BAPTA (green) at

1mM (B), and perforated patch (purple) (C) with ICa
(upper panels) and capacitance (lower panels) in

response to a depolarization eliciting about 60%

of the maximal ICa.

(D) A plot of the Ca2+ load (hatched bars) and the

release rate for the first component under different

internal Ca2+ buffering. Asterisks indicate signifi-

cance at the p < 0.05 level against the recording

condition indicated by color.

(E–G) Similarly, (E) plots the rate of the superlinear

component, (F) plots the capacitance change for

the depleted pool, and (G) plots the Ca2+ load at

the onset of the superlinear response. The number

of cells is given in parentheses above bars in (E).

(H) ICa recorded (upper panel) and capacitance

change (lower panel) with 10 mMBAPTA internally

in the absence (brown) or presence (tan) of 10 mM

Bay K.
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between release and trafficking, but physiologically, the process

is created to provide rapid and continual release. The linearity

obtained by incorporating the superlinear component is clearly

demonstrated by plotting theCa2+ load against capacitance (Fig-

ure 5G). This is not unlike arguments made previously when

investigating Ca2+ dependence of release in hair cells by using

caged Ca2+ (Beutner et al., 2001). These data suggest multiple

sequential first-order processes could account for trafficking

and release in the hair cell.

Ca2+ Buffering Alters the Two Release Components
Differently
The effect of Ca2+ buffering on release properties was investi-

gated with EGTA, BAPTA, and perforated patch at stimulations
332 Neuron 70, 326–338, April 28, 2011 ª2011 Elsevier Inc.
that elicited about 60% of the maximal

ICa (Figures 6A–6C). First, component

rates varied with stimulus intensity so

rates were compared for a similar Ca2+

load (Figure 6D). BAPTA significantly

slowed release as compared to EGTA or

perforated patch. The perforated-patch

recordings suggest an endogenous

buffer capacity less than 1 mM BAPTA,

but more than 1 mM EGTA, similar to

that suggested previously (Moser and

Beutner, 2000) and consistent with

a release mechanism located near the

source of Ca2+ influx. A comparison of

initial release rates against Ca2+ load for

individual cells is presented in Figure S6B

illustrating how BAPTA reduces release

rates. As compared to EGTA, BAPTA

also increased the duration of the plateau

between the first release component and

the onset of the superlinear component,

represented by the Ca2+ load required
for the onset of the superlinear release (Figure 6G). In this

instance perforated-patch responses suggest endogenous buff-

ering was stronger than either BAPTA or EGTA. This might indi-

cate that the site of action is further removed from the Ca2+

source where concentration rather than kinetics is more relevant

(Naraghi and Neher, 1997). In contrast, changes in the rate of the

superlinear component (Figure 6E) suggest the perforated-patch

response was less efficacious than EGTA or BAPTA, supporting

the contention that endogenous buffer kinetics are slow. Finally,

the difference in Ca2+ load required to initiate the superlinear

component of release led to an increase in the magnitude of

the first component plateau (Figure 6F), supporting the conclu-

sion that vesicle movement to release sites was rapid and

Ca2+ dependent. The delay between release components also



Figure 7. High-Speed Ca2+ Imaging Coupled with Continuous Capacitance Measurements Reveals a Nonlinear Increase in Ca2+ during

Responses with Superlinear Release Properties

(A and B) Fluorescent image (A) of Ctbp2 binding peptide-labeled DBs (scale bar: 1 mm) with schematic in (B) showing regions selected for Ca2+ imaging.

(C–E) (C) shows stimulus above which the ICa response elicits local changes in Ca2+ (D) as well as capacitance changes (E).

(F–H) An expansion of the plots from (C–E) in (F–H) focuses on the initial changes inCa2+ current (F), local Ca2+ changes (G), and first component of capacitance (H).

(I–K) A focus on the onset of the superlinear component again with the Ca2+ current (I), local Ca2+ signaling (J), and capacitance (K) signals.
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supports this conclusion, demonstrating that despite the pres-

ence of Ca2+ to drive release, depletion persisted for longer

periods of time when Ca2+ buffering was increased because

trafficking was slowed.

An alternative possibility is that vesicle position at the synapse

is Ca2+ dependent and that greater buffer efficacy leads to diffu-

sion of vesicles away from the synapse. We tested this hypoth-

esis by recording cells with 10 mM BAPTA internally, blocking

release at all but maximal stimulus levels, and then increasing

Ca2+ load by using Bay K (10 mM), which prolongs Ca2+ channel

open time (Figure 6H). Capacitance changes evoked by Bay K

treatment included both linear and superlinear components

supporting the hypothesis that vesicle movement toward the

synapse is Ca2+ dependent and largely unidirectional.

Calcium Imaging Demonstrates Multiple Release
Components
It is possible that additional sources of Ca2+, for example Ca2+

stores, enhance release during longer stimulations (Lelli et al.,

2003). We tested this hypothesis with high-speed confocal

Ca2+ imaging. Labeling ribbons with a rhodamine-tagged

ctbp2-terminal binding peptide in the patch electrode (Zenisek

et al., 2003) allowed synapses to be localized during simulta-

neousCa2+ imaging and capacitancemeasurements (Figure 7A).

The capacitance changes show a typical response with both
release components (Figures 7C–7E). The fluorescent signal,

however, is quite complex and not simply the integral of the

current, as might be predicted. Rather, the initial response

(Figures 7F–7H), representing mostly first component release,

shows a rapid increase at the synapse followed by a plateau,

similar to that observed in mouse (Frank et al., 2009), indicative

of strong Ca2+ clearance followed by an integrating increase in

signal. Sites distal to the synapse show little change initially,

consistent with the source of Ca2+ being at a distance, followed

by a slow increase. The later signals (Figures 7I–7K), correspond-

ing to the onset of the superlinear response, present a different

picture. Ca2+ at the synapse shows an abrupt increase in signal,

followed by a plateau and decrease in signal even in the face of

constant Ca2+ entry (Figures 7D and 7J). Ca2+ signals away from

the synapse show a slower integrating signal followed by

a sudden increase in signal whose rate is faster and peak greater

than that observed at the synaptic region (Figure 7J). The change

in kinetics at these distant sites suggests a secondary source of

Ca2+. Similar results were obtained in five cells where the super-

linear release component was observed. Smaller depolarizations

revealed simple integrating responses that diminished away

from the synapse while larger depolarizations yielded similar

complex responses (Figure S7). Together these data suggest

that Ca2+ dynamics are complex, clearance near the synapse

is strong, and a second source of Ca2+ may play a role in vesicle
Neuron 70, 326–338, April 28, 2011 ª2011 Elsevier Inc. 333
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trafficking. Also, although the second component of release

appears to be superlinear when compared to the Ca2+ integral,

indicating more release per Ca2+ for the second component,

when compared to the Ca2+ fluorescent signal the opposite is

true. By using fluorescence changes at the synapse, the ratio

(Cap/Fluor) of the first component divided by the second compo-

nent provided an indicator of relative efficiency of release and

was 1.5 ± 0.4 (n = 3), indicating that release was more efficient

at lower values of Ca2+.
Figure 8. Mass Action Model Incorporating First-Order Ca2+

Dependence of Trafficking and Release Reproduces Release Data

(A) A schematic representation of a model identifying vesicle pools, rate

constants, and Ca2+ gradients.

(B) A Hodgkin-Huxley model of ICa in response to increasing depolarizations

from �53 in 3 mV increments.

(C) Corresponding capacitance changes elicited in response to calcium

currents elicited in (B).

(D) An expansion of the y axis to better visualize vesicle pools.
DISCUSSION

Utilization of a two-sine technique for real-time tracking of

vesicle fusion has allowed for more detailed investigation of

presynaptic release components at the auditory hair cell-afferent

fiber synapse. By using stimuli that did not elicit maximal ICa,

saturable pools were clearly identified, whereas variability

between and within cells made this impossible (in turtle) with

the single-sine technique (Schnee et al., 2005). A superlinear

release component whose onset varied with Ca2+ load and

correlated with release of an additional source of Ca2+ was

also revealed. The superlinear component of release is postu-

lated to reflect the ability of hair cells to rapidly recruit vesicles

from regions distant from the synapse, which may underlie the

inability to deplete vesicle pools and the ability of hair cell

synapses to operate at high rates for sustained periods of time.

The first component of vesicle release had a pool size consis-

tent with vesicles within the vicinity of the DB and thus did not

require significant vesicle recruitment, though movement of

vesicles to release sites on the plasma membrane would be

required. The release rate and amplitude of the first component

varied linearly with Ca2+ entry. Saturable vesicle pools could be

observed within this first release component. The size of the

saturable pool varied both with frequency position and Ca2+

load and could increase significantly if Ca2+ entry were slowed,

suggesting that additional vesicles could be recruited to release

sites faster than the existing pool of vesicles could be released.

This vesicle pool may be as small as the vesicle population asso-

ciated with the plasma membrane and DB to as large as all the

vesicles associated with the DB (Figure 8A). This first component

of release is very similar to what has been described for ribbon

synapses of hair cells and other sensory cells (Beutner et al.,

2001; Eisen et al., 2004; Moser and Beutner, 2000; Neef et al.,

2007; Neves and Lagnado, 1999; Parsons et al., 1994; Schnee

et al., 2005; Thoreson et al., 2004; von Gersdorff and Matthews,

1997).

The second, superlinear component represented a much

larger pool of vesicles, requiring trafficking of distant vesicles

to the synapse, likely equating to the reserve pool (Figure 8A).

It also behaved as if there were a threshold Ca2+ load required

for onset that was sensitive to factors affecting homeostasis,

such as Ca2+ buffering and the rate of Ca2+ entry. Ca2+ imaging

experiments suggest a correlationwith release of an internal pool

of Ca2+, though further studies are needed. Third, the release

rate did not increase with Ca2+ load; rather, the onset time

decreased. These results suggest the superlinear component

is more a reflection of vesicle trafficking than vesicle fusion.
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One possible mechanism for the increased yet insensitive

release rate for the superlinear component is that release sites

are not maximally filled at stimulus onset, in a similar manner

to the DB being only 50% occupied (Lenzi et al., 1999; Schnee
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et al., 2005), but during stimulation the percentage of occupied

release sites increases such that the measured release rate

increases (vesicle trafficking is faster than vesicle fusion). This

would explain the variability in size of depletable vesicle pool

with stimulus intensity. The assumption is that the measured

release rate is a reflection of the sum of filled and unfilled release

sites and the machinery controlling release is operating maxi-

mally during stimulus conditions where Ca2+ at the release site

is saturating. As more sites are filled, the measured release

rate increases. When all release sites are full, the release rate

will be constant, with the time to achieving this condition varying

with Ca2+ load.

An alternative hypothesis is that additional synapses are

recruited during the stimulation as the Ca2+ signal spreads.

This seems unlikely, as synapses without Ca2+ channels have

not been identified in mature hair cells (Frank et al., 2009; Issa

and Hudspeth, 1996; Schnee et al., 2005).

Another possibility is that superlinear release does not repre-

sent synaptic vesicle fusion, but rather, endosomal fusion or

fusion of vesicles at some distant site (Coggins et al., 2007;

Zenisek et al., 2000). Direct tests of this possibility are lacking;

however, the ability of afferent fibers to operate spontaneously

at rates of more than 100 spikes/s and to sustain release in the

face of stimulation at rates more than 400 spikes/s argue for

the requirement of rapid vesicle replenishment (Liberman and

Brown, 1986; Taberner and Liberman, 2005). The maximal

release rate reported here for mammalian inner hair cells when

the superlinear component is included is about 307 vesicles/s/

synapse (assuming 15 synapses and 50 aF/vesicle)(Meyer

et al., 2009), probably underestimating the release required to

sustain these large firing rates. Prepulse experiments further

illustrate that under more physiological stimulation conditions,

release is linear and sustained; neither of these properties would

occur without the superlinear component summing with the first

release component. Finally, previous experiments have imaged

vesicle release in mammalian hair cells at rates higher than

reported here for superlinear component of release and also

suggested trafficking must be rapid (Griesinger et al., 2005).

Data suggest that low-frequency cells release at faster rates

per synapse than high-frequency cells, though the release rate

per cell was similar for both components. In turtle, largely one

fiber innervates one hair cell, but with multiple synapses it may

be the overall release rate that is more significant than release

per synapse, in contrast to the mammalian system in which

one fiber innervates one synapse. The underlying mechanisms

responsible for differences in release per synapse remain to be

determined. In contrast, work in mammalian systems (Johnson

et al., 2008) has shown a difference in the Ca2+ dependence of

release. In turtle there was an apparent difference in Ca2+ depen-

dence associated with the ability of low-frequency cells to recruit

superlinear release with less Ca2+ than high-frequency cells.

Comparable experiments are needed to test this in mammalian

hair cells.

Our data are consistent with the existence of multiple vesicle

pools, with the first linear saturable release component including

both the RRP and recycling vesicle pools and the superlinear

release component corresponding to the reserve pool (Fig-

ure 8A). Based on release measurements, we estimated vesicle
pool sizes of 600 vesicles in the RRP (0.6%), 8000 vesicles in the

recycling pool (7.4%), and 100,000 vesicles in the reserve pool

(92%) (Figure 8A). These sizes are consistent with data from

other synapse types (Rizzoli and Betz, 2005), the major differ-

ence being the ability of vesicles to be recruited for release

from each pool. The rate and extent of Ca2+ entry appear to finely

regulate the first two pools, while release of intracellular stored

Ca2+ may be involved in recruitment of the reserve pool of vesi-

cles. At other synapses recruitment of the reserve pool vesicles

appears to be limited (Rizzoli and Betz, 2005).

Previous work developed a simple mass action model for

vesicle release accounting for observed release properties

(Schnee et al., 2005). No specific role for the DB was included

and the model did not incorporate Ca2+ dependence of release

or vesicle trafficking. Alone, this model cannot reproduce super-

linear release. Modification of this simple model to include both

first-order Ca2+-dependent release and Ca2+-dependent vesicle

trafficking reproduced all of the basic release properties

reported (Figures 8A–8D, see Supplemental Information for

more detailed description). Simulations show both saturable

linear release components and a superlinear release component

of invariant rate (Figures 8B–8D). Saturating levels correspond

well with anticipated pool sizes. Models that did not include

Ca2+ dependence of vesicle trafficking could not reproduce the

superlinear component of release unless higher order release

functions were incorporated and even here the superlinear

component did not correspond well with available vesicles

(data not shown). The model varied from physiological measure-

ments in that the separation between vesicle pools was more

sharply defined, probably reflecting the artificial nature of

threshold Ca2+ levels to recruit vesicle pools. Perhaps vesicle

trafficking is uniformly Ca2+ dependent and the recruitment

depends on the location of vesicles with respect to Ca2+ influx,

with the Ca2+ gradient into the cell dictating the pool size and

rate of movement more than the location or specialization of

the vesicle. This possibility is consistent with data demonstrating

that vesicle movements are similar between different regions of

the cell (Zenisek et al., 2000), but is unusual in that it suggests

vesicles are tethered in some manner, whether directly associ-

ated with the ribbon or not. It is in contrast with arguments that

vesicle movement is diffusion based (Holt et al., 2004; LoGiudice

and Matthews, 2009), unless diffusion can be regulated via Ca2+

levels, but is consistent with recent cryoelectron tomography

arguing that all vesicles are tethered by the cytoskeleton

(Fernández-Busnadiego et al., 2010). Perhaps the differences

in release properties between ribbon synapses in the visual

and auditory system, mainly being that release in hair cells is

much less defatigable, have more to do with trafficking than

with mechanisms of release. Hair cells are required to maintain

continual and rapid release in order to maintain high sponta-

neous activity in the afferent fiber but this is much less of

a requirement in the visual system.

Afferent fibers show a pronounced neural adaptation in which

firing rates can be reduced by more than 50% during the initial

phase of stimulation (Liberman and Brown, 1986). Data pre-

sented here may provide insight into possible mechanisms by

which this may happen. We suggest the initial decrease in firing

represents the time when vesicles are being released faster than
Neuron 70, 326–338, April 28, 2011 ª2011 Elsevier Inc. 335
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replenished, so that vesicle trafficking is not maximized. That

firing rates do not adapt to zero but rather to a relatively high

rate indicates that trafficking (superlinear component) is rapidly

accessible under physiological conditions. Similar to the

response described in Figure 5, under physiological conditions

the processes tend to merge but vesicle release shows a reduc-

tion in slope initially that becomes sustained. The level of neural

adaptation may in part be determined by how rapidly each

synapse is capable of recruiting vesicles between pools—the

faster the recruitment, the less adaptation is observed. In fact,

it may be argued that steady-state firing requires recruitment

of vesicles such that the rate of release at any given synapse

may be dictated by access to the reserve pool of vesicles.

Thus it may be that spontaneous firing rates are regulated by

resting calcium currents and vesicles in the RRP and recycling

pool, while stimulated release is more dependent upon vesicle

recruitment from the reserve pool and the ability to modulate

release of stored calcium (Guth et al., 1991).

In summary, we used real-time capacitance measurements to

identify saturable pools of vesicles and discovered a superlinear

release component requiring recruitment of vesicles to release

sites. We suggest that Ca2+-dependent vesicle trafficking is

responsible for this movement, which is required for hair cell

synapses to maintain high rates of sustained vesicle fusion. We

postulate that the superlinear release component reflects

synapses operating at maximal rates of release and trafficking

and that release of an as yet undefined internal pool of Ca2+

may be required. These characteristics of synaptic vesicle

recruitment and release make hair cell ribbon synapses quite

unique as compared to other synapses.

EXPERIMENTAL PROCEDURES

Tissue Preparation

The auditory papilla from red-eared sliders (Trachemys scripta elegans) were

prepared as previously described (Schnee et al., 2005) by using methods

approved by the IACUC committee at Stanford University and following stan-

dards established by NIH guidelines. Tectorial membranes were removed as

previously described by using a hypertonic and hypercalcemic (10 mM Ca2+)

solution (Farris et al., 2006). The external recording solution contained

125 mM NaCl, 0.5 mM KCl, 2.8 mM CaCl2, 2.2 mM MgCl2, 2 mM pyruvate,

2 mM creatine, 2 mM ascorbate, 6 mM glucose, and 10 mM N-(2-hydroxy-

ethyl) piperazine-N0-(2-ethanesulfonic acid) (HEPES) with pH adjusted to 7.6

and osmolality maintained at 275mosml/kg. One hundred nanometers apamin

was included in the external solution to block SK potassium currents (Tucker

and Fettiplace, 1996). Cells were imaged with a BX51 fixed-stage upright

microscope (Olympus) with bright-field optics. Conventional epifluorescence

was used for the Ca2+ imaging.

Cochlea from rat pups (ages P7–P10) were dissected into an external solu-

tion containing 135 mM NaCl, 5.8 mM KCl, 1.3 mM CaCl2, 0.9 mM MgCl2,

0.7 mM NaH2PO4, 10 mM HEPES, 5.6 mM glucose, 2 mM pyruvate, and

2 mM creatine. Both stria and spiral ganglia were peeled from the organ of

Corti and the remaining epithelium was placed into a glass-bottomed

recording chamber. The tectorial membrane was removed and the organ of

Corti held in place with single strands of dental floss. Apamin was included

at 100 nM to block small conductance calcium-activated potassium currents.

Electrophysiology

Fire-polished borosilicate patch electrodes of resistance 3–5 M U were used

for all recordings. Unless otherwise stated, the internal solution for turtle con-

tained 110 mMCsCl, 5 mMMgATP, 5 mM creatine phosphate, 1 mM ethylene

glycol-bis (b-amino ethyl ether)- N,N,N0nN 0-tetraacetic acid (EGTA), 10 mM
336 Neuron 70, 326–338, April 28, 2011 ª2011 Elsevier Inc.
HEPES, 2 mM ascorbate (pH 7.2). Osmolality was maintained at 255 mosmls

by adjusting CsCl levels; pH was 7.2. For perforated-patch recordings the

internal solution contained 110 mM Cs aspartate, 15 mM CsCl, 3 mM NaATP,

3 mMMgCl2, 1 mMBAPTA, and 10mMHEPES. Amphotericin dissolved in dry

DMSO was used as the perforating agent. In several experiments Alexa 488

was included in the recoding pipette to verify the whole-cell mode was not

obtained. For rat hair cells the internal solution contained 90mMCsmethylsul-

fonate, 20 mM TEA, 1 mM EGTA, 5 mM MgATP, 5 mM creatine phosphate,

3 mM ascorbate, 3 mM MgCl2, and 10 mM HEPES. Stimulus protocols were

applied 10min after achievingwhole-cell mode to allow equilibration of internal

solution and run up of ICa (Schnee and Ricci, 2003). Hair cells were voltage

clamped with a lock-in amplifier (Cairn) allowing for capacitance measure-

ments as initially described by Neher and Marty (1982) and later used for

hair cell recordings (Johnson et al., 2002; Schnee et al., 2005). A ± 40 mV

sine wave at 1.5 kHz was imposed onto the membrane holding potential,

blanked during depolarization that elicited ICa, and resumed so that capaci-

tance measurements before and after stimulus were obtained. Capacitance

data were amplified and filtered at 100 Hz offline. This amplifier was also

used initially for validation of the two-sine wave method (see below). Themulti-

clamp amplifier (Axon Instruments) was also used for capacitance measure-

ments. All data were sampled with a Daq/3000 (IOtech) driven by jClamp

software (Scisoft).

Two-Sine Method

Vesicle release was determined by measuring membrane capacitance corre-

lates of surface area change. Capacitance was measured with a dual

sinusoidal, FFT-based method (Santos-Sacchi, 2004; Santos-Sacchi et al.,

1998) relying on component solutions of a simple model of the patched cell

(electrode resistance, Rs, in series with a parallel combination of membrane

capacitance, Cm, and membrane resistance, Rm; see Figure 1 in Santos-Sac-

chi, 2004). In this RC analysismethod, two voltage frequencies, f1 and f2 (twice

the f1 frequency) are summed and the real and imaginary components of the

current response are used to determine the magnitudes of the three model

components. The time resolution of the Cm measurement is the period of f1,

which we varied from 5.12 to 0.32 ms, corresponding to 195 to 3125 Hz.

Comparisons between single-sine and dual-sine-wave methods showed no

differences for membrane responses to 100 ms depolarizations to �20 mV.

Single-sine values of 90 ± 15 fF (n = 12) were obtained as compared to

110 ± 24 fF for dual-sine wave measurements from the same cell population.

The same two-sine wave technique (implemented in jClamp) has been used

previously, but only as a before and after measurement which gave similar

results to the single-sine method (Edmonds et al., 2004; Thoreson et al.,

2004). Details of methods and control data are presented in Figures S1–S3.

The time between stimuli was varied based on the previous stimulus but

was never less than 2 min and typically varied between 5 and 10 min to ensure

appropriate time for reaching equilibrium.

Calcium Imaging

Swept-field confocal high-speed (SFC) calcium imaging was performed as

previously described (Beurg et al., 2009). The SFC (Prairie Technologies,

MiddletonWI) was coupled to a Redshirt camera. Fluo 4ff was used as the indi-

cator, chosen to both limit effects on release properties and serve to localize

the calcium source. Images were captured at 125 fps with a 35 mm slit.

A 100 3 dipping lens with an added 1.25 magnification gave a final pixel

size of �350 nm. Ribbons were identified by using the Ctbp2 peptide tagged

with rhodamine (Zenisek et al., 2003). Data was analyzed by selecting 3 3

3 pixel regions uniformly encompassing Ctbp2-labeled regions. Image planes

were selected to help isolate individual synapses to ensure individual

synapses were being investigated.

Data Analysis

Data were included based on several parameters. Leak currents needed to be

less than 50 pA at �85 mV and series resistance (uncompensated) needed to

be stable and below 15M U. As electrode capacitance compensation is critical

for the accurate use of the two-sine wave methodology, bath height and elec-

trode filling were kept low to limit stray capacitance. Unless otherwise stated,

data are presented as mean ± standard deviation with number of samples (n)
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given. Where appropriate Student’s t tests, two-tailed, were performed to

assess significance; p values and correlation coefficients (r2) are listed with

data.

Immunofluorescence and Quantification of Synapse Number

Isolated papillae were incubated for 1 hr at 4�C in external solution containing

4% formaldehyde and 0.1% Triton X-100. After washing four times for 10 min

at room temperature in external solution containing 0.1% Triton X-100,

papillae were incubated for 30 min in the same solution supplemented with

5% bovine serum albumin. Specimens were then incubated with primary anti-

sera diluted at 1:250 to 1:500 in the same solution overnight at 4�C. Antisera

included those against Ctbp2 (rabbit polyclonal, #1869), Ribeye (rabbit poly-

clonal, #1846), and PSD-95 (mouse monoclonal, Abcam #2723, concentrated

at 3.3 mg/ml with UPPA-Protein Concentrate Kit, #662120, Calbiochem). After

washing five times for 10 min at room temperature, samples were incubated

with FITC or TRITC-conjugated secondary antibodies (Invitrogen, Carlsbad,

CA) at a dilution of 1:500. Where mentioned, FITC-conjugated phalloidin

(#77415, Sigma) was added during the incubation with the secondary anti-

bodies. After washing five times for 10 min at room temperature, specimens

were mounted between two coverslips with Vectashield (H1200,Vector Labo-

ratories, Burlingame, CA) and images were acquired with a Zeiss LSM5 Exciter

confocal microscopewith a 633 1.4 NA oil-immersion objective or with a spin-

ning disc confocal by using 100 3 1.4 NA oil-immersion lens. Background

noise and contrast enhancement were adjusted with Volocity software (Impro-

vision). Confocal Z-stacks taken with 0.1 mm steps were analyzed by using

Volocity software. Ribeye- and PSD95-positive fluorescent objects with

25%–100% intensity were identified on independent channels. Intersecting

objects were subsequently selected as potential synaptic ribbons (Figure S5A)

and manually confirmed by using the point tool of Volocity (Figure S5B). When

two synaptic ribbons were in close proximity, objects were analyzed in the

XZ-YZ planes (Figures S5C and S5D) and line intensity profiles were performed

(Figure S5E) to identify individual synaptic terminals. The number of peaks,

typically one, identified the number of synapses (see Movie S1 and Figure S5).
SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures, Supplemental Experimental

Procedures, one table, and one movie and can be found with this article online

at doi:10.1016/j.neuron.2011.01.031.

ACKNOWLEDGMENTS

We thank Drs. Revathy Uthaiah and Jim Hudspeth for providing the Ctbp2 and

Ribeye antibodies. The Ctbp2 peptide tagged with rhodamine was generously

provided by David Zenisek at Yale University. We thank Medha Pathak, Alan

Cheng, the reviewers, and the editorial board for their help with this manu-

script. This work was funded by NIDCD grant DC009913 to A.J.R. and

J.S.-S. and by core grant P30 44992. M.C.-M. was supported by a Dean’s

Postdoctoral Fellowship from Stanford School of Medicine and a Cajamadrid

Foundation Fellowship.

Accepted: January 19, 2011

Published: April 27, 2011

REFERENCES

Beaumont, V., Llobet, A., and Lagnado, L. (2005). Expansion of calciummicro-

domains regulates fast exocytosis at a ribbon synapse. Proc. Natl. Acad. Sci.

USA 102, 10700–10705.

Beurg, M., Fettiplace, R., Nam, J.H., and Ricci, A.J. (2009). Localization of

inner hair cell mechanotransducer channels using high-speed calcium

imaging. Nat. Neurosci. 12, 553–558.

Beurg, M., Michalski, N., Safieddine, S., Bouleau, Y., Schneggenburger, R.,

Chapman, E.R., Petit, C., and Dulon, D. (2010). Control of exocytosis by syn-

aptotagmins and otoferlin in auditory hair cells. J. Neurosci. 30, 13281–13290.
Beutner, D., Voets, T., Neher, E., andMoser, T. (2001). Calcium dependence of

exocytosis and endocytosis at the cochlear inner hair cell afferent synapse.

Neuron 29, 681–690.

Coggins, M., and Zenisek, D. (2009). Evidence that exocytosis is driven by

calcium entry through multiple calcium channels in goldfish retinal bipolar

cells. J. Neurophysiol. 101, 2601–2619.

Coggins, M.R., Grabner, C.P., Almers, W., and Zenisek, D. (2007). Stimulated

exocytosis of endosomes in goldfish retinal bipolar neurons. J. Physiol. 584,

853–865.

Edmonds, B.W., Gregory, F.D., and Schweizer, F.E. (2004). Evidence that fast

exocytosis can be predominantly mediated by vesicles not docked at active

zones in frog saccular hair cells. J. Physiol. 560, 439–450.

Eisen, M.D., Spassova, M., and Parsons, T.D. (2004). Large releasable pool of

synaptic vesicles in chick cochlear hair cells. J. Neurophysiol. 91, 2422–2428.

Farris, H.E., Wells, G.B., and Ricci, A.J. (2006). Steady-state adaptation of

mechanotransduction modulates the resting potential of auditory hair cells,

providing an assay for endolymph [Ca2+]. J. Neurosci. 26, 12526–12536.

Fernández-Busnadiego, R., Zuber, B., Maurer, U.E., Cyrklaff, M., Baumeister,

W., and Lucic, V. (2010). Quantitative analysis of the native presynaptic cyto-

matrix by cryoelectron tomography. J. Cell Biol. 188, 145–156.

Frank, T., Khimich, D., Neef, A., and Moser, T. (2009). Mechanisms contrib-

uting to synaptic Ca2+ signals and their heterogeneity in hair cells. Proc.

Natl. Acad. Sci. USA 106, 4483–4488.

Furukawa, T., Hayashida, Y., and Matsuura, S. (1978). Quantal analysis of the

size of excitatory post-synaptic potentials at synapses between hair cells and

afferent nerve fibres in goldfish. J. Physiol. 276, 211–226.

Gomis, A., Burrone, J., and Lagnado, L. (1999). Two actions of calcium regu-

late the supply of releasable vesicles at the ribbon synapse of retinal bipolar

cells. J. Neurosci. 19, 6309–6317.

Gray, E.G., and Pease, H.L. (1971). On understanding the organisation of the

retinal receptor synapses. Brain Res. 35, 1–15.

Griesinger, C.B., Richards, C.D., and Ashmore, J.F. (2005). Fast vesicle replen-

ishment allows indefatigable signalling at the first auditory synapse. Nature

435, 212–215.

Guth, P.S., Aubert, A., Ricci, A.J., and Norris, C.H. (1991). Differential modula-

tion of spontaneous and evoked neurotransmitter release from hair cells:

Some novel hypotheses. Hear. Res. 56, 69–78.

Holt, M., Cooke, A., Neef, A., and Lagnado, L. (2004). High mobility of vesicles

supports continuous exocytosis at a ribbon synapse. Curr. Biol. 14, 173–183.

Innocenti, B., and Heidelberger, R. (2008). Mechanisms contributing to tonic

release at the cone photoreceptor ribbon synapse. J. Neurophysiol. 99, 25–36.

Issa, N.P., and Hudspeth, A.J. (1996). Characterization of fluo-3 labelling of

dense bodies at the hair cell’s presynaptic active zone. J. Neurocytol. 25,

257–266.

Johnson, S.L., Thomas, M.V., and Kros, C.J. (2002). Membrane capacitance

measurement using patch clamp with integrated self-balancing lock-in ampli-

fier. Pflugers Arch. 443, 653–663.

Johnson, S.L., Forge, A., Knipper, M., Münkner, S., and Marcotti, W. (2008).

Tonotopic variation in the calcium dependence of neurotransmitter release

and vesicle pool replenishment at mammalian auditory ribbon synapses.

J. Neurosci. 28, 7670–7678.

Keen, E.C., andHudspeth, A.J. (2006). Transfer characteristics of the hair cell’s

afferent synapse. Proc. Natl. Acad. Sci. USA 103, 5537–5542.

Khimich, D., Nouvian, R., Pujol, R., Tom Dieck, S., Egner, A., Gundelfinger,

E.D., and Moser, T. (2005). Hair cell synaptic ribbons are essential for synchro-

nous auditory signalling. Nature 434, 889–894.

Lagnado, L. (2003). Ribbon synapses. Curr. Biol. 13, R631.

Lelli, A., Perin, P., Martini, M., Ciubotaru, C.D., Prigioni, I., Valli, P., Rossi, M.L.,

and Mammano, F. (2003). Presynaptic calcium stores modulate afferent

release in vestibular hair cells. J. Neurosci. 23, 6894–6903.
Neuron 70, 326–338, April 28, 2011 ª2011 Elsevier Inc. 337

http://dx.doi.org/doi:10.1016/j.neuron.2011.01.031


Neuron

Vesicle Trafficking at Ribbon Synapses
Lenzi, D., Runyeon, J.W., Crum, J., Ellisman, M.H., and Roberts, W.M. (1999).

Synaptic vesicle populations in saccular hair cells reconstructed by electron

tomography. J. Neurosci. 19, 119–132.
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 Supplemental Figures S1 and S2 are the control experiments for the two sine wave technology. They are 

essential to validate the use of the technique for investigating release kinetics and in particular for 

demonstrating the nonlinear release component is related to vesicle fusion. These figures are essentially 

the controls for Figures 2, 3, 5, and 7 in the main text. 

Supplemental Figure S3 uses a mathematical model, also used in Figure 8 of the text, to corroborate 

both the methodology used and the underlying conclusions drawn from the data. 

Movie S1 (also called Supplemental Figure S4) is the movie illustrating the methodology used to quantify 

the immunocytochemistry. This movie is available with the article online. 

Supplemental Figure S5 also validates the immunohistochemistry methodology used for identifying 

ribbon synapses. 

Supplemental Figure S6 provides the raw data examples of release rates measured between high and 

low frequency cells and also the effects of different internal calcium buffers on release rates for 

individual cells. 

Supplemental Figure S7 provides calcium imaging data for a cell that with small stimulations did not 

show superlinear relase and with larger stimulations did. 

The additional text provides detailed description of the new two sine technology as well as of the 

modeling used. Figure legends for the supplemental figures are also included. The table included in the 

text of the supplement provides values for each parameter of the model.  

 
Supplemental Figure S1A gives the basic result from a two sine stimulation where the 

cell was held at -85 mV, depolarized to -35 mV and then returned to -85 while simultaneously 

stimulating with the sum of two sine waves. The upper panel provides the deconvolved current 

elicited from the stimulus while the lower panel reveals multiple kinetically distinct capacitance 

components. To determine which components were driven by vesicle fusion, Ca2+ buffers were 

increased and results compared. Supplemental Figure S1B demonstrates that with 1 mM EGTA 

three capacitive components were observed; with 1 mM BAPTA only two components were 

observed and when 10 mM BAPTA was used only a fast component remained (see arrows). 

Capacitance measurements before and after the stimulus showed no vesicle fusion with 10 mM 

BAPTA for this duration stimulus, suggesting the initial fast capacitance change was not release 
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driven. Most likely this fast component was associated with gating charge for the Ca2+ channel 

(Kilic and Lindau, 2001) or an effect of the probative sine wave on channel activation. To 

differentiate between possibilities, Cd was used to block the Ca2+ current (ICa) but not gating 

(Supplemental Figures S2A and S2B). With 10 mM BAPTA in the pipette Cd blocked the initial 

fast component, implicating activation of ICa by the sine waves.  Supplemental Figure S1C and 

S1D reveal that as the sine wave frequency was increased the fast capacitive component was 

reduced, suggesting channel kinetics could not follow higher frequency stimulation. Single sine 

waves of ±60 mV, applied in voltage clamp from a holding potential of -85 mV and low pass 

filtered show the ICa activation (Supplemental Figures S1E and S1F). Barium was used to 

increase ICa without altering gating and Bay K (10 µM) was used to increase the current while 

slowing gating (Supplemental Figures S2C–S2E). Barium increased the current with a 

corresponding increase in the fast component, suggesting current and not gating was causal. 

Bay K increased the current while slowing kinetics, resulting in a decreased fast component. 

Apparently, slowing the kinetics had a similar effect to increasing the sine wave frequency 

(Supplemental Figure S2E). And finally, a model incorporating gating currents for the Ca2+ 

channel was used to further validate the analysis program and demonstrate that current 

activation and not gating was responsible for the initial fast component (Ssupplemental Figure 

S3). Together these data demonstrate the fast component is neither due to release nor gating 

charge movement, but rather a function of current activation by the probative sine wave. Using 

a 0.32 ms period for the fast sine wave removed the majority of fast component leaving only 

Ca2+ dependent capacitive changes. Remaining artifacts were digitally subtracted. All 

measurements in main text were done under these conditions. A model was created to test the 
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accuracy of the JClamp analysis software, to identify the mechanism of the fast non release 

dependent capacitance change and to investigate mechanisms of vesicle trafficking and release. 

The model was further probed to demonstrate electrode capacitance altered in a linear manner 

the fast artifact associated with the measurements. To this end a Hodgkin-Huxley (HH) type of 

model was created for the ICa, much like that previously described (Farris et al., 2006; Hudspeth 

and Lewis, 1988; Zidanic and Fuchs, 1995). The following equations summarize how gCa was 

described using a third order HH model. 

                                                                     ICa = gCa (Vm – ECa)                                                                   (1) 

                                                                   ICa = gCa m
3 (Vm –ECa)                                                                (2) 

                                                                 dm/dt = m(1-m) - m                                                              (3)   

m = 0 * exp[-(Vm + V0)/VA] + KA                                                   (4) 

m = 0 * exp[(Vm +V0)/VB] + KB                                                    (5)  

Where ICa is calcium current, gCa  maximal Ca2+ Conductance when all channels are open, m is 

the activation probability of the HH model, m is the voltage dependent opening rate,  m is the 

voltage dependent closing rate, 0, KA, 0, and KB are rate constants and V0, VA and VB , and Vm 

are potentials, ECa is reversal potential for ICa.  

Calcium induced inactivation of the current was implemented simply by scaling m as a function 

of calcium entry as: 

                                                            m = m – ([Ca]i/3.5e-12)^1.4                                                           (6) 
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where [Ca]i is the integral of ICa. 

Release and vesicle trafficking were modeled as described previously (Schnee et al., 2005). This 

simple mass action model was modified to incorporate a calcium dependence of release as well 

as Ca2+ dependent thresholds for vesicle trafficking. The equations were as follows: 

                                                                      dF/dt = K1 *A(t)                                                                    (7) 

                                                                        K1 = k1 * [Ca]i                                                                       (8) 

                                                     dA/dt = k2 * B(t) * (At-A(t))/At – K1*At)                                             (9) 

                                           dB/dt = k3*C(t)*((Bt – B(t))/Bt - k2*B(t)*(At – A(t)/At                               (10) 

                                                        dC/dt = k4*D(t)-k3*C(t)*(Bt – B(t))Bt                                              (11) 

                                                                          dD/dt = -k4*D(t)                                                              (12) 

F(t) is the number of vesicles fusing with the membrane and is related to time-dependent 

capacitance changes by converting with 50 aF/ves. A(t) – D(t) are time dependent number of 

vesicles in each pool while At and Bt are maximal number of vesicles possible in rapid and 

readily releasable pools. Vesicle numbers were fixed based on morphological counts (Schnee et 

al., 2005). Calcium-dependent thresholds were set to simulate recruitment of additional pools 

of vesicles. 
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 Supplemental Table S1 identifies the values used for each model parameter. 

Parameter Value Parameter Value 

gCa 6.7 nS A threshold 4.2x10-12 

ECa 100 mV B threshold 5.3x10-12 

0 0.97 C threshold 2.3x10-11 

V0 100 mV D threshold 3x10-11 

VA 6x10-3mV K1 300 

KA 940 K2 150 

0 22800 K3 15 

VB 8 x 10-3 K4 3 

KB 510 At 1920 

Ca channel number 1800 Bt 3720 

 

With this model we were able to probe the validity of our conclusions regarding the nonrelease 

dependent capacitance change (Figure S3) demonstrating that current activation by the sine 

wave and not gating charge was responsible. Also remaining artifact was due to electrode 

capacitance variability. We were also able to demonstrate that JClamp analysis software 

reproduced expected capacitance changes as defined by the model. And finally, as 

demonstrated in the main text, the model was capable of reproducing most aspects of 

measured release. 
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 Fast component artifact that remains at high frequencies appears to be the result of 

how well electrode compensation was performed and how linear the patch amplifier behaved. 

Ensuring a linear amplifier and maximal electrode compensations further reduces artifact. 

Remaining artifacts were linearly subtracted from data. Variations in sine wave amplitude did 

not alter capacitance responses and any remaining artifact scaled predictably as driven by 

electrode capacitance. 

Figure S1. Two Sine Wave Method for Capacitance Measurements Reveals Multiple Kinetic 

Components 

(A) ICa, upper, and capacitance, lower panel elicited from a depolarization to -35 mV, from a 

holding potential of -85 mV with sine waves of 1.56 and 0.8 kHz and amplitude of ±20 mV 

superimposed. The capacitance trace reveals three components, a very fast (indicated by 

arrows), intermediate and slow component.  

(B) Ca2+ buffers separate capacitance components, where the black trace denotes 1 mM EGTA 

internally, the red trace 1mM BAPTA, and the green trace 10 mM BAPTA.  

(C) Recordings with 10 mM BAPTA where sine wave frequency was varied from a period of 5.12 

to 0.32 ms, upper panel is ICa, lower panel capacitive response.  

(D) Summarizes the results in (C) plotting the change in capacitance against sine wave period; 

the color code for sine wave period is the same for C-F (n=19).  

(E) Demonstrates the sine wave stimulus was activating ICa using a sine wave of ± 60 mV from a 

-80 mV holding potential.  
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(F) Low pass filtered responses are plotted in (F) to show current activation (n=8).   

Figure S2. Initial Fast Capacitive Component Is Driven by ICa  

(A) Top trace is stimulus, middle trace is ICa in the absence (black) and presence (red) of Cd and 

lower trace are capacitance changes (n=5). 10 mM BAPTA was in the pipette to inhibit release. 

(B) Plots ICa (red) and capacitance (black) in the absence (filled) and presence (open) of Cd (1 

mM).  

(C and D) Upper panel is stimulus, middle ICa and lower capacitance response in the absence 

(black) and presence (red) of Bay K (10 µM) (C) or 5 mM Ca (red) or 5 mM Ba (blue).  

(E) Summarizes data from C and D using different probative sine wave frequencies. 

Figure S3. Theoretical Reconstruction of Capacitance Components Demonstrates that Fast 

Initial Component Is Due to Inductive ICa 

(A–D) Left is capacitance and right is ICa elicited at different voltage steps, top trace represents 

time course of stimulus. (A) includes ICa, gating currents and release components, (B) includes 

ICa and gating, (C) only current and (D) only gating. Note the scale bar changes.  

(E) Represents the sensitivity of the Ca2+ current to the sine wave frequency, similar to the data 

presented in Figure 2. Here a sine wave of increasing frequency is superimposed onto a voltage 

step to -30 mV. As the frequency increased the Ca2+ current decreased. Only low frequency 

stimulus is shown at top. 
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Figure S4 (also called Movie S1). Movie of Z-Stack (0.1 m Sections) Showing psd95 (Green) and 

Ribeye (Red) Antibody Labeling 

Individual synapses are marked for counting. This movie is available with the article online. 

Figure S5. Confocal Z-Stacks Taken with 0.1 µm Steps Were Analyzed Using Volocity Software 

Ribeye- (red) and PSD95- (green) positive fluorescent objects with 25-100% intensity were identified on 

independent channels. Intersecting objects were subsequently selected as potential synaptic ribbons (A) 

and manually confirmed using the point tool of Volocity (B).  When two synaptic ribbons were in close 

proximity, objects were analyzed in the XZ-YZ planes (C and D) and line intensity profiles were 

performed (E) to ascertain the occurrence of individual synaptic terminals. 

Figure S6. Release Rates per Synapse Vary between Cells of Different Characteristic Frequencies 

and Dependent on internal Ca2+ Buffering  

(A) Plots release rate per synapse, either as capacitance (left axis) or as vesicles (right axis) 

against Ca2+ load per synapse per second. Data were obtained by depolarizing to elicit varying 

size Ca2+ currents, each cell is connected by lines with points reflecting different depolarizing 

levels.  

(B) Plots release rate against Ca2+ load for high frequency cells using either 1 mM EGTA (open 

black circles) or 1 mM BAPTA (filled green squares) against Ca2+ load. 

Figure S7. High Speed Confocal Ca2+ Imaging of Synaptic Zones Reveals Both Linear and 

Superlinear Changes in Ca2+ 
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(A) Ctbp2 labeling of DB with schematic on right indicating regions that were imaged. Two 

stimuli were used, one eliciting about 15% (E) of the peak Ca2+ current, the other 65% (B) of 

maximal current. Capacitance responses are given in (C,F) for the different Ca2+ loads, (F) 

eliciting only the first component while (C) eliciting both components.  (G) Ca2+ imaging 

experiments reveal a signal that integrates Ca2+ with a faster larger response at the synapse, 

decreasing with distance away from the synaptic zone. (D) finds nonlinear increases in Ca2+ 

signal with rise times and peaks invariant with distance from the synapse but for the furthest 

distance.  
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Recent experiments describe a tech-
nique for tracking membrane capac-

itance during depolarizations where 
membrane conductance is varying. 
This is a major advance over traditional 
technologies that can only monitor 
capacitance when conductance is con-
stant because it gives direct information 
regarding release kinetics from single 
stimulations. Presented here are addi-
tional data supporting the use of this 
technology with multiple conductances 
being active including BK-Ca-activated 
potassium channels, SK Ca-activated 
potassium conductances and also the 
rapidly activating sodium conductance. 
It goes further to illustrate the ability to 
monitor rapid capacitive changes. And 
finally, it points out the need to evaluate 
single step responses because of the use-
dependent movement of vesicles.

Ribbon type synapses are commonly 
found in peripheral sensory cells such as 
auditory hair cells and photoreceptors, 
where vesicle fusion is in response to a 
graded receptor potential.1 These synapses 
typically show little fatigue and multiple 
components of release.2 Paired and post 
synaptic measurements suggest a linear 
input output function for these synapses, 
particularly at auditory hair cell afferent 
fiber synapses.2-4 Recent evidence suggests 
that the linearity in release properties arises 
from the sum of nonlinear processes, the 
linearity appearing as the processes merge 
temporally about the hair cell’s resting 
potential.5 In that study, two components 
of release were identified. The first com-
ponent varied directly in release rate and 

Tracking vesicle fusion from hair cell ribbon synapses  
using a high frequency, dual sine wave stimulus paradigm

Michael E. Schnee,1 Manuel Castellano-Muñoz,1 Jee-Hyun Kong,1 Joseph Santos-Sacchi3 and Anthony J. Ricci1,2*
1Department of Otolaryngology; 2Molecular and Cellular Physiology; Stanford University School of Medicine; Stanford, CA;  
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magnitude with calcium influx and was 
saturable with a vesicle population corre-
sponding to those near the synapse. The 
second ‘superlinear’ component had a con-
stant rate, was indefatigable and required 
recruitment of vesicles from more distant 
pools. These new processes were revealed 
by the use of a dual sine technique which 
allows for the continuous monitoring of 
capacitance changes, even in the face of 
conductance changes.5,6

Traditionally, a single sine technique 
has been used to monitor capacitance.7 
In this case the imaginary component of 
the complex current correlates to capaci-
tance, as long as there is no conductance 
change of either membrane or electrode, 
otherwise the imaginary component 
reflects both capacitance and conductance 
in an inseparable manner.7 The two sine 
method allows for the continual tracking 
of conductance and capacitance and thus 
the potential ability to separate each.6 The 
added complexity of monitoring capaci-
tance during conductance change is that 
the sine wave may activate ion channels, 
with an attendant intrusive inductance 
that interferes with measures of capaci-
tive current phase, leading to unaccept-
able errors in capacitance measures.5 
Sufficiently higher frequency sine wave 
stimuli can alleviate this problem because 
channel kinetics will not be able to respond 
to the rapid cycle by cycle voltage change. 
Figure 1 illustrates that the dual sine wave 
approach can be used to track capacitance 
in the presence of BK-calcium activated 
potassium channels, SK-calcium activated 
potassium channels, as well as rapidly acti-
vating and inactivating sodium channels. 
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techniques for understanding the effects 
of repetitive stimuli. Finally, the ability to 
measure capacitance in the face of evoked 
conductances likely will make the dual 
sine approach useful for the analysis of a 
variety of model systems.
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vesicle distribution varies with each stim-
ulation; thus, protocols requiring mul-
tiple stimulations may not produce the 
same response as an individual stimulus. 
Clearly, this is a major limitation of the 
single sine technique that provides only 
single time points for each stimulation, 
and requires substantial stimulus-response 
averaging both between and within cells 
to obtain a time course of release. Figure 
3 provides an example of this problem 
uncovered with the dual sine technique. 
A second repetition of the same stimula-
tion results in faster release with an earlier 
onset to the second release component. 
Thus, the apparent calcium-dependence 
of release varies with each voltage pulse, 
most likely due to reshuffling of vesicle 
populations (or some biochemical change 
to the vesicles that makes them more 
easily released) as dictated by calcium 
homeostasis.

Data obtained with the dual sine tech-
nique provide new insight into how rib-
bon synapses function. These data also 
challenge the usefulness of single sine 

In each case rapidly activating L-type cal-
cium channels (α 1D) are driving vesicle 
fusion. The conductance changes do not 
alter the capacitance measurements.

The high frequency sine wave approach 
samples capacitance at higher rates than 
the traditional single sine method. These 
higher sampling rates allow monitoring of 
vesicle fusion kinetics at least at the macro-
scopic level. Figure 2 depicts release from 
an auditory hair cell showing a small rapid 
saturable pool of release, (indicated by the 
arrow in A) and a larger less saturable pool 
of recruitable vesicles. Time expansion 
of (A) reveals the rapid release rise time; 
release begins immediately at the stimulus 
onset and continues until saturation. The 
solid red line is an exponential fit to this 
small first component of release.

Data using the two sine technology 
reveals a dynamic equilibrium between 
vesicles and calcium such that pool sizes 
are continually in flux between release 
and recruitment. This dynamic situation 
makes experiments requiring repetitive 
stimulation suspect because the baseline 

Figure 1. the dual sine wave technology allows for monitoring capacitance concomitantly with the occurence of voltage or calcium-dependent 
currents. In each frame the upper panel depicts the stimulus, the middle panel the extracted currents and the lower panels the capacitance measure-
ments. the sine waves are not shown on the stimulus but had frequencies of 6.3 and 9.4 kHz. Stimulus artifacts were digitally removed and data fil-
tered with a fourier filter to remove high frequency components. Both (a and B) were recordings from turtle hair cells while (C) was from an immature 
rat hair cell. (a) illustrates capacitance changes measured with a potassium based intracellular solution where the BK calcium activated potassium 
current activates rapidly in response to a depolarization to -10 mV. (B) Similar records with a cesium based intracellular solution without the presence 
of apamin externally. the large calcium current activated the SK calcium activated current, indicated by the arrow. SK activation had no effect on ca-
pacitance measurements (depolarization to -10 mV). (C) presents capacitance measurements from a postnatal day 8 rat inner hair cell that transiently 
expressed Na currents. this rapidly activating, rapidly inactivating current, indicated by arrow, also had little effect on the measured capacitance 
response. the inset expands in time each response with the scale bars reflecting 10 ms and 100 fF and 0.5 na. the dashed line indicates onset time so 
that stimulus artifact can be separated from Na current. (a and B) were post filtered, while (C) was not in order to not lose fast components.
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Figure 2. the dual sine wave technique allows for rapid kinetic changes to be monitored. (a) shows a calcium current response and corresponding 
capacitance change. the capacitance response shows multiple release components. (B) is a time expansion of (a) where the rapid release and then 
plateau of a small pool of vesicles is observed.

Figure 3. the dual sine technique demonstrates a major flaw with techniques that require repeti-
tive stimulation in that responses are altered by previous stimulations. the black trace was ob-
tained 10 min after breakthrough and is a response to a depolarization to 75% pf the peak calcium 
current. the red trace was obtained 5 min later and shows an increased release with insignificant 
change in the calcium current. this likely reflects a redistribution of vesicles following the first 
stimulation. the red trace was offset in the y-axis in order to clearly overlay traces.



Intracellular calcium affects prestin’s voltage operating point indirectly via turgor-
induced membrane tension
Lei Song and Joseph Santos-Sacchi 
 
Citation: AIP Conference Proceedings 1703, 030009 (2015); doi: 10.1063/1.4939324 
View online: http://dx.doi.org/10.1063/1.4939324 
View Table of Contents: http://scitation.aip.org/content/aip/proceeding/aipcp/1703?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Effect of point and grain boundary defects on the mechanical behavior of monolayer MoS2 under tension via
atomistic simulations 
J. Appl. Phys. 116, 013508 (2014); 10.1063/1.4886183 
 
Basilar Membrane Measurements from Wild Type, Prestin 499, and Prestin KO mice 
AIP Conf. Proc. 1403, 432 (2011); 10.1063/1.3658126 
 
Understanding anomalous delays in a model of intracellular calcium dynamics 
Chaos 20, 045104 (2010); 10.1063/1.3523264 
 
Spatiotemporal intracellular calcium dynamics during cardiac alternans 
Chaos 19, 037115 (2009); 10.1063/1.3207835 
 
Temperature‐induced length and tension variations affecting the pitch of a stretched string 
J. Acoust. Soc. Am. 66, S30 (1979); 10.1121/1.2017708 
 

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions IP:  130.132.173.25 On: Thu, 02 Jun 2016 03:19:05

http://scitation.aip.org/content/aip/proceeding/aipcp?ver=pdfcov
http://scitation.aip.org/search?value1=Lei+Song&option1=author
http://scitation.aip.org/search?value1=Joseph+Santos-Sacchi&option1=author
http://scitation.aip.org/content/aip/proceeding/aipcp?ver=pdfcov
http://dx.doi.org/10.1063/1.4939324
http://scitation.aip.org/content/aip/proceeding/aipcp/1703?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/116/1/10.1063/1.4886183?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/116/1/10.1063/1.4886183?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.3658126?ver=pdfcov
http://scitation.aip.org/content/aip/journal/chaos/20/4/10.1063/1.3523264?ver=pdfcov
http://scitation.aip.org/content/aip/journal/chaos/19/3/10.1063/1.3207835?ver=pdfcov
http://scitation.aip.org/content/asa/journal/jasa/66/S1/10.1121/1.2017708?ver=pdfcov


Intracellular Calcium Affects Prestin’s Voltage Operating 
Point Indirectly via Turgor-Induced Membrane Tension 

Lei Song* and Joseph Santos-Sacchi*,†,** 
Departments of *Surgery (Otolaryngology), †Cellular and Molecular Physiology, and **Neurobiology 

 Yale University School of Medicine, New Haven, Connecticut, USA  

Abstract. Recent identification of a calmodulin binding site within prestin’s C-terminus indicates that calcium can 
significantly alter prestin’s operating voltage range as gauged by the Boltzmann parameter Vh (Keller et al., J. 
Neuroscience, 2014). We reasoned that those experiments may have identified the molecular substrate for the protein’s 
tension sensitivity. In an effort to understand how this may happen, we evaluated the effects of turgor pressure on such 
shifts produced by calcium. We find that the shifts are induced by calcium’s ability to reduce turgor pressure during 
whole cell voltage clamp recording. Clamping turgor pressure to 1kPa, the cell’s normal intracellular pressure, 
completely counters the calcium effect. Furthermore, following unrestrained shifts, collapsing the cells abolishes induced 
shifts. We conclude that calcium does not work by direct action on prestin’s conformational state. The possibility remains 
that calcium interaction with prestin alters water movements within the cell, possibly via its anion transport function. 

INTRODUCTION 
Prestin is the protein responsible for OHC electromotility, and forms the molecular basis of mammalian cochlear 
amplification [4, 13, 23, 26]. The protein is sensitive to a variety of biophysical forces which are capable of shifting 
its voltage operating range (quantified by the Boltzmann fit parameter, Vh) of the protein. These include initial 
holding potential [21], intracellular anions [15, 18, 25], temperature [14, 20], and membrane tension [7, 10, 11]. The 
structural components of prestin responsible for these sensitivities are not known. Recently, Keller et al [12] have 
shown that structurally disordered elements in the C-terminus of prestin can serve as calmodulin binding sites, and 
that intracellular calcium can dramatically shift Vh of prestin in the hyperpolarizing direction during wash-in of 
calcium-containing patch pipette solutions following establishment of whole cell recording. Treatments with 
trifluoperazine (TFP), a calmodulin inhibitor, or mutations of residues within the calmodulin binding site (R571D, 
R572D, K573D, R576D, K577D and K580D) abolished the calcium effect. In our hands, those same mutations were 
shown to shift Vh in the positive direction [2], in line with manipulations that increase membrane tension. 
Additionally, we had previously shown that negative Vh shifts in NLC occur during wash-in due to reduction of 
turgor pressure (reduced membrane tension). We wondered if Keller et al. [12] had identified the mechanism of 
action for membrane tension effects on prestin. To determine if calcium plays this pivotal role we evaluated the 
effect of turgor pressure using their experimental approach. 

METHODS 
Isolated OHCs from guinea pigs were whole cell voltage clamped using methodology previously described in detail 
[22,24]. Briefly, gigohm seals were formed and then ruptured to allow pipette solution wash-in. Wash-in typically 
takes about 3 minutes [16]. NLC was determined using admittance analysis, with 2 voltage sinusoids at harmonic 
frequencies superimposed on ramps ranging from -150 to + 100 mV. Detrending of raw currents preceded FFT 
analysis. Capacitance data were fit to the first derivative of a two-state Boltzmann function [19],  
     
  

 (1) 
 

where Qmax is the maximum nonlinear charge moved, Vh is voltage at peak capacitance or equivalently, at half 
maximum charge transfer, Vm is membrane potential, z is valence, Clin is linear membrane capacitance, e is electron 
charge, k is Boltzmann’s constant, and T is absolute temperature. In addition to determining Vh via voltage ramps 
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every 30 seconds, Vh was tracked in real time by monitoring the voltage at gating current reversal using the +/-P 
technique [1], a procedure we previously described in detail [11]. The Vh values determined by either protocol were 
not statistically different (p>.05). Video images were captured during recording to gauge cell swelling. 

Solutions were the same as Keller at al. [12]. Intracellular (in mM): 150 CsCl, 2 MgCl2, 0.1 CaCl2 (or 10 
EGTA), and 10 (or 20) HEPES; extracellular (in mM): 150 NaCl, 2 MgCl2, 2 CoCl2, and 10 HEPES. All solutions 
were adjusted to pH 7.4, and osmolarity to 340 mmol/kg with glucose. Intracellular pressure (i.e., pipette pressure) 
was either 0 kPa, as per Keller et al. [12], or clamped to 1 kPa. This latter pressure corresponds to normal OHC 
turgor pressure [17]. TFP (50 πM), a calmodulin antagonist, was locally perfused in bath solution. Two sided t-tests 
were used to assess significance. 

RESULTS 
Figure 1A shows the time course of Vh change following rupture of the OHC patch membrane following seal 
formation. Initial values of Vh immediately after establishment of whole cell conditions (measured with ramp 
protocol; open and filled circles) quickly shifted to more negative values (about -60 mV, indicated at the onset of 
successful Vh tracking, line plot) regardless of the presence of Ca2+. Thereafter, Vh for the Ca2+-containing condition 
shifted over the course of minutes to more negative potentials, whereas in the absence of calcium, a continued 
depolarizing shift was observed. Vh measures from ramp protocols and tracking paradigm were equivalent (Fig. 1B, 

C). These changes in Vh are in 
line with Keller et al. [12]. 

Figure 2 shows averaged data 
similarly collected (n=4-6 cells), 
with Γ Vh relative to time after 
patch rupture shown for 
comparison. These data confirm 
that Vh shifts in opposite 
directions over time depending 
upon the solution used. 
Interestingly, we find that in the 
group lacking Ca2+, cells tended 
to swell during recording. This 
was not observed in cells 
recorded with Ca2+. Thus, in 
order to test for turgor pressure 
effects we measured another 
calcium group of cells in the 
presence of a constant 1 kPa 
pipette pressure. The presence of 
increased turgor pressure 

completely countered the calcium effect, showing no statistically significant difference between the Vh values 
obtained with and without out Ca2+ (Fig. 2, down triangles vs. open circles; p’s>0.05). Additionally, following Vh 
tracking for several minutes we collapsed all cells and measured the resulting Vh. No significant differences for all 
conditions were found compared to the initial Vh values at patch rupture time (Fig. 2, symbols above by collapsed 
label). We conclude that in our experiments turgor pressure changes governed the Vh shifts. 

Our results with local perfusion of TFP as per Keller et al. [12] are variable (Fig. 3). In the 2005 MOH meeting 
proceedings, we published that local perfusion itself can cause rapid (within seconds) shifts in OHC Vh, presumably 
due to membrane tension effects. Recently, we have further investigated this phenomenon and determined that 
perfusion-induced shifts are absent following collapse of the OHC. This may impact on our variable results with 
TFP perfusion, since when cells are deflated TFP has little effect, whereas when cells are inflated there is a 
depolarizing shift in Vh, which is rapidly reversed upon flow cessation. In addition, we find that even perfusion of 
normal bath solution will cause a depolarizing shift for the intracellular Ca2+ solution condition. Previous studies 
used prolonged treatments with calmodulin inhibitors such as TFP (>30 min) prior to evaluating effects on cell 
shape or Vh [5, 6]. In our hands, then, the ability of TFP to work within seconds as a calmodulin inhibitor during 
acute perfusion is unresolved. 

FIGURE 1. NLC Vh tracked in real time during wash-in of indicated solution. (A) 
Since Vh-tracking takes time to initially find Vh, we also measured NLC with ramps. 
Symbols indicate Vh immediately after patch rupture (filled circle: 0.1 mM Ca2+; 
open circle: no Ca2+).  Numbers 1- 4 also indicate ramp-measured Vh at select times. 
Cm-Vm functions from those measures are plotted in (B) and (C) (no averaging).  
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FIGURE 3. Effects of TFP perfusion on Vh shift. Calcium-induced negative shifts were obtained in OHCs and the 
effects of TFP perfusion and bath perfusion assessed. (A) Deflated cells show no response to perfusions. (B) In another 
cell, after inflation via positive pipette pressure positive shifts were observed. 

 

 

 

 

 

 

DISCUSSION 
Here we show that shifts of OHC Vh induced by intracellular solutions in the presence or absence of Ca2+ result from 
alterations in membrane tension caused by changes in turgor pressure. In the absence of Ca2+, cells tend to swell, but 
in its presence cells do not swell. The OHC is highly sensitive to osmotic influences [3], likely influenced by  
membrane bound ion transport mechanisms. The shape is normally maintained by a cortical cytoskeleton [8], but 
cells may swell or collapse during whole cell recording, altering Vh due to prestin’s membrane tension sensitivity 
[11]. Because of this we and others typically evaluate direct effects on prestin by collapsing OHCs to remove these 
effects.  

The action of Ca2+ on OHC shape and NLC have been previously evaluated. Dulon et al. [5] used the Ca2+ 
ionophores ionomycin and A23187 to show that increases in intracellular Ca2+ induce cell volume decreases by up 
to 5%. This is in line with our observations. The calmodulin inhibitor TFP was able to block this effect, without 
altering the induced changes in intracellular Ca2+. Frolenkov et al [6] also used ionophores or ACh to increase 
intracellular Ca2+; however, whereas turgor reductions similar to those observed by Dulon et al. [5] were observed, 
simultaneous measures of NLC showed virtually no changes in Vh. This may not be unusual, since depending on 
initial Vh, turgor pressure reductions can have a limited effect on Vh shift [11]. Both studies concluded that calcium 

FIGURE 2. Averaged measures of Vh shift. Calcium-induced negative shifts in Vh are absent in the presence of positive 
intracellular turgor pressure. After recording for several minutes, cells were collapsed with negative pipette pressure, and 
Vh values for all conditions returned to levels observed at patch rupture. 
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can work on cytoskeletal elements via a calmodulin dependent pathway. Interestingly, Frolenkov et al. [6] did 
determine that agents which alter phosphorylation state can shift Vh in the absence of turgor pressure changes. 

How can our results be reconciled with the Ca2+/calmodulin hypothesis of Keller et al. [12]? First, species 
differences may exist. For example, salicylate sensitivity of mouse prestin is nearly an order of magnitude greater in 
mouse than guinea pig [9, 22]. Second, Ca2+ may be working on cellular mechanisms that influence the generation 
of water movements, thus turgor changes, in cells. Perhaps even prestin’s anion transport function is directly 
calmodulin dependent, controlling ion fluxes that influence membrane stress that is fed back to prestin’s tension 
sensor. In this scenario, calmodulin inhibitors or mutations of prestin that abrogate calmodulin binding [2, 12] may 
disrupt the cell’s ability to maintain turgor pressure, and thus provide self-control to motor function. 
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COMMENTS AND DISCUSSION 
Paul Teal: The argument is mostly convincing. 

In the discussion, Frolenkov et al. are cited as finding that increased Ca2+ caused turgor reductions similar to those observed 
by Dulon et al, but simultaneous measures of NLC showed virtually no changes in Vh. Even though there is discussion on 
possible reconciliation with Keller et al., there is none on reconciliation with this result which seems to be just as significant. Or 
have I misunderstood? Some clarification might help here.  

No doubt displaying my ignorance here but when the pipette pressure in one of the experiments (as per Keller et al) is 0 kPa, 
how is the solution actually introduced? 

Joseph Santos-Sacchi [reply to Paul Teal]: Thanks, Paul. 
Positive turgor pressure introduced by pipette pressure changes Vh in the depolarizing direction and shifts will continue until 

the cell bursts – membranes can only withstand about 5-7% stretch. The effect of negative pressure depends on the initial turgor 
level. When a cell still appears cylindrical at low pressure, because the cortical cytoskeleton maintains a cylindrical state, it may 
be possible to reduce pressure and cause cell collapse. We previously showed that there is a limiting hyperpolarizing shift when 
the cell approaches collapse. Thus, during recording, a negative pressure could produce small to no changes in Vh. I assume that 
the membrane at that point is lax. Our simple observation in our new MOH paper is that the solutions used with 0 Ca cause 
increased turgor pressure (thus membrane tension) and positive shifts, which dissipate when the cell is collapsed with all 
solutions tested. 

Pipette pressure, which could cause bulk flow of pipette fluid into the cell, is not necessary to exchange ionic solutes. Indeed, 
with perforated patch recording (depending on ionophore species used), ionic replacement of cell constituents with that of the 
pipette is possible. Clearly, pipette pressure cannot be changed during that process else the perforated patch would burst, putting 
the cell into standard whole cell voltage clamp mode. 

Thanks, again. 

Andrew Bell: Hello Lei and Joseph: 
You have shown that OHCs are very sensitive to changes in osmotic pressure, a result supported by Chertoff & Brownell 

(your ref. 2). This seems to imply that OHCs are also capable of responding to changes in hydraulic pressure of the cochlear 
fluids. By extension, this raises the possibility that small changes in intracochlear pressure – due to sound pressure – could also 
alter the electrical potential of the cell. The implication is that OHCs might react directly to a sound stimulus (Bell 2003) and 
bending of the stereocilia is not the only possible effective stimulus. Do you consider such a complementary mechanism 
possible? 

Bell, A. (2003). Are outer hair cells pressure sensors? Basis of a SAW model of the cochlear amplifier. In Biophysics of the 
Cochlea from Molecules to Models (ed. A.W. Gummer), pp.429-431. 

Joseph Santos-Sacchi [reply to Andrew Bell]: Hi Andrew, thanks. Yes, I agree and we have published on this in abstract and 
manuscript form (Rybalchenko and Santos-Sacchi 2003 JPhysiol). Subsequent papers from our lab also refer to this possibility. 
The susceptibility to in vivo tensions stems not only from the tension sensitivity of the motor, but also to the tension sensitivity of 
GmelL, a lateral membrane conductance that permits chloride flux. — Joe 
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    Chapter 28   

 A Walkthrough of Nonlinear Capacitance Measurement 
of Outer Hair Cells                     

     Lei     Song     and     Joseph     Santos-Sacchi      

  Abstract 

   Nonlinear capacitance (NLC) measures are often used as surrogate measures of outer hair cell (OHC) 
electromotility (eM), since the two are commonly thought to share many biophysical features. The mea-
surement of NLC is simpler than direct measurements of eM and, therefore, many investigators have 
adopted it. A standard patch- clamp hardware confi guration is suffi cient for recording NLC, given the 
proper software interface. Thus, the approach is cost effective. We use the software jClamp since it is tai-
lored to capacitance measurement. Here we detail steps that we use to measure NLC. The walk through 
includes isolation of guinea pig OHCs, building voltage commands, recording, and analysis.  

  Key words     Nonlinear capacitance  ,   Outer hair cells  ,   Electromotility  ,   Prestin  ,   Cochlea  ,   Inner ear  

1      Introduction 

  The OHC lateral membrane protein prestin [ 1 ] powers electromo-
tility [ 2 – 5 ], key to  mammalian   cochlear amplifi cation [ 6 ].  Direct 
  measurement of OHC motility requires a  number   of additional 
techniques (such as microchamber [ 7 – 9 ] or equipment (such as 
fast camera [ 10 ] or photodiode [ 7 ,  8 ,  11 ] which are not standard 
additions to the usual patch clamp [ 12 ] setup. For the investiga-
tion  of   prestin function in nonnative cells [ 13 – 15 ],  although   elec-
tromotility measurement  is   possible, a micro chamber is required 
to deform the cell [ 1 ] and the magnitude of motility is an order of 
magnitude smaller than that of the native OHC [ 1 ,  13 – 15 ] .  NLC, 
   a surrogate measure of motility, is the electrical signature of prestin 
activity.  NLC   can substitute for measures of motility, and  can   be 
carried out on a typical patch-clamp setup without additional 
equipment. The advantage of NLC is more evident  in   the assess-
ment of prestin function in transfected cell lines which  often   express 
much less prestin, but requires  relatively   fast measures to  acquire 
  large number of cells for statistics [ 13 ,  14 ,  16 ]. 

Bernd Sokolowski (ed.), Auditory and Vestibular Research: Methods and Protocols, Methods in Molecular Biology, vol. 1427,
DOI 10.1007/978-1-4939-3615-1_28, © Springer Science+Business Media New York 2016
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 Conventional methods for measuring cell capacitance use step- 
induced transient analysis (charge integration) or the use of a lock-
 in   amplifi er to interrogate phase responses to sine wave stimuli 
[ 17 – 19 ]. Using a phase detector, the phase tracking method fol-
lows  the   current changes attributed to capacitance changes. 
Limitations include having low  and   stable membrane conductance, 
and these measures  are   subject to infl uence of fast (stray) capaci-
tance between pipette and bath solution [ 18 ,  20 ]. We use two-sine 
method where the additional set of recorded parameters from the 
second sine is used to solve capacitance which is more resistive to 
fast conductance change. Data analysis can alternatively be per-
formed on one of the recorded sine wave currents if desired so it 
offers fl exibility in data analysis. 

 Here we introduce the measurement of NLC of OHCs, a pro-
cedure that circumvents the mechanical measurement of OHCs. 
An example of using two types of stimuli (dual-sine and transient 
step perturbations atop a voltage ramp) on the same OHC is shown 
(Fig.  1 ) where a stair-step stimulus we previously used to detect 
OHC capacitance [ 9 ] and a two-sine stimulus are each applied to 

  Fig. 1    Example traces of NLC collected from same OHC by using a stair step stimulus ( upper panel ,  circle ) and 
2-sine ( upper panel ,  solid lines ). Stimulus of either depolarization or hyperpolarization ramp are color coded. 
In general the two stimulus methods generate NLC curves that are overlapping, except the curves that were 
generated by using 2-sine are less “noisier” than those acquired by step stimulus.  Bottom panel  shows simul-
taneous measurement of motility.  Blue line  is the voltage at peak capacitance for a hyperpolarized ramp. A 
depolarized shift of Vh in motility measurement is marked for each depolarized and hyperpolarized stimulus       
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the same whole-cell patched OHC. Two-sine analysis is less noisy 
than that acquired by stair-step stimuli (upper panel, Fig.  1 ), 
although mechanical measurement obtained by each ramp stimu-
lus almost overlap (lower panel, Fig.  1 ). We focus on  measuring 
  NLC in OHCs by using the two-sine method. We routinely use 
the software jClamp (jClamp,   www.scisoft.com    ) in our daily data 
collection so our introduction is unavoidably based on the opera-
tion of that software. However, the basic steps can be replicated by 
a skilled physiologist/programmer by referring to original publica-
tions [ 21 ,  22 ].

   We introduce the basic steps for acquiring NLC so a trained 
electrophysiologist who is familiar with patch clamping can start 
the measurement with minimal  modifi cations   such as the addition 
of software. Major procedures include isolating OHCs, prepara-
tion of the experiment solutions, building stimulus command, and 
recordings.    Some notes are provided to offer tips to acquire high 
quality data.  

2    Materials 

       1.     PC running on windows (XP, Vista, Win 7, and Win 8).   
   2.    Pipette puller (Sutter P-2000 or similar) and soft glass thin 

wall pipette (WPI, Sarasota, FL).   
   3.    Amplifi er (Axon 200 series or 700 series)    and headstage.   
   4.    D/A converter: Axon 13xx, 14xx series (Molecular Devices, 

Sunnyvale, CA), National Instrument Austin, TX) or IO Tech 
(Measurement Computing Corp, Norton, MA).   

   5.    A Windows compatible  camera   is optional for measuring NLC 
and electromotility simultaneously, but is also helpful in moni-
toring OHC conditions.   

   6.    Software: jClamp ( see   Note 1 ).       

    All solutions are made in deionized water.

    1.    Ionic blocking extracellular solutions (mM): Mix 92 NaCl, 20 
TEACl, 20 CsCl, 1 CaCl 2 , 2 CoCl 2 , 1 MgCl 2 , 10 HEPES, in 
950 mL of H 2 O. Use 1–2 M NaOH to adjust pH 7.2–7.4, 
then top off to 1 L. Use  D -Glucose to increase osmolality of 
solution to ~300 mOsm ( see   Note 2 ). Store at 4 °C.   

   2.    Intracellular pipette solution (mM): 136 CsCl, 2 MgCl 2 , 10 
HEPES, 10 EGTA, start from a smaller volume such as 
180 mL. Use 1–2 M CsOH to adjust pH 7.2–7.4 as in 
Subheading  2.2 ,  step 1 . Then  top   off to 200 mL (you can 
make smaller volume based on your consumption of pipette 
solution). Use  D -glucose to adjust osmolality to ~300 mOsm. 

2.1  Patch-Clamp 
Hardware 
and Software

2.2  Solutions

A Walkthrough of Nonlinear Capacitance Measurement of Outer Hair Cells
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Be sure to keep intracellular and extracellular solution to within 
2 mOsm. When making “physiological” intracellular chloride 
concentration, gluconate is used as an anion substitute for 
chloride ( see   Note 3 ). Store at 4 °C.   

   3.    Filter all solutions with a 0.22 μm fi lter after the solution is 
made.   

   4.    ( Dispase   I, 10 U/mL, Roche).      

       1.    pH meter (e.g., Corning pH meter 430 or similar).   
   2.    Dissecting tools:  Scissor   (assorted sizes), hemostat, Malleus 

Bone Nipper, No. 3, No. 5 and fi ne forceps.       

3    Methods 

      All  animal   protocols should be approved by  the   institutional ani-
mal care and use committee according to NIH guidelines.

    1.     Euthanize   animals  with    isofl urane   overdose.   
   2.    Dissect and isolate temporal bones and place in a petri dish 

fi lled with 1x PBS.   
   3.    Refrigerate unused second  cochlea   at 0–4 °C for later use (up 

to 4 h).   
   4.    Open bulla with a Malleus Bone Nipper, to expose cochlea and 

remove ossicles with No. 3 forceps.   
   5.    Press and crack the apical part of the cochlea using blunted or 

No. 3 forceps. Lift the cracked bone  to   create an opening.   
   6.    Carefully tuck between the bone and spiral ligament and press 

toward the bone (outward) using the blunted forceps tip or 
No.  3   forceps. Cracked bone chips will then be lifted away. 
Start from  the   opening and work down toward the base to 
expose the whole Organ of Corti.   

   7.     Carefully   strip off Organ of Corti ( see   Note 4 ).   
   8.    Place stripped Organ of Corti in either extracellular  solution   or 

PBS with  Dispase   (5 U/mL).   
   9.    Incubate for 10–12 min at room temperature, then transfer 

the organ of Corti strip to the recording chamber with a few 
drops  of   extracellular solution.   

   10.    Gently triturate the Organ of Corti strip using a fl ame thinned 
pipette tip (200-μL pipette tip)    mounted on a 1 cc syringe ( see  
 Note 5 ).   

   11.    Leave the suspension solution in the recording chamber for 
about 15–20 min for cells to sink and stick to the glass bottom.   

   12.    Fill the dish with extracellular solution and start recording ( see  
 Note 6 ).       

2.3  Equipment

3.1  Isolating Guinea 
Pig Outer Hair Cells

Lei Song and Joseph Santos-Sacchi
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         1.      Prepare a recording pipette with a resistance of 4–6 MΩ. We 
typically use thin-walled electrodes (TW150-4  from   WPI, 
Sarasota, FL) ( see   Note 7 ).   

   2.    Use standard whole-cell patch- clamp   technique to form a GΩ 
seal  and   then rupture membrane to form a whole-cell  confi gu-
ration  . OHC membrane tension (evidenced by changes in cell 
turgor) should be  monitored   during pipette washout. This is a 
crucial step to avoid artifacts since NLC is  sensitive   to turgor 
pressure-induced membrane tension [ 23 – 27 ] ( see   Note 8 ).        

       1.    Prior to building a command fi le, make sure the system calibra-
tion fi le is correct ( see   Note 9 ). Always use an electrical cell 
model to verify that the measurement system is working 
properly.   

   2.    Build command fi le in jClamp within the command building 
utility. We routinely apply two-sine stimulus [ 21 ,  22 ] superim-
posed onto a voltage ramp. For construction of command, see 
help fi le in jClamp ( see   Note 10 ).   

   3.    Save command fi le in the quick access RPD (Rapid Parameter 
Directory) window to allow quick activation of commands 
during online recording. Once activated, a command window 
will pop up and stimulus parameters can be modifi ed online.   

   4.    Use “init” button in the command utility window (or the RPD 
buttons) to start recording ( see   Note 11 ). Changes of the 
command are not saved automatically unless the save button is 
clicked. Nevertheless, each data fi led possesses the command 
protocol for reconstruction.   

   5.    Select Cm vs. Vm in Results window. The data will be dis-
played as NLC curves online  following   each data collection. 
Each stimulus condition can be repeated until stabilization of 
NLC is reached, usually when intracellular pipette solution 
exchange is accomplished.      

       1.    Open Analysis window then select data fi le by using open 
folder icon to load raw data.   

   2.    Select part(ition) 3 by clicking “Sel” for the two-sine ramp col-
lection we typically use (Fig.  2 ). Only part 3 of the command 
(ramp) is selected and displayed.

       3.    Select  Y  axis: Cm in the drop down window and  X  axis: Voltage 
to plot NLC curve.   

   4.    Check “Rs” for series resistance correction.   
   5.    Check “DtR” for detrending of data prior to FFTing (optional, 

 see   Note 12 ).   
   6.    Fit NLC curve by select fi tting icon and move cursor by left 

clicking and holding.   

3.2  Preparing 
for Whole-Cell Patch 
Clamping of Outer 
Hair Cells

3.3  Recording 
Nonlinear Capacitance

3.4  Data Analysis

A Walkthrough of Nonlinear Capacitance Measurement of Outer Hair Cells
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   7.    Select the range for fi tting and in the pop up window, select 
“CAP” fi t. Parameters shown in the windows are  Q  max  (total 
charge moved),  V  h  (voltage at peak capacitance),  z  (valence), 
and  C  lin  (linear capacitance) (Fig.  2 ).   

   8.    Export fi tted parameters. Select “Param” and then click “Fit” 
button. Select “Auto” will include fi tted curve in the export 
fi le so traces can be used in other plotting software, such as 
SigmaPlot.   

   9.    Plot NLC curve in supported extremal software. Left click on 
the software icon and drag to the data analysis window and 
release. Refer to Help fi le in jClamp for detailed instructions 
( see   Note 13 ).       

4    Notes 

     1.    Although other common software used for patch clamping can 
also measure NLC, the analyses were very often carried out  in 
  a separate program post hoc [ 28 – 31 ]. Our in house developed 

  Fig. 2    Screenshot of data analysis window. Red lines/cursors highlight the voltage range fi tted. Activate the 
cursor by clicking the fi tting icon on the bottom row of buttons, 7th from the left. Then click each cursor and 
drag to the proper place. Before fi tting, remember to check  R   s   so the series resistance is corrected. Right 
window pops up when selecting curve fi tting icon. Select Cap and click “fi t” button. Fitting parameters are 
shown in the bottom windows. You can export  those   fi tting parameters by selecting “Param” in “Export” panel 
( see  jClamp help fi les for more detailed explanations)       
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software jClamp (distributed through Scisoft, Ridgefi eld, CT) 
is by far the easiest software to measure and analyze linear/
nonlinear capacitance. The online display of NLC and a num-
ber of data analysis features offer handy functions when track-
ing voltage shifts of NLC. Once an  investigator   becomes 
familiar with the program, the data acquisition and analysis are 
routine.   

   2.    When possible, ionic blocking solutions are used to eliminate 
current that may interfere with NLC measurements. When 
“physiological” solutions are needed for your investigation, 
check the current (by selecting in the analysis window “Vm vs. 
Im”). If a nonlinear current is present at the voltage where 
NLC is present, you need to take precaution when interpreting 
your data, because nonlinear currents can interfere with NLC 
assessment.   

   3.    Intracellular chloride is the key anion that modulates prestin’s 
function [ 32 ]. When an experiment requires reduction of 
intracellular chloride, substitute anions often shift NLC curve 
toward different  directions   along the voltage axis [ 32 – 35 ]. 
Errors in fi tting for parameters occur if the NLC is moved out 
of the stimulus voltage range [ 33 ,  34 ]. In general, gluconate 
substitution maintains NLC curves within the voltage range of 
the amplifi er so that both ends of the curve reach a steady 
state. Fitting is more reliable under those conditions. When 
another anion substitution is required, adjust voltage range of 
stimulation accordingly within the limit of amplifi er so that the 
NLC curve is clearly within the voltage range. Remember, you 
cannot fi t a NLC curve where the peak is not clearly resident, 
with substantial capacitance measures on either side.   

   4.    Use a forceps to press from under the coiled organ of Corti to 
break the bone from the modiolus.    Start from apex then work 
down toward base. An alternative is to separate the organ of 
Corti from the apex and use fi ne forceps  to   hold the broken 
end, while carefully pulling along the spiral of the modiolus.   

   5.    The 200-μL pipette tips are fl ame heated in the middle of the 
taper then pulled to thin the wall. Then trim the base of pipette 
tip to fi t a 1 cc syringe and cut the thinned tube so the opening 
is just large enough to suck in the strip of the  organ of Corti  . 
Metal needles or glass pipettes are not appropriate, as cells tend 
to adhere to the surface of glass and metal.   

   6.    Fill extracellular (bath) solution gently so OHCs, which adhere 
to the bottom of the dish, will not fl oat away. An alternative is 
to use a large opening patch pipette to move an individual 
OHC settled at the bottom of the dish  to   the recording 
chamber.   

A Walkthrough of Nonlinear Capacitance Measurement of Outer Hair Cells



508

   7.    Typical pipette resistances in 140 mM Cl solution are around 
4 MΩ. When the gluconate substitute is used, the resistance is 
raised to 5–6 MΩ in 5 mM Cl pipette solution.   

   8.    Membrane tension:  Outer hair cell membrane tension is a 
strong modulator of NLC [ 10 ,  24 ,  25 ,  27 ].  Increased   mem-
brane tension (e.g., caused by turgor pressure) can shift NLC 
curve over 50 mV [ 10 ,  25 ,  26 ]. Such a shift in Vh may create 
errors in data  interpretation;    we strongly recommend investi-
gators to control turgor pressure in OHC recordings during 
NLC and motility measurements. Tension changes can occur 
due to a variety of reasons including imbalanced osmolality 
between intracellular  and   extracellular solution, higher intra-
cellular  chloride   levels [ 36 ] or infl ux of chloride [ 35 ] or other 
ions, plugged pipette, and positive pressure clamped to the 
pipette [ 10 ,  24 ,  26 ]. Therefore,    either controlling or close 
monitoring of  membrane tension   is important to obtain unbi-
ased data. We routinely adopt two approaches to reduce arti-
facts derived from membrane tension changes: (1) to monitor 
cell turgor/length change with a video camera [ 36 ], and (2) to 
collapse  the   cell by suctioning the pipette. If turgor tension is 
not the focus of study, collapsing cells is the best approach to 
eliminate the problem. When membrane tension is part of the 
study or a “natural” condition is desired especially in motility 
measurement, collapse the cell at the end to acquire recordings 
as a control condition. Capturing images and making measure-
ments of cell length change also gives helpful indications of 
turgor changes and is highly recommended when a video cam-
era is available.    

   9.    Calibration should be done prior to the experiment and needs 
to be repeated after some time period, or whenever the system 
changes—new sampling clock, different fi lter setting on the 
amplifi er, change in amplifi er  gain  , etc. If the calibration is 
wrong then the data are WRONG! On the headstage, remove 
the pipette holder. Insert a 10 MΩ resister and connect to the 
ground. Run the calibration according to the menu instruc-
tion. This is a step easily ignored by investigators. Do not use 
wrong calibration fi les! File names should be saved to contain 
time and amplifi er fi lter frequency and clock information so 
that earlier calibration fi les are all identifi able. Calibrations are 
saved with data fi les.   

   10.    Building command fi le: A command fi le is built in the 
Command Utility interface prior to the experiment and a 
shortcut can be used. Move cursor to the left of screen and 
point to the command utility icon (6th from the top) and open 
the panel (shown on the right). Load command protocols by 
clicking folder icon in Command Utility window and select 
from the command fi le folder. If a command is used frequently, 
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you may save it in the “RPD” window (Shown in small panel 
with quick access keys, (Fig.  3 ) to enable quick access. A typical 
dual-sine ramp command is shown below in command utility 
window. We use four sections to defi ne the command. The sec-
tions 1 and 4 have matching holding potentials. Partition 2 
defi nes the beginning of ramp voltage. Partition 3 is the ramp 
where the start voltage is at the end of the ramp (−200 mV in 
the screenshot). Command Cm window needs to be selected 
and typical resolution is 2.56 ms if two-sine [ 22 ,  33 ] is to be 
superimposed onto the ramp (Fig.  4 ).

        11.    Quick access key (RPD) is the fast approach to activate a saved 
command fi le frequently used. We use it only at the beginning 
of the recording series. Upon activation of a command, the 
command utility window and Result Window data display will 
both pop up. Change the data display to Vm vs. Cm in drop 
down window so the NLC is displayed online. If the command 
needs repeated, use “init” key to activate the command during 
the continuous recording of the cell. The advantage of doing 
so is the ability to keep all the prior NLC curves on the data 
display window so you can track the changes of NLC online. 
This is particularly useful in determining the completion of cell 
dialysis [ 35 ] and tracking whether the cell has reached steady 

  Fig. 3    Screenshot of command building window. Left column is activated by moving cursor to the left. Then 
select 6th icon from the list to activate command utility window. Click open folder icon to select command fi le 
to work on. Command fi les are saved in “Param” subfolder in jClamp folder       
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state upon various manipulations (perfusion of extracellular 
solution containing drugs, change holding potential, change 
membrane tension, etc.). We routinely  record   NLC online 
until a few overlapping NLC traces appear before advancing to 
the next manipulation in the experiment. This is essential in 
acquiring high quality data.   

   12.    Detrending is a method to properly prepare the data prior to 
 FFT   analysis and extraction of NLC. Detrending removes slow 
changes in  the   current response but leaves behind clear dual-
sine currents, which possess the capacitance information. For 
example, without  detrending  , a fast ramp or sine wave super-
imposed with a two-sine stimulus will erroneously result in 
NLC peaks  larger   than slower ramp or sine stimuli. Detrending 
uses a small scale “piece-wise linear” approach to remove the 
trend generated by the underlying ramp or sinusoid stimulus. 
 Users   may choose to enable “detrending” if the underlying 
stimulus rate is fast and a small noise increase  is   not crucial.   

   13.    jClamp can be linked to other data analysis or plotting software 
such as Excel, SigmaPlot, Matlab, and Origin. You need to 

  Fig. 4    Screenshot of window when building a ramp command with superimposed two-sine. First check “ramp.” 
Then move cursor to 2 (two-sine). “Command Cm” box will pop up when box of “2” is checked. Typical two-
sine resolution is 2.56 ms and two-sine voltage is 10–20 mV (shown in the fi gure). Each section has to have 
2-sine enabled. Start voltage of the ramp is +80 mV in partition 2 and −200 mV in partition 3. Typical ramp 
duration is 200–300 ms       
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select in the ini fi le to link the software ( see  jClamp help fi les for 
detailed steps). The linked software will appear on the upper 
right corner in jClamp analysis window (the SigmaPlot icon in 
the screenshot, (Fig.  2 ). To export the plot, simply left click 
and drag the software icon to the NLC curve analysis window 
and release. A generic plot will automatically be generated in 
the selected software.          
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ABSTRACT The cylindrical outer hair cell (OHC) of Corti’s organ drives cochlear amplification by a voltage-dependent activa-
tion of the molecular motor, prestin (SLC26a5), in the cell’s lateral membrane. The voltage-dependent nature of this process
leads to the troublesome observation that the membrane resistor-capacitor filter could limit high-frequency acoustic activation
of the motor. Based on cable theory, the unique 30 nm width compartment (the extracisternal space, ECS) formed between the
cell’s lateral membrane and adjacent subsurface cisternae (SSC) could further limit the influence of receptor currents on lateral
membrane voltage. Here, we use dual perforated/whole-cell and loose patch clamp on isolated OHCs to sequentially record cur-
rents resulting from excitation at apical, middle, and basal loose patch sites before and after perforated patch rupture. We find
that timing of currents is fast and uniform before whole-cell pipette washout, suggesting little voltage attenuation along the length
of the lateral membrane. Prior treatment with salicylate, a disrupter of the SSC, confirms the influence of the SSC on current
spread. Finally, a cable model of the OHC, which can match our data, indicates that the SSC poses a minimal barrier to current
flow across it, thereby facilitating rapid delivery of voltage excitation to the prestin-embedded lateral membrane.
INTRODUCTION
The outer hair cell (OHC) provides a unique function for
mammalian hearing, underlying a 40–60 decibel boost
that enhances our ability to detect and discriminate among
sounds, namely, cochlear amplification (1). The structure
of the OHC is likewise unique, being cylindrical and
ranging in length over tens of micrometers depending
on tonotopic location along the cochlea spiral, reaching
~90 mm in the apical OHC of the guinea pig. The lateral
wall of the OHC, composed of the lateral plasma membrane,
cortical cytoskeleton, and subsurface cisternae (SSC), hosts
a restricted subplasmalemmal compartment of 30–50 nm
width, termed the extra cisternal space (ECS) (2,3). This
ECS is an interesting compartment because prestin, the mo-
lecular motor that drives OHC electromotility, resides in the
adjacent plasma membrane, with its C- and N-terminals and
its anion-binding site projecting into the space (4–6). Prestin
contributes to the lateral membrane’s capacitance, not only
linearly, due to its abundant occupancy increasing surface
area (7,8), but nonlinearly because of the electrical signature
of prestin activity, namely, nonlinear capacitance (NLC)
(9,10). Previous modeling efforts have attributed special
electrical characteristics to the ECS (11,12), but they did
not include NLC in the lateral plasma membrane.

One recurring concern with the voltage-dependent nature
of OHC electromotility is the membrane resistor-capacitor
(RC) filter effect on the driving force (sound-induced recep-
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tor potentials) for prestin activation. Indeed, it has been esti-
mated that OHC mechanical responses would be 20 dB less
than basilar membrane movements at high acoustic fre-
quencies (13). Since then, a number of solutions to the RC
problem have been proposed, in an attempt to confirm
high frequency, cycle-by-cycle voltage drive for the cochlea
amplifier. The presence of the SSC/ECS might also interfere
with voltage delivery to the lateral membrane, presenting
barriers to receptor current flow. In this report, we directly
investigate the influence of the SSC/ECS on OHC electrical
behavior. Using dual voltage clamp on isolated OHCs, we
find that whole-cell recording via perforated patch records
equally fast responses from electrical stimulation of the
lateral membrane along its entire length via loose patch. Ca-
ble modeling indicates that the SSC barrier does not limit
current spread to the ECS, thereby facilitating efficient
and rapid delivery of voltage drive to the molecular motors
within the lateral membrane.
MATERIALS AND METHODS

Experiment

Electrical measurements were made with modifications to the approach

used by Anson and Roberts (14). Three types of electrode arrangements

were used—perforated patch whole-cell recording followed by patch

rupture into standard whole-cell mode, each accompanied by roving loose

patch voltage stimulation. Specifically, two electrodes were patched onto

isolated OHCs simultaneously: a perforated patch electrode (gramicidin,

25 or 50 mg/ml) initially served as the recording electrode (holding potential

at 0 mV), and a loose patch electrode placed at three locations along the

lateral membrane to deliver voltage stimulations. Subsequently, the perfo-

rated patch electrode was ruptured to make recordings under standard

whole-cell mode. The perforated patch permitted replacement of
http://dx.doi.org/10.1016/j.bpj.2014.12.010
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intracellular cations with those of pipette cations, notably Na to inhibit K

currents in the basal membrane, thus reducing their effects on our measures

of currents and NLC. We view the perforated patch condition as the least

intrusive and thus the condition most indicative of normal cellular behavior.

Isolated OHCs from the organ of Corti of guinea pigs were obtained as

previously described (15). Long cells (~80 mm long) from apical turns

were chosen to allow reliable cable analysis. We used 5 mM chloride to

mimic the intracellular chloride concentration of the normal cell that we

measured previously (16). Prestin is sensitive only to intracellular chloride,

and to clamp intracellular chloride to 5 mM we needed to match inside and

outside chloride because the lateral membrane harbors a substantial chlo-

ride conductance (6). The bath solution contained, in mM, NaCl 5, Na

gluconate 135, CaSO4 2, MgSO4 1.2, and HEPES 10. Final solutions

were adjusted to 300 mOsm with D-glucose and pH 7.2~7.3 with NaOH.

The whole-cell patch pipette solution was the same as the extracellular so-

lution except with the addition of 10 mM EGTA. Loose patch electrodes

contained the bath solution with resistances near 1 MU. Loose patch elec-

trodes served as stimulating electrodes roving along the lateral membrane

of OHCs (Fig. 1), positioned ~20, 45, and 70 mm from the base of the

cell. To reduce cellular adhesion to the roving pipette, tips were treated

with trichlorosilane. Experiments were performed at room temperature

(22–23�C). A Nikon Eclipse E600-FN microscope with 40� water immer-

sion lens was used to observe cells during the electrical measurements.

Axon 200B amplifiers were used for patch clamping, currents being

sampled at 10 ms with an Axon Digidata 1322 using jClamp software

(www.scisoftco.com). Voltage steps of 20 ms duration ranging from

–160 to þ160 mV with 20 mV steps were delivered via a loose patch elec-

trode. Perforated patch electrodes were used to collect current data. Re-

corded currents were filtered with a 10 kHz 4 pole Bessel filter. Current

traces were individually fit with single exponentials in jClamp. Initial

electrode resistance was 4–6 MU. Gigohm seals are reached before

decrease of patch resistance due to gramicidin perforation. With pipette

backfilling, time for establishing perforated patch whole-cell patch was
FIGURE 1 Schematic of OHC under voltage clamp with recording patch

pipette, while being stimulated with a roving loose patch pipette. The

enlarged section shows possible current flow from the loose patch electrode.

Beneath is a digitally captured image of an OHC during middle position

stimulation. To see this figure in color, go online.
around 30–40 min. Rs for the perforated patch electrode was typically

15–25 MU, and was reduced by series resistance compensation to main-

tain a ~10 MU resistance. Similarly, after rupture of the perforated patch

and establishment of whole-cell recording, Rs was maintained near

10 MU. It was important to keep electrode series resistance uniform

among cell recordings because time constants are dependent on the series

resistance. Amplifier lag controls were not manipulated but were left at

minimum levels during Rs compensation. The recording protocol (perfo-

rated patch recording with apical, middle, and basal stimulation, followed

by whole-cell recording and roving stimulation) was quite demanding so

that many cells were lost before completing all recording conditions.

Whole-cell NLC was measured with the recording electrode using a

2-sine voltage stimulus atop a voltage ramp with subsequent admittance

analysis as previously described (17).

To investigate the effects of subsurface cisternae damage, OHCs were

incubated in extracellular solutions that contained 10 mM salicylate for

30–40 min. This time period of exposure has been shown to cause irrevers-

ible damage to the subsurface cisternae (3), thereby minimizing contribu-

tions of the SSC/ECS to our measures. Washout of salicylate was

performed before recording to alleviate its direct reversible effects on pres-

tin’s NLC (18,19).

Average responses for stimulation at basal, middle, and apical positions

for a range of step voltage commands included three cells where all

recording/stimulation configurations were successfully completed. Statisti-

cal tests included cells where less than the full paradigm was completed,

with numbers ranging from 3 to 10 (see Fig. 4 for numbers of cells used

for statistical tests). We were careful to ensure that electrophysiological

conditions (especially recording clamp time constants) were similar before

and after patch rupture. Results for perforated/whole-cell conditions (with

standard �10 mV pulse stimulation via the recording pipette) were

(mean 5 SE; n ¼ 3): Rs: 10.1 5 0.1 MU vs. 10.4 5 0.2 MU; Rm: 314

5 83 MU vs. 256 5 87 MU; Cm 39.4 5 1.15 pF vs. 41.8 5 1.9 pF; clamp

t: 375 5 12 ms vs. 403 5 26 ms. These measures were repeated and re-

mained stable for each roving pipette stimulation configuration. For salicy-

late-treated cells, perforated/whole-cell conditions were (mean 5 SE;

n¼3): Rs: 10.5 5 0.2 MU vs. 10.4 5 0.2 MU; Rm: 267 5 36 MU vs.

262 5 42 MU; Cm 40.1 5 0.2 pF vs. 40.0 5 0.4 pF; clamp t: 401 5

9 ms vs. 395 5 8 ms.
Model

A lumped parameter model and a cable model of 47 sections that helped to

understand the data were implemented in MATLAB’s Simulink (The Math-

Works, Natick, MA) using Simscape and are schematized (see Figs. 5 a and

6 a). The cable model was a standard one-dimensional model similar to that

of Halter et al. (11) (see Results below). Though the length of the OHCs that

we modeled was short compared to typical cell lengths used for cable ana-

lyses, we found it beneficial to analyze in this manner to compare to previ-

ous results and help in defining current paths and resistances within the

OHC. An automation link between jClamp and MATLAB allowed us to

stimulate the model and analyze in jClamp, similar to the biophysical ex-

periments. Parameters were taken from the biophysical data as provided

in Results. Both whole-cell and loose patch NLC were modeled as

Cm ¼ Qmax

ze

kT

b

ð1þ bÞ2
þ Clin;

b ¼ exp

�
�zeðVm � VhÞ

kT

�
;

where Qmax is the maximum charge moved, z is valence, Clin is the linear

capacitance of the cell membrane and Vh is the voltage at half-maximal
charge. E, k, and T have their usual meanings.

To fit current transients to the cable model, we averaged traces across all

cells. Because the absolute magnitudes of the currents differed and we were
Biophysical Journal 108(3) 568–577
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concerned with maintaining time constant information, we first scaled all

currents to unity based on peak current, and then averaged and rescaled

to average magnitude. In this way, current shapes (tau) from all traces

contributed equally to the averages.
RESULTS

Experiment

We investigated longitudinal charge movement within the
cell by recording with perforated patch clamp while simulta-
neously stimulating along the length of isolated OHCs using a
loose patch electrode (Fig. 1), in a manner similar to that of
Anson and Roberts (14). Perforated patch recording leaves
the plasma membrane unbroken but allows electrical continu-
ity with the whole cell (20). The enlarged, circled section in
Fig. 1 indicates possible current flow from the stimulating
loose patch electrode into the ECS or across the SSC into
the axial core of the cell. We found that loose patch stimula-
tion at all cell positions relative to the recording electrode
produced equally fast responses under the perforated
recording condition. Interestingly, we only observed single
exponential responses. For example, Fig. 2, A–C, shows
that time constants of induced current transients were similar
with basal, middle, and apical stimulation during perforated
patch recording conditions, regardless of voltage stimulation
magnitude. These data may indicate that charge movement
within and along the ECS is rapid. However, upon perforated
patch rupture with suction, and establishment of standard
whole-cell recording, time constants showed differences;
apical and middle stimulation showed slower responses,
and interestingly took on a clear voltage dependence arising
from the loose patch’s NLC (Fig. 2,D–F). We take this to indi-
cate that the SSC was somehow altered either by washout of
A

C

B

Vm (mV)

-200 -100 0 100 200

C
m

 (p
F)

0
5

10
15
20

Perforated Patch

Vpulse (mV)

-200 -100 0 100 200

τ 
(m

s)

0.2

0.3

0.4

0.5

0.6
Apex 
Middle
Base
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recording the electrode perforated patch. (A) Traces of currents measured during

Methods). Note that current responses have similar exponential decays. (B) A
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cell constituents or washin of gramicidin, resulting in altered
characteristics of the cell’s cable properties. Whole-cell NLC
measured under these two conditions were similar (Fig. 2, C
and F), indicating that the large increase in time constants is
not due to a corresponding large increase in NLC of the whole
cell. It should be noted that limiting time constants are
imposed by the patch clamp (roughly, RsCm) and in absolute
terms do not reflect cell capabilities. We only use these
measures as a tool to understand relative timing relationships
between conditions and between electrodes.

The incorporation of gramicidin into a membrane is a
fairly slow process; for example, up to 45 min is required
to obtain good series resistance of the perforated patch elec-
trode before beginning our experiments. Following patch
rupture, we required only ~10 min to complete the rest of
the experiment, though maintaining the cell for the complete
protocol was not guaranteed. Thus, little gramicidin is ex-
pected to incorporate with the plasma membrane and this
is evidenced by the maintenance of fairly high membrane
resistance in whole-cell mode (see Materials and Methods
for values). In any case, a reduction in membrane resistance
should speed up the electrical response rather than slow it
down, as occurred after patch rupture. Thus, we reasoned
that establishing the whole-cell condition by pipette suction
caused alterations to the SSC during washout/in. To test
this hypothesis, we transiently treated cells with salicylate,
which has been shown to irreversibly alter SSC ultra-
structure (3). The effect of prior salicylate treatment (30–
45 min) was to abolish the increase in time constants that
occur following patch rupture, as would be expected if the
SSC/ECS were altered before patch rupture (Fig. 3, A and
B). As with untreated cells, we were careful to ensure that
recording conditions were similar before and after patch
D
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FIGURE 3 Time constants (t) of perforated (A)

and whole-cell (B) patch responses following salic-

ylate treatment induced by step voltages of the rov-

ing loose patch electrode. Circles depict average

responses at each voltage for three cells. Note

similarity of time constants (t) before and after

establishment of whole-cell condition. (C) and (D)

show corresponding measures of average NLC

measured with whole-cell/perforated patch elec-

trode (Qmax, Vh, z: 2.94/2.00 pC, �39.0/�9.2 mV,

0.55/0.68). To see this figure in color, go online.
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rupture (see Materials and Methods). In these cells, NLC
before patch rupture was slightly less than controls not
treated with salicylate (compare Fig. 2, C and F with
Fig. 3, C and D). After patch rupture, NLC was shifted right-
ward and decreased somewhat (see figure legends for fits).

Fig. 4, A and B, compare the time constants obtained
at �60 mV steps and time to peak current (Tpk) at the
160 mV pulse, each at three locations, before and after
A B 

C D
establishing whole-cell conditions for cells without salicy-
late treatment. Statistically significant differences are found
at all stimulation locations (significance is given in plot).
The observations on current time constants are to a large
extent paralleled by measures of Tpk. That is, although
these metrics were stable across stimulus locations for the
perforated patch condition, they increased for the whole-
cell condition. For example, current spread latency between
FIGURE 4 (A) Average time constants at

�60 mV show little difference among roving

patch locations for the perforated patch condition,

but significant differences following whole-cell

recording. (B) Similarly, times to peak (Tpk) cur-

rent increase at apical and middle positions

following patch rupture. (C) For salicylate-treated

cells, time constants show no significant differ-

ences between perforated patch and whole-cell

conditions. (D) Tpk shows no significant differ-

ences at basal and middle positions; however, a dif-

ference was observed at the apical position where

Tpk was now shorter following patch rupture.

Number of cells is noted. Statistical significance

(p <; t-test), where present, between pre- and post-

patch rupture is shown for each location. To see this

figure in color, go online.
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stimulating and recording electrodes based on Tpk between
basal and apical stimulation is on the order of only 3.4 ms
(53.3 þ/� 3.3 vs. 56.7þ/� 4.0 ms; p > 0.05), whereas
following establishment of whole-cell conditions the
spread significantly slowed to 41.1 ms (105.0 þ/� 14.5 vs.
64.4 þ/� 5.2 ms; p < 0.05). Fig. 4 C shows that no signifi-
cant differences are found in time constants for the salicy-
late-treated case, indicating that SSC alterations were
present both before and after patch rupture. TpK for salicy-
late-treated cells show no differences at basal and middle
stimulation locations (Fig. 4 D), but a significant difference
is found for the apical stimulation position. However, this
difference, namely that Tpk is shortened following rupture,
is opposite that observed without salicylate (see Fig. 4 B).
This may indicate an interactive action of combined salicy-
late and gramicidin.
Models

Lumped parameter model

To understand our results, we constructed a lumped param-
eter model of the OHC, before and after establishing whole-
cell configuration (Fig. 5 A). The model parameters are
those actual averaged (see above) measures obtained in
perforated patch mode (condition 1) and whole-cell mode
(condition 2). Cp, the linear capacitance of the patch, and
patch NLC were set to 0.02 of the measured whole-cell
values. Rp, the patch resistance that was stimulated, was
set based on Halter et al.’s value of lateral membrane con-
ductivity, 0.001 mS/cm2 (11). This is reasonable, because
Biophysical Journal 108(3) 568–577
we have previously shown that the lateral membrane is
devoid of voltage-dependent conductances (21). Vh of the
loose patch was set to a 20 mV more depolarized value
than whole-cell or perforated patch Vh because the tension
provided to the patch (~1 kP) to increase loose patch shunt
resistance (Rsh) is known to shift Vh ~20 mV/kP (22). Rsh

was set to 5.0 MU. Rsp was set to 1.8 MU, based on mea-
sures of electrode resistance before cell attachment. Stimu-
lation was done as with the biophysical measures using
jClamp and Simulink. In the perforated condition, an inter-
vening resistance (Rinter) between stimulating and recording
electrodes of 10 MU or less produced results that resembled
our data (see below).

Fig. 5 B shows the time constants of evoked currents
when the model was simulated with parameters obtained un-
der perforated patch and whole-cell experimental condi-
tions. Though tau were similar in magnitude to our data,
no differences in tau are observed between the two condi-
tions, unlike the increase in voltage-dependent tau that we
observed experimentally. This means that the differences
observed between model and data are not due to the exper-
imentally observed changes in Rs, Rm, Clin, and NLC be-
tween the two conditions. Could unrecognized changes in
Rsp or Rsh have influenced our data? In Fig. 5, C and D,
we show the effects of altering Rsp (1, 5, 10 MU) and Rsh

(1, 5, 15 MU). No influence on tau was found. Changes
in Rsh can, however, alter the magnitude of the current
response, and thus could underlie differences between cur-
rent magnitudes found in whole-cell and perforated patch
recordings. Finally, we modified Rinter (10, 100, 300 MU)
and found an increase in voltage-dependent tau as a function
FIGURE 5 Lumped parameter model of OHC

under the experimental conditions. (A) Schematic

showing circuit and parameters of current

measuring and voltage stimulating pipettes. Model

was evaluated first under perforated patch (condi-

tion 1) and then under whole-cell (condition 2).

See Materials and Methods for details. Right

pipette is stimulating pipette. Parameters are taken

from actual biophysical data given in Results. (B)

With biophysical measures obtained under perfo-

rated patch and whole-cell condition, no differ-

ences in taus are observed. (C and D) Neither Rsh

nor Rsp affects the evoked current time constants.

However, interelectrode resistance has a profound

effect on them, producing results similar to the bio-

physical data, indicating that this resistance must

have changed upon entry into whole-cell mode.

To see this figure in color, go online.
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of increasing resistance (Fig. 5 E). A value between 100 and
300 MU was required to simulate our experimental observa-
tions. It should be noted that the possibility of an induced
cross talk between recording and stimulating electrodes
following patch rupture is ruled out, because in the salicy-
late-treated controls, no increase in tau is found following
patch rupture.

Cable model

To hone in on the identity of the intervening resistance, Rinter,
we assembled a 47 section cable model (Fig. 6 A) similar to
the one devised by Halter et al. (11). We kept their basis
values for RL (0.001 mS/cm2), Recs, Rax (70 U cm), and Rsc

(0.1 mS/cm2); however, in our case we included lateral
membrane NLC based on our measurements. Other values
were Rs 10 MU, Rp 1.8 MU, Rsh 3–12 MU, Cm 0.8 mF/cm2,
Cb 3 pF, Ca 2pF, Rmb 300 MU, and Rma 10 GU (high because
stereocilia were damaged by trituration during cell isolation).
ECS width was set to 30 nm. Similar to our experimental
measures, a 10 kHz 4 pole Bessel filter implementation in
Simulink was used on model currents.

As noted previously, we only observe single exponential
current transients in our experiments. Fig. 6 B shows that
the cable model cannot reproduce our data if we use the
Rsc value of Halter et al. (11). The resultant pink solid lines
are not simple single exponentials, and whole-cell NLC of
this model (measured via the recording electrode) was sub-
stantially less than our biophysical measurements (Qmax:
1.35 pC vs. 2.95 pC). We must increase Rsc conductance
by three orders of magnitude (0.15 S/cm2) to fit our perfo-
rated patch data (black solid lines), and to simultaneously
obtain a value matching our normal whole-cell NLC values
(Qmax: 2.92 pC). This indicates that the SSC are highly
conductive, on the order of electroporated membranes
(23). To fit the data following patch rupture (Fig. 6 C), the
ECS resistivity had to be increased three orders of magni-
tude (70 kU cm); this apparent increase in resistivity could
instead indicate that the ECS space had collapsed or the
actual ionic strength of the space had decreased. Addition-
ally, Rsc conductance was reduced, as well (0.015 S/cm2).
Thus, the intervening resistance, Rinter, of the lumped
parameter model corresponds to the Recs and Rsc compo-
nents of the cable model. Fig. 7 shows time constants and
NLC of the model using the perforated patch and whole-
cell parameters obtained by trace fits. Similarity to the bio-
physical data is clear (compare with Fig. 2). These results
FIGURE 6 (A) Cable model with 47 sections.

Roving loose patch electrode was placed at section

2, 22, and 42 to mimic basal, middle, and apical

stimulations. See Model Results for parameter

values. (B) Rsc values based on Halter et al.

(11) (0.1 mS/cm2) could not fit data in perfo-

rated mode (pink traces); however, a value of

0.15 S/cm2 fit the data well (black traces). (C)

For the model to fit whole-cell data, Recs resistivity

had to be increased to 70 kU cm (black traces),

with Rsc conductivity set to 0.015 S/cm2. To see

this figure in color, go online.
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FIGURE 7 Cable model time constants (t) of

perforated (A) and whole-cell (B) patch responses

induced by step voltages of the roving loose patch

electrode. Note increase in time constants (t) after

change from perforated patch parameters to whole-

cell parameters (see Model Results), and an

apparent rise in voltage dependency similar to

what is seen with the biophysical data. (C) and

(D) show corresponding measures of whole-cell

NLC measured with recording whole-cell electrode

(Qmax, Vh, z: 2.78/2.94 pC, �40.7/�56.3 mV, 0.60/

0.60). Compare to Fig. 2. To see this figure in color,

go online.
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indicate that under unperturbed conditions, with perforated
patch recording intact, the high conductance of the SSC fa-
cilitates voltage delivery to the lateral membrane. Cable
model results similar to the salicylate experiments were
obtained with ECS resistivity set to 70 kU cm and Rsc con-
ductivity of 0.03 or 0.026 S/cm2 for perforated patch or
whole-cell condition, respectively (model data not shown).

Finally, to evaluate the influence of SSC conductance on
voltage excitation of the lateral membrane, we used our ca-
ble model driven by current injection into the cell’s apical
axial core, mimicking receptor currents (Fig. 8). In the
absence of the SSC, frequency response magnitude is maxi-
mized, but phase is significantly changing at frequencies
below 1 kHz. With Rsc conductivity from Halter et al.
(11), significant reduction of frequency response magnitude
and large phase changes across the spectrum arise. By
increasing Rsc conductivity frequency response magnitude
is enhanced and phase behavior is flattened. Thus, electrical
transparency of the SSC tends to facilitate voltage delivery
to the lateral membrane.
DISCUSSION

The mammalian OHC functions to enhance perception at
acoustic frequencies, even beyond 100 kHz in some mam-
mals. As a result, there is no doubt that the cell can produce
mechanical activity at high frequencies (24), nor is there
Biophysical Journal 108(3) 568–577
doubt that the OHC’s stereocilia transduction apparatus
operates at high frequencies (25–27). Indeed, there is little
disagreement that cochlear amplification deriving from
OHC electromechanics works most efficiently at high fre-
quencies (28). Nevertheless the conundrum arising from a
voltage-dependent basis of amplification continues to garner
interest. The problem stems from the observed disparity be-
tween OHC resting membrane potential and the voltage
where maximal mechanical activity occurs (Vh) (13,27).
Should these two voltages overlap there would then be
less difficulty with an RC filter. Several mechanisms have
been postulated to understand why the RC filter should
not interfere with prestin activity at high frequencies. Previ-
ously, we envisioned three mechanisms that might help: 1),
because turgor pressure within the OHC shifts the voltage
dependence of NLC and electromotility (22,29,30), we sug-
gested that alterations in turgor pressure could align Vh and
resting potential (22); 2), because prestin charge density in-
creases in high-frequency OHCs (31,32), we reasoned that
the rising electrical energy delivered to the lateral mem-
brane could counter the reduced voltage drive; and 3), we
reasoned that the flux of chloride through the stretch-acti-
vated chloride conductance, GmetL, in the lateral membrane
could gate prestin’s chloride-dependent activity indepen-
dent of the membrane RC (6). Though the first two possibil-
ities remain tenable, the latter is unlikely, because we have
recently discovered that the effects of chloride on prestin are



FIGURE 8 Magnitude and phase of voltage drop across section 33 lateral

membrane of the cable model induced by 0.1 nA AC injection into the api-

cal axial core. Without SSC frequency response is maximal. Reduction of

Rsc from value based on Halter et al. (11) (0.1 mS/cm2) tends to increase

frequency response and provide a flat phase response. To see this figure

in color, go online.
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low-pass filtered by a slow intermediary state transition
(33). Others, as well, have developed theories on over-
coming the RC problem. These include 1), an intrinsic
high pass augmentation of receptor potentials due to pres-
tin’s piezoelectricity (34); 2), a reduction of the RC effects
by increases in membrane conductance (35); and 3), the
observation that OHC resting potential may be more depo-
larized than the original estimates made in vivo (27,36),
thus aligning resting potential and Vh (37).

Beyond the RC problem, however, ultrastructural special-
izations of the OHC lateral wall, namely the membranous
SSC and the restricted, femtoliter space (ECS) it establishes,
could provide isolation of the lateral membrane from axial
receptor currents. This potentially could lead to reduced
voltage drive to prestin motors embedded in the lateral
membrane. Our present data directly relate to this issue.
Cable effects of the SSC

There has been a paucity of information on the electrical
role of the SSC, mainly arising from modeling results
of whole-cell electrical stimulation (11,38). Our experi-
ments were aimed at electrically exploring restricted regions
of the cell’s lateral wall. Our data and model analyses indi-
cate that the electrical transparency of the SSC promotes
uniformly fast stimulus delivery to the lateral membrane
motor, and therefore limits time-dependent, potentially
nonlinear, activation of the motors. Based on average
time to peak current measures between our apical and basal
stimulus electrodes in the perforated patch condition
(3.5 ms; see Results), for a 55 mm distance, a conduction
velocity >150 m/s is obtained, and considering the high re-
sistivity of the lateral plasma membrane, likely promotes
isopotential conditions at any given acoustic frequency for
the range of OHC lengths found within the cochlea spiral.
This possibility was previously suggested because voltage-
dependent conductances are absent along the OHC lateral
membrane (21). The observation that damage to the SSC
alters timing along the length of the OHC may indicate its
high conductance is actively maintained. Indeed, the row
of mitochondria adjacent to the SSC may play a role,
because the washin of gramicidin following perforated
patch rupture may uncouple mitochondrial oxidative phos-
phorylation (39). It is noteworthy that salicylate can also
uncouple mitochondrial oxidative phosphorylation (40).
We are currently evaluating the effects of other mitochon-
drial perturbations on SSC conductance.

Interestingly, in the model of Halter et al. (11), ECS cur-
rent was found to exceed that within the cell’s axial core,
possibly pointing to unusual differences in resistivity be-
tween ECS and axial cytoplasm as also suggested by Fari-
nelli et al. (38). Nakagawa and Brownell (12) have used
the voltage-dependent dye, di-8-ANEPPS, to observe high
frequency phase differences between OHC basal and lateral
membrane voltages, which they attribute to the effects of a
higher resistance of the axial core than ECS. Of course, this
is counter intuitive based on the cross-sectional area of the
ECS. Indeed, even fluorescent dye diffusion is somewhat
slower in the ECS than in the axial core, though, of course,
dye spread may not necessarily correlate with current spread
(41). We were able to obtain single-exponential behavior of
currents with our cable model if we set Recs resistivity to
0.7 U cm, while maintaining the higher Rax resistivity at
70 U cm and Rsc conductivity at 0.1 mS/cm2. However,
typical values of cytosolic resistivity range between ~30
and 600 U cm (42), and considering the geometry of the
ECS, this would mean that the ionic strength of the space
would be enormous. It could be that the abundance of pres-
tin within the lateral membrane, estimated to be up to 10
million copies based on nonlinear charge movement (43),
contributes to a higher ionic strength in the ECS by virtue
of its transport capabilities (44–46). Nevertheless, we
consider it more reasonable to have the SSC highly conduc-
tive, possibly due to fenestrations, or vesiculations that may
require work to maintain, because phospholipid bilayers
tend to assume planar configurations (47). In this scenario,
we might expect the performance of the OHC to be depen-
dent on the energetics required to maintain an unusually
high SSC conductivity.
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Chloride dependent coupling of molecular to cellular 
mechanics in the outer hair cell of Corti’s organ. 

Lei Song and Joseph Santos-Sacchi 

Surgery (Otolaryngology), Cellular and Molecular Physiology,  

and Neurobiology, Yale University 

School of Medicine, New Haven, Connecticut 

Abstract. Within the OHC lateral membrane, conformational changes in the motor protein 
prestin are driven by voltage induced displacements of intrinsic, charged moieties that can be 
monitored by measures of the cell’s nonlinear capacitance. The cellular expression of these 
summed molecular events is a robust electromotility of the whole cell. We now find that the 
coupling of molecular to cellular mechanics is dependent on intracellular chloride levels, where 
normal levels (<10 mM) do not support tight coupling between the two. Thus, in vivo, 
electromotility is predicted to be poorly coupled to changes in OHC receptor potentials, whereas 
molecular conformational change is tightly coupled. We suspect that membrane mechanical 
characteristics driven by prestin may more significantly govern cochlea amplification than 
electromotility.   
Keywords: chloride, capacitance, prestin, OHC 
PACS: 43.64.Ld, 43.64.Kc 

 INTRODUCTION 

Mammalian outer hair cell (OHC) electromotility results from voltage-dependent 
conformational changes of the membrane protein prestin [1], with the cell’s motor 
charge movement or nonlinear capacitance (NLC) being considered a surrogate 
measure of electromotility [2,3]. A number of physiological factors shift prestin’s 
voltage dependence, including changes in intracellular Cl and membrane holding 
potential (pre-pulse effect) [4,5], each presumably affecting electromotility and NLC 
equivalently. 

We have been studying the consequences of combined chloride and pre-pulse 
manipulations on NLC with simultaneous measurements of electromotility. We find, 
as expected from our previous work, that OHCs patch clamped with pipettes 
containing 140 mM intracellular chloride show robust depolarizing shifts of NLC 
upon negative pre-pulse, with electromotility displaying a similarly coupled shift. 
However, lower, more physiological levels of intracellular chloride [6], induce an 
uncoupling of mechanical responses from NLC, evidenced as discordance between the 
voltage dependence of each. This discordance is also variably affected by polarity and 
rate of voltage stimulation. Such discordance requires a rethinking of how the OHC 
may influence basilar membrane mechanics and cochlear amplification, possibly 
pointing away from previously envisioned mechanisms of mechanical feedback. 
 
 



 

 

 METHODS 
OHCs were voltage clamped using an Axon 200B amplifier under jClamp 

(Scisoftco.com) software control. NLC and mechanical responses were measured 
simultaneously with depolarizing and hyperpolarizing ramps of 100 ms – 5 sec 
duration, effectively modulating the rate of voltage change. NLC was measured with  
a dual sine method [7] with a 390 Hz resolution, and mechanical responses were 
measured (in pixels; 15 pix/5 m) from video images (Prosilica GE680 camera) 
synchronized within jClamp (Fig. 1) to the voltage stimuli. Frame rate was typically 
set at 200 fps. Solutions were as previously described [8]. Chloride was substituted 
with gluconate. No averaging was done. Vh (mid- point voltage) for motility functions 
was determined from midpoint of sigmoidal fits; Vh of NLC from peak capacitance.  

 

 RESULTS  
Under voltage clamp, OHCs display a nonlinear capacitance that is bell shaped with 

its peak residing at a voltage (Vh) where motor charge movement is equally distributed 
on either side (Fig. 2A). Coupled to this nonlinear charge movement is a mechanical 
response of the whole cell that follows the charge’s voltage dependence. Shifts in 
NLC Vh, induced by changing the long term holding potential (prepulse) of the cell, 

FIGURE 1.  jClamp (Scisoftco.com) software was used to simultaneously measure NLC and 
electromotility. Capacitance measures were synchronized to video frame capture so that voltage 
dependence of NLC and motility could be compared. Motility functions were obtained by measuring 
movements of the cuticular plate edge, with the base of the OHC fixed by the patch electrode. 
 



are accompanied by equivalent shifts in electromotility voltage dependence. This tight 
coupling between motor conformation and electromotility is seen when intracellular 
chloride is high, e.g., 140 mM, the typical intracellular level used for experimentation 
during the last few decades to study OHCs. More recently, normal OHC intracellular 
chloride levels were found to be < 10 mM [6], and given the significant influence of 
chloride on OHC motor charge movement [4,8,9], we evaluated the influence of 
chloride concentration on electromechanical coupling. Surprisingly, electromotility 
uncoupled from charge movement at low chloride levels (Fig. 2B and 3). We have 
found disparities in some cells as large as 50 mV between molecular and whole cell 
mechanical responses.  

The disparity is not only chloride dependent, but increases as ramp rate is increased 
(data not shown). This increase 
resembles a visco-elastic like 
behavior. Lowering intracellular 
chloride changed the rate dependence 
of the uncoupling - low frequency 
effects were diminished and high 
frequency effects were augmented.  

We also observed that coupling 
efficacy was stimulus polarity 
dependent, and was observable for 
voltage steps or ramps (Fig. 4). 
Uncoupling was larger for 
depolarizing excursions, suggesting 
work against the OHC cytoskeletal 
spring [10] during cell contraction. 
Interestingly, we find that agents 
which modify the cytoskeleton can 
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FIGURE 2.  OHC NLC and electromotility share a common voltage dependence that changes when 
holding potential is changed. A) NLC and motility before and after holding resting potential for 2 
minutes at indicated voltages. This effect is seen regardless of intracellular chloride concentration. B) 
However, when intracellular chloride is set low, NLC and motility voltage dependence are separated. 

FIGURE 3.  Average difference in Vh ( Vh) 
between NLC and mechanical response. No 
difference is observed when intracellular chloride is 
clamped to 140 mM. However, at lower levels an 
uncoupling of voltage dependence is apparent. 
 



modulate the disparity, further suggesting that chloride influences a cytoskeletal-based 
coupling between prestin’s conformational state and whole cell mechanics. 

 

 DISSUSSION 
Coupling between the molecular conformation of prestin motors (estimated from 

nonlinear charge movement or NLC) and OHC whole cell mechanical response 
(measured directly by video) is not fixed.  Depending on intracellular chloride and 
stimulus conditions, the voltage dependence of NLC and electromotility can vary 
independently. Vh of NLC is significantly influenced by initial voltage condition, and 

FIGURE 4.  Simultaneous changes in OHC capacitance and OHC length during incrementing step 
changes in voltage, illustrating the polarity dependent coupling between motor charge movement and 
whole cell mechanical response. Red lines indicate a recovery period (1 sec) at 50 mV between voltage 
steps to hyperpolarized levels. Note that voltage steps in the hyperpolarizing direction induce 
synchronous time dependent changes in both NLC and electromotility (white arrows); however, 
returning depolarizing steps, though inducing similar time dependent changes (of opposite direction) in 
NLC, corresponding time dependent changes in electromotility are absent (black arrows). This polarity 
dependent coupling is observable with ramps of opposite polarity, as well (data not shown). 
 



has corresponding effects on electromotility. However, electromotility shows 
augmented effects attributable to degree of electromechanical coupling. Coupling is 
very tight with high intracellular chloride (140 mM), and at low rates of voltage 
perturbation.  Even with normal low intracellular chloride concentrations (<10 mM, 
[6]), increases of voltage perturbation rate promotes growing voltage uncoupling of 
molecular and whole cell mechanical activity. Agents affecting the cortical 
cytoskeleton alter ramp rate effects, possibly by modifying lateral membrane 
stiffness/tension. These observations are expected to have considerable consequences 
in vivo; namely, whole cell mechanical activity of the OHC (and feedback into the 
basilar membrane that it is expected to provide) may not simply follow the membrane 
potential of the cell. 

  

 CONCLUSIONS 
The uncoupling we find imposes an additional challenge for the voltage-sensitive 

protein prestin to drive the cochlear partition during acoustic stimulation, since the 
whole cell mechanical response will be variably uncoupled from voltage, depending 
on phase of receptor potential. On the other hand, the molecular conformation of 
prestin is tightly coupled, implying that membrane characteristics (e.g., changes in 
membrane stiffness) driven by prestin may more significantly govern “cochlea 
amplification” than electromotility.    
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Conformational State-Dependent Anion Binding in Prestin: Evidence
for Allosteric Modulation
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ABSTRACT Outer hair cells boost auditory performance in mammals. This amplification relies on an expansive array of intra-
membranous molecular motors, identified as prestin, that drive somatic electromotility. By measuring nonlinear capacitance, the
electrical signature of electromotility, we are able to assess prestin’s conformational state and interrogate the effectiveness of
anions on prestin’s activity. We find that the affinity of anions depends on the state of prestin that we set with a variety of pertur-
bations (in membrane tension, temperature, and voltage), and that movement into the expanded state reduces the affinity of
prestin for anions. These data signify that anions work allosterically on prestin. Consequently, anions are released from prestin’s
binding site during expansion, i.e., during hyperpolarization. This is at odds with the extrinsic voltage sensor model, which
suggests that prestin-bound intracellular anions are propelled deep into the membrane. Furthermore, we hypothesize that pres-
tin’s susceptibility to many biophysical forces, and notably its piezoelectric nature, may reflect anion interactions with the motor.
INTRODUCTION
Allosteric modulation of protein function is ubiquitous,

denoting the control of a protein’s conformational state

(tensed versus relaxed) and activity by perturbation (via

ligand or nonligand mechanisms) of sites distal to the

protein’s active site (1–4). Monod et al. (3) originally devel-

oped a concerted allosteric model to describe the effects of

oxygen binding on hemoglobin, but this model has also

been shown to be useful for understanding other proteins,

including intramembranous proteins. For example, modeling

the modulation of Maxi-K channels by voltage and Ca2þ
has benefited from allosteric theory (5,6). One interesting

consequence of allostery is the coupling of the conforma-

tional state and ligand-binding affinity, a phenomenon that

forms the basis of state-dependent block of ion channels (7).

The conformational state of the outer hair cell (OHC)

motor protein, prestin, is primarily driven by voltage.

Changes in the conformational state of the molecule can be

gleaned from the voltage dependence of its nonlinear charge

movement or its equivalent bell-shaped nonlinear capaci-

tance (NLC) (8, 9). Indeed, the voltage at peak capacitance

(Vpkcm) or, equivalently, the half-maximal charge movement

(Vh), is a sensitive indicator of the distribution of motors in

the compact or expanded state, according to two-state

models of OHC motor activity (10,11). However, the distri-

bution is not fixed; rather, it depends on a host of external

influences. Prolonged negative holding potentials (prepulse)

(12), positive membrane tension (13–16), and increasing

temperature (17,18) can each significantly shift Vpkcm right-

ward, in the depolarizing direction, in a multiexponential,
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time-dependent manner (19), indicating a redistribution of

compact motors into the expanded state.

Recent observations have established an important role for

anions in controlling prestin and OHC function (20–24).

Charge movement in prestin is modulated by Cl� ions

with a K1/2 of ~6 mM (21,22). We have argued that the

binding of anions works allosterically to modify prestin

activity (20,23–26). Here we capitalize on prestin’s sensi-

tivity to membrane tension, temperature, and voltage to

show that prestin’s binding affinity for the anions Cl� and

salicylate is dependent on motor conformation, confirming

an allosteric interaction.
MATERIALS AND METHODS

General preparation and procedure

Hartley albino guinea pigs were overdosed with halothane. The temporal

bones were excised and the cochleae were dissected in a calcium-free (no

chelator) solution and then treated with enzyme (0.5 mg/mL Dispase I,

10–12 min). Individual OHCs were isolated by gentle trituration. The

suspension of cells was then transferred to a petri dish for the cells to settle.

The base extracellular solution contained (in mM) NaCl 132, CaCl2 2,

MgCl2 2, and Hepes 10. The final solutions were adjusted to ~300 mOsm

with D-glucose (except for the solutions used for the osmotic challenge

experiment, which were adjusted to ~280 mOsm) and pH 7.2–7.3 with

NaOH. The intracellular solution was the same as the extracellular solution

except for the addition of 10 mM EGTA. Other Cl� levels were achieved by

replacing Cl� with gluconate. Salicylate (10 mM) was added to the base

extracellular solution (~300 mOsm, pH 7.2–7.3) and subsequently diluted

into concentrations of 0.1, 1, 10, 100, 1000, and 10,000 mM. Continuous

local perfusion was achieved with the use of a custom-made Y-tube. Perfu-

sions of salicylate either as a concentration series or at a single dose were

performed with and without positive pressure in the patch pipette (increased

tension at ~0.7 kPa). Pipette pressure was monitored via a pressure monitor

(PM015R; World Precision Instruments, Sarasota, FL). Whole-cell NLC

(see below) recordings were made after the pressure stabilized.

Experiments were performed at room temperature and at 32–35�C. To

study the effect of temperature, bath solutions at room temperature were
doi: 10.1016/j.bpj.2009.10.027
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exchanged with preheated bath solutions to increase the temperature around

the OHC of interest. A temperature probe (model DP26-TC-AP; Omega

Engineering) was placed in the bath near the recorded OHC to document

the temperature rise. Recordings of NLC were made when the temperature

rose ~10�C. A Nikon Eclipse E600-FN microscope with a 40� water

immersion lens was used to observe cells during electrical measurements.

Digital images were taken with a Hamamatsu image processor.

Patch-clamp and stimulus protocols

OHCs were recorded under a whole-cell, patch-clamp configuration. An

Axon 200B amplifier was used for data collection. NLC was measured using

a continuous high-resolution (2.56 ms sampling) two-sine stimulus protocol

(10 mV peak at both 390.6 and 781.2 Hz) superimposed on a 200 ms voltage

ramp from�180 toþ200 mV (12,27). All recordings and analyses were per-

formed using jClamp (SciSoft, Ridgefield, CT; www.scisoftco.com). Capac-

itance data were fit to the first derivative of a two-state Boltzmann function (8):

Cm ¼ Qmax

ze

kT

b

ð1 þ bÞ2
þ Clin where

b ¼ exp

��ze
�
Vm � VpkCm

�

kT

�
;

where Qmax is the maximum nonlinear charge moved; Vpkcm or Vh is the

voltage at peak capacitance or, equivalently, at half-maximum charge trans-

fer; Vm is the membrane potential; z is the valence; Clin is the linear

membrane capacitance; e is the electron charge; k is Boltzmann’s constant;

and T is the absolute temperature. Qsp, the specific density of charge move-

ment is defined as Qmax/(Clin � 6.5 pF); 6.5 pF corresponds to the area in

OHCs devoid of prestin NLC (28). Peak NLC was calculated by subtracting

the linear capacitance (Clin) from the peak amplitude (Cmpk). We used Clin

determined from the fit to each individual NLC trace. Paired t-tests were

used and reported as the mean 5 SE. Dose response curves were fitted in

SigmaPlot (Systat Software) using a four-parameter Hill equation. For the

Cl� dose response curve, the low-concentration end point was fixed to

25% of the maximum charge because we previously determined this asymp-

tote using a full range of Cl concentrations (22).
RESULTS

Membrane tension alters the IC50 of salicylate
on NLC

Salicylate is known to block NLC in OHCs via intracellular

interactions with the motor (29,30). Recently, it was shown

that salicylate competes with Cl� for prestin’s anion-binding

site(s) (20,21). We assessed salicylate’s relative affinity

(competition with Cl�) by noting the degree of reduction

in NLC with intracellular Cl� fixed at 10 mM, the normal

resting level of chloride (20). Fig. 1, A and B, demonstrate

that with a fixed extracellular salicylate perfusion of

0.1 mM, tension reduced the effectiveness of the salicylate

insult (intra- and extracellular solutions both contained

10 mM Cl). The reduction of nonlinear peak capacitance

was 11.22 5 0.68 pF for collapsed cells and 7.44 5 1.15 pF

for pressurized (~0.7 kPa) cells (n ¼ 4, P < 0.01, paired

t-test). In percentage terms, this corresponds to reductions

of 22.08% and 16.57%, respectively. Since the perfusion is

done extracellularly, it is possible that the manipulation of

membrane tension can change membrane properties such

that salicylate entry into the cells will be different under the
Biophysical Journal 98(3) 371–376
two conditions. To rule out this possibility, we introduced

0.1 mM salicylate intracellularly via the patch pipette, and

obtained comparable significant results. Indeed, even with

equal concentrations of salicylate intra- and extracellularly,

similar results were obtained. The use of an osmotic challenge

(~280 mOsm) produced comparable results (data not shown).

Tension effects were explored in greater detail in another

set of experiments to measure the IC50 of salicylate. A series

of salicylate concentrations (0.1–10,000 mM) were applied to

OHCs first under collapsed conditions and then, after

complete washout (assessed by the return of NLC to pretreat-

ment conditions), under pressurized conditions (~0.7 kPa).

Fig. 1 C illustrates the shift in the dose response curve ob-

tained for a single OHC. Data from four cells (with pipette

solutions containing 10 mM Cl�) yielded a shift of IC50

from 144.77 5 61.33 to 550.05 5 221.49 mM. This repre-

sents an ~4-fold reduction in effectiveness, indicating an

equivalent reduction in the affinity of salicylate for prestin.

For cells with 140 mM Cl� in and out, the shift for IC50s

for salicylate dose response curves was from 333.89 5

46.81 to 563.77 5 27.99 mM (n ¼ 3). The smaller shift at

higher chloride levels is consistent with our previous finding

that salicylate is more effective at lower chloride levels (20).
Membrane voltage prepulse and temperature
alter salicylate’s effect on NLC

The data obtained so far indicate that increasing membrane

tension, which tends to redistribute the motors into the

expanded state, reduces the affinity of salicylate for prestin’s

anion-binding site. If the conformation of prestin were

responsible for this effect, we would expect any method

we used to redistribute prestin into the expanded state to

work similarly. Fig. 2 A confirms that by heating the cells,

we diminished the ability of salicylate to reduce NLC. The

average reductions of nonlinear peak capacitance for 1 mM

salicylate treatment were 9.9 5 1.00 pF at room temperature

and 5.58 5 0.73 pF after an ~10�C increase in bath temper-

ature (n ¼ 4, P < 0.05, paired t-test). Intermediate

temperatures between room temperature and þ10�C were

proportionally effective. The effectiveness of salicylate

insult (reduction of NLC) fell at a rate of 0.366 pF/�C with

increases in temperature (see Fig. S1 in the Supporting

Material).

Additionally, Fig. 2 B shows that holding at negative volt-

ages, which redistributes prestin into the expanded state,

diminishes the ability of salicylate to reduce NLC. The

average reduction of nonlinear peak capacitance for 1 mM

salicylate treatment was 10.50 5 0.16 pF at ~ þ55 mV

holding potential and 6.41 5 1.05 pF at ~ �75 mV holding

potential (n ¼ 4, P < 0.005, paired t-test). Intermediate

holding voltages between þ55 and �75 mV were propor-

tionally effective. The effectiveness of salicylate insult

(reduction of NLC) fell at a rate of 0.029 pF/mV with hyper-

polarization (see Fig. S1).
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FIGURE 1 Competition between

salicylate and chloride for prestin’s

anion-binding site is dependent on

membrane tension. (A) Image of patch-

clamped OHC under collapsed condi-

tions and associated NLC traces

obtained before (control) and after

perfusion with 0.1 mM salicylate. Cell

diameter is 10 mm. (B) Corresponding

image (note the reduced length and

increased diameter of cell) and NLC

traces for the same cell after an increase

in pipette pressure (0.7 kPa). The aver-

aged reduction of nonlinear peak capac-

itance due to salicylate perfusion is

11.22 þ 0.68 for collapsed cells and

7.44 þ 1.15 pF (n ¼ 4, mean 5 SE,

P < 0.01, paired t-test). (C) Plot from

another cell of the dose response curve

for salicylate before and after membrane

tension delivery. Averaged results show

a shift in IC50 from 144.77 5 61.33 to

550.05 5 221.49 (mean 5 SE).
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Membrane tension reduces chloride’s binding
affinity for prestin

Finally, we confirmed the generality and physiological

significance of our results by testing the effects of membrane

tension on Cl-anion affinity. In this series of experiments, the

chloride concentration was set to the same level intra- and

extracellularly, and the effects of membrane tension on

NLC were determined for a range of chloride ion concentra-

tions (1–140 mM). NLC was measured first under collapsed

conditions and then under pressurized conditions (~0.7 kPa).

Fig. 3 A illustrates the average shift (n ¼ 4–5) in the dose

response curve. The fitted sigmoidal (Hill) functions indicate

a K1/2 of 1.68 mM under collapsed conditions, and 4.74 mM

under pressurized conditions. The shift of Vpkcm due to

~0.7 kPa pressurization is ~20 mV to the right regardless

of chloride concentration (Fig. 3 B), indicating that the

results are not due to chloride-dependent changes in the

susceptibility to membrane tension.

It is important to note that with each type of manipulation

available to us, we had to limit the perturbation magnitude to

maintain our cell recordings during the lengthy protocols;

therefore, we obtained only a limited interrogation of the

changes in binding affinity that might be realized by

a complete shift between compact and expanded states.
DISCUSSION

The OHC motor is voltage-dependent (31) and possesses

a voltage sensor that controls its conformational state

(compact/expanded) at rates in excess of 75 kHz

(10,11,32). The voltage dependence of the sensor charge

movement is shallow, with a Boltzmann slope factor of

~29 mV, and thus very large voltage changes (>200 mV)
are required to fully redistribute motors between its two

conformations (compact and expanded) (8, 9). The midpoint

voltage (Vpkcm or Vh) of this operational range can be modi-

fied by several manipulations, including membrane tension,

prior (prepulse) holding voltage, and temperature. The effect

of tension on Vpkcm is on the order of a 20 mV rightward

(i.e., depolarizing) shift per kPa of intracellular pressure,

with the cell being able to withstand only a few kilopascals

before it ruptures (15,16). Changes in the holding potential

can shift Vpkcm tens of millivolts, with the shift being oppo-

site to the prepulse polarity and having maximum effective-

ness near normal resting potentials (12,19). Increases in

temperature cause a 20 mV rightward shift per 10�C
(17,18).

In this work, we exploited prestin’s sensitivity to these

biophysical forces to test the hypothesis that anions work

allosterically by interrogating the effect of the motor confor-

mational state on anion affinity. Although we were only able

to interrogate conformation-dependent binding affinity over

a limited population shift between compact and expanded

states (see Materials and Methods), each perturbation we

made to shift the state dependence of prestin motors from

the compact to the expanded state reduced the affinity of

the tested anion for the motor. We reason that prestin’s

anion-binding site, which has been tentatively identified in

prestin as homologous to the Cl-binding motif conserved

in ClC channels (GXXXP (26,33,34)), is altered during

induced conformational change to modify binding affinity

for anions. We especially note a parallel in the reciprocal

nature of the voltage dependence and tension dependence

of prestin (piezoelectricity) and the reciprocal nature of anion

binding and the conformational state of prestin (allostery).

The piezoelectric nature of prestin was first identified by

Iwasa (13), who found that membrane tension can cause
Biophysical Journal 98(3) 371–376
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FIGURE 2 Competition between salicylate and chloride for prestin’s

anion-binding site is dependent on temperature and holding voltage. (A)

A representative OHC was whole-cell patched with 140 mM Cl� in and

out, and perfused with 1 mM salicylate first at 23�C (solid lines) and then

at 34�C (dashed lines). The reduction of NLC after salicylate perfusion
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of nonlinear peak capacitance for salicylate treatment are 9.9 5 1.00 pF

(mean 5 SE) vs. 5.58 5 0.73 pF (mean 5 SE) (n ¼ 4, P < 0.05, paired

t-test). (B) A representative OHC was whole-cell patched and perfused

with 1 mM salicylate at room temperature. The OHC was held at either

�70 mV (dashed lines) orþ 50 mV (solid lines). The reduction of NLC after

salicylate perfusion (thin lines) is less at the �70 mV holding potential. The

average reduction of nonlinear peak capacitance for salicylate treatment is

10.50 5 0.16 (mean 5 SE) at positive holding potentials and 6.41 5

1.05 (mean 5 SE) at negative holding potentials (n ¼ 4, P < 0.005, paired

t-test).
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whole-cell patched and NLC was recorded. Chloride concentration was

set to the same level intra- and extracellularly, and the effects of membrane

tension on NLC were determined for a range of chloride ion concentrations

(1–140 mM). NLC was measured first under collapsed conditions and then

under pressurized conditions (~0.7 kPa). OHC NLC was fitted (Eq. 1) to

determine Vh and total nonlinear charge moved (Qmax), with Qmax normal-

ized to cell surface area (Qsp) for comparison across cells. (A) OHC Qsp is

Cl�-dependent, with ~25% of the charge insensitive to chloride as demon-

strated previously (22). Changing prestin’s state by application of positive

membrane tension shifts the dose response curve to the right. Paired t-test

significance (*, P < 0.05; n ¼ 4–5) is noted in the figure. The fitted

sigmoidal (Hill) functions indicate a K1/2 of 1.68 mM under collapsed condi-

tions and 4.74 mM under pressurized conditions. (B) The shift of Vh due to
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a shift in the voltage dependence of OHC NLC; thus, tension

can induce displacement currents in the OHC (14,35). This

linkage between deformation and electrical activity is greater

in the OHC than in piezoelectric crystals (36), and has been

the focus of models that aim to enhance the frequency-

dependent effects of electromotility (37). We conjecture

that the piezoelectric nature of prestin may ultimately reside

in the allosteric action of anions. Furthermore, we hypothe-

size that the sensitivity of prestin to the range of biophysical

perturbations observed to influence the state of the motor

may involve anion interactions with the motor. To be sure,

the shift magnitudes from membrane tension, temperature,

and prepulse are dwarfed by that observed when physiolog-

ically tolerable chloride concentrations are changed within

the OHC: at the K1/2 for the Cl-dependent Vpkcm shift
Biophysical Journal 98(3) 371–376
(4.8 mM, close to the resting intracellular [Cl�] (20)), the

shift is ~�8 mV/mM (22). Thus, we would predict that other

perturbations that affect the prestin state, such as changes in

the membrane lipid environment of OHCs (38,39) or prestin-

transfected cells (40), result from alterations of anion-

binding affinity.

The competitiveness of salicylate with chloride for pres-

tin’s anion-binding site results from a higher affinity for

salicylate over chloride (21). If we assume that chloride

and salicylate binding affinity can be manipulated indepen-

dently, then the reduced binding affinity of chloride by our

manipulations could have increased salicylate’s effective-

ness. This was not the case, and we must conclude that our

manipulations affect the binding site in a manner that influ-

ences binding of all anions. Thus, the effects of salicylate are

direct, and not a result of displacing chloride. This is in line

with the variable effects of different species of anions on

NLC (25).
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In summary, all perturbations that caused Vpkcm to shift in

the depolarizing direction, i.e., that caused prestin motors to

move into the expanded state, reduced prestin’s anion-

binding affinity. These observations have direct implications

for the mechanism of voltage sensing in prestin (Fig. 4).

Oliver et al.’s (21) popular model of prestin as a dysfunc-

tional anion transporter, in which an intracellular chloride

anion serves as extrinsic voltage sensor, predicts that trun-

cated transport of chloride from its intracellular binding

site on prestin to an extracellularly directed intramembranous

site within the protein evokes prestin’s expanded state. On

the contrary, our data necessarily indicate that intracellularly

bound anions are released (due to reduced affinity) upon

motor expansion, and thus conflict with their model. We

maintain that anion binding is associated with motor contrac-

tion and OHC shortening, in line with our previous observa-

tions that increasing Cl� intracellularly boosts the number of

motors residing in the contracted state (22,23). Of interest, an

analysis of a variety of models, including those resulting

from intrinsic sensing, extrinsic sensing, and a combination

of transporting and sensing mechanisms, found that pre-

dicted movements of chloride during transport are associated

with the contraction of prestin (41). We believe these fine

points of contention with the extrinsic voltage sensor model

can be used to argue for a general mechanism of allostery

that portrays prestin as a protein of normal character that

does not require unusual modes (or models) of action. To

be sure, we determined that the sensor charge movement in

prestin relies on particular charged residues, as is the case

in other voltage-dependent proteins (42), and that prestin’s

voltage-dependent charge movement can be isolated from

its anion transport (26). These data do not imply that models

that detect (incorporate) composite charge movement contri-

butions from anions and intrinsic residues are faulty in their
FIGURE 4 Two models representing the events after anion binding to

prestin. The left panel depicts the extrinsic voltage sensor model (21), where

Cl� binds and enters the defunct transporter, which in turn triggers an exten-

sion of prestin. The right panel depicts the intrinsic voltage sensor model

(23–25), where Cl� binding to prestin allosterically promotes the contracted

state, but voltage sensing results from movement of intrinsically charged

amino acid residues (red: positive residues; black: negative residues) (26).

Our new data confirm that during expansion, anions are released from pres-

tin. (In both panels, d is the perpendicular distance traversed across the

membrane field by the voltage sensor.)
assessment of NLC (41,43), as we fully acknowledge that

any charged species moving through the membrane field

can contribute to NLC. We simply want to point out that

the assignment of charge components to effect electromotil-

ity or not is not a simple process, and it could be that the

movement of a transported anion through prestin (and its

resultant displacement current) is unrelated to the mechanism

that drives the voltage-dependent mechanical activity of the

protein. Thus, the only thing that is absolutely clear to us is

that NLC is modulated by anions. Consequently, our new

findings and our previous observations that also conflict

with the extrinsic voltage sensor model—namely, that 1),

changes in the intracellular anion concentration and species

shift the voltage dependence of NLC (Vpkcm); 2), the anion

valence does not correlate with the voltage sensor valence;

3), prestin successfully transports anions; 4), the intrinsic

charge contributes to prestin’s voltage sensing; and 5),

single-site mutations can separate voltage sensing and trans-

port (23,25,26)—lead us to conclude that anions work

through an allosteric action on prestin.
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Outer hair cells (OHCs) drive cochlear amplification that enhances
our ability to detect and discriminate sounds. The motor protein,
prestin, which evolved from the SLC26 anion transporter family,
underlies the OHC’s voltage-dependent mechanical activity (eM).
Here we report on simultaneous measures of prestin’s voltage-
sensor charge movement (nonlinear capacitance, NLC) and eM
that evidence disparities in their voltage dependence and mag-
nitude as a function of intracellular chloride, challenging deca-
des’ old dogma that NLC reports on eM steady-state behavior. A
very simple kinetic model, possessing fast anion-binding transi-
tions and fast voltage-dependent transitions, coupled together
by a much slower transition recapitulates these disparities and
other biophysical observations on the OHC. The intermediary slow
transition probably relates to the transporter legacy of prestin, and
this intermediary gateway, which shuttles anion-bound molecules
into the voltage-enabled pool of motors, provides molecular delays
that present as phase lags between membrane voltage and eM.
Such phase lags may help to effectively inject energy at the ap-
propriate moment to enhance basilar membrane motion.

hearing | molecular motor

Outer hair cells (OHC) foster mechanical feedback within the
mammalian cochlear partition that enhances perception of

auditory stimuli by 2–3 orders of magnitude; this is known as
cochlear amplification (1, 2). Following the molecular identifi-
cation of prestin (3), an SLC26 family member (a5) that reca-
pitulates the electromechanical properties of the native OHC’s
voltage sensor/motor (4, 5), a preponderance of evidence pointed
to prestin-based electromotility (eM) as the basis of this boost
(6, 7). During the last couple of decades, measures of nonlinear
charge movement or capacitance (NLC), an electrical correlate
of voltage-dependent conformational changes within the motor
protein prestin, have served as surrogate, indeed as signature,
of voltage-evoked eM of the OHC (8–12). Intracellular chloride
plays an important role in prestin function (13), and recent evi-
dence indicates that anions serve a modulatory, allosteric-like
role (14–17). For the most part, anion effects, as well as many
other influences on prestin, have been limited to the study of
NLC, on the assumption that NLC reports on steady-state
characteristics of OHC eM. We now show that this assumption
is wrong.
Using simultaneous measures of charge movement and eM,

we show disparity between deduced characteristics of prestin
motor protein conformation. That is, a dissociation in magnitude
and voltage dependence of NLC and eM is revealed by lowering
intracellular chloride to physiological levels (≤ 10 mM; ref. 6), all
previous comparisons having been made with abnormally high
intracellular chloride levels. Furthermore, this chloride effect,
which presents as a function of rate and polarity of voltage
stimulation, uncovers a mechanism predicted to be frequency
dependent in vivo, and likely plays an important role in fre-
quency selectivity and efficiency of cochlear amplification. A
very simple kinetic model, which recapitulates most known
behaviors of prestin, indicates that the chloride effect is due to
intermediary, non-voltage-dependent transitions, the kinetics of

which are very much slower than those of prestin’s chloride-
binding or voltage-dependent state transitions. These slow con-
formational changes likely derive from prestin’s lineage as a slow
anion transporter, providing lags between voltage stimulation and
mechanical activity, possibly contributing to productive cochlear
amplification.

Methods
Recordings were made from single isolated OHCs from the organ of Corti.
Hartley albino guinea pigs were overdosed with isoflurane, the temporal
bones excised, and the top turns of the cochleae dissected free. Enzyme
treatment (1 mg/mL Dispase I, 10 min) preceded gentle trituration, and
isolated OHCs were placed in a glass-bottom recording chamber. A Nikon
Eclipse E600-FN microscope with 40× water immersion lens was used to observe
cells during voltage clamp. Experiments were performed at room temperature.

Solutions. Chloride levels were set to bracket the intracellular level in intact
OHCs, namely ∼10 mM (6). An ionic blocking solution was used to remove
ionic currents, allowing valid measures of membrane capacitance. The base
high Cl solution contained (in millimoles): NaCl 100, tetraethyl ammonium-Cl
20, CsCl 20, CoCl2 2, MgCl2 1, CaCl2 1, Hepes 10. Lower chloride concen-
trations (10 and 1 mM) were achieved by substituting chloride with gluco-
nate. In a subset of experiments, aspartate was used as the substitute. Base
intracellular solutions contains (in millimoles): CsCl 140, MgCl2 2, Hepes 10,
and EGTA 10. The intracellular and extracellular Cl concentration was set the
same to guarantee levels in the subplasmalemmal space of the OHC.

Manipulation of the subsurface cytoskeletal integrity was made with
diamide and latrunculin. Diamide works on spectrin to unbundle actin fila-
ments and reduce OHC stiffness (18). On the other hand, latrunculin results
in actin depolymerization (19). OHCs were treated with 2 mM diamide in
extracellular solutions for 30 min before recordings. Latrunculin A (0.01 μM)
was perfused both intracellularly (via patch electrode) and extracellularly
during recording. All chemicals used were purchased from Sigma.

Cell Capacitance and Mechanical Response. An Axon 200B amplifier was used
for whole cell recording. Coupled voltage ramps (depolarizing followed
immediately by hyperpolarizing ramp) of varying durations from 100 to
5,000 ms were delivered to the cells from a holding potential of 0 mV. In a
subset of cells, ramp order was reversed after routine collection and com-
parison of the two yielded no significant differences. The ramp voltage was
set between –250 and +250 mV maximum, but span was fixed at 360 mV.
For each individual cell, the ramp voltage was set according to Vh of NLC
permitting responses to reach steady state to ensure good Boltzmann fits.
No averaging was done.

Nonlinear capacitance was measured using a continuous high-resolution
(2.56-ms sampling) two-sine stimulus protocol (10 mV peak at both 390.6
and 781.2 Hz) superimposed onto the voltage ramp (20, 21). Capacitance
data were fit to the first derivative of a two-state Boltzmann function (9)
(see Supporting Information for equation), providing Qmax, the maximum
nonlinear charge moved, Vh the voltage at peak capacitance or equivalently,
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at half maximum charge transfer, z, the valence, and Clin, the linear mem-
brane capacitance.

Simultaneous eM measurements were recorded with a Prosilica GE680
camera (Allied Vision Technologies). Video sampling of 3.3 ms were achieved
with binning and reduced region of interest. Video image resolution was
2.83 pixels per micrometer. The eM video recordings were digitally analyzed
with jClamp (www.SciSoftCo.com), allowing synchronous assessment of eM
and NLC in time and voltage. The edge of the cuticular plate was used to
track OHC length change, the patch electrode providing a fixed point at the
basal end of the cell. Sigmoidal fits (four parameters) provided estimates of
Vh, maximal movement and slope factor b. Shift of motility against NLC is
calculated by subtracting NLC Vh from eM Vh.

Model Assessment. The kinetic model was assessed using Matlab Simulink in
conjunction with jClamp. jClamp provides an automation link to Matlab,
which allows voltage stimuli to be delivered to and current responses to be
obtained from Simulink models. The kinetic model was interfaced to jClamp
via a model of the patch clamp amplifier and OHC. The linear component of
the patch-cell model possessed an Rs of 5 MΩ, Rm of 500 MΩ, and Clin of 15
pF. The nonlinear component, NLC derived from charge movement of the
prestin model, parameters laid out in Results. The exact same voltage stimuli
and exact same analysis of model two-sine currents were performed as with
the biophysical data. Mechanical contraction data of the model, namely eM,
was taken as the accumulated residence in the C state. Fits of model NLC and
eM were performed the same way as the biophysical data.

Although this parallel approach provides for powerful comparisons between
model and biophysical data, it is laborious. Thus, only visual “fits” to the data
are presented because no automatic iteration is possible. Instead, each set of
model parameters was selected and compiled in Matlab. Then jClamp was
used to stimulate, collect, and analyze the resulting model data, as was done

with OHCs. The data were then plotted for comparison with biophysical data,
followed by visual determination of goodness of fit. Another choice of model
parameters was then made and the process repeated. In consequence, an
enormous amount of time was invested in obtaining model data.

Results
Experiment. Under voltage clamp, OHCs display an NLC that is
bell shaped with its peak magnitude residing at a voltage (Vh),
where prestin’s charge is equally distributed on either side, similar
in behavior to an ionic channel’s voltage-sensor charge (22) (Fig.
1A). Coupled to this nonlinear charge movement is a mechanical
response of the whole cell (a length change; eM) that follows the
charge’s voltage dependence. Shifts in NLC Vh along the voltage
axis, known to be induced by changing the long-term holding
potential (prepulse) of the OHC or prestin-transfected cells
(4, 20, 23), are accompanied by corresponding shifts in eM
voltage dependence. In this example (Fig. 1A), a Vh shift of 25
mV for OHC NLC arises, along with a parallel Vh shift of 21.3
mV for eM. Furthermore, Fig. 1C illustrates that the time course of
OHC length change follows the time course of NLC during step
voltage stimulation, each showing stretched (multi) exponential
behavior (23). This tight coupling between NLC and eM is ob-
served when intracellular chloride is high, e.g., 140 mM, the typical
intracellular level used for experimentation during the last few
decades to study OHCs.
Recently, the level of intracellular chloride was estimated to

be ≤10 mM in OHCs (6). As noted above with hyperpolarizing
prepulses, lowering intracellular chloride is known to shift NLC
Vh to depolarized levels (14). We confirm that the same is true
for eM (Fig. 1D). Here, voltage ramps (±180 mV) of different
duration/rate (100–5,000 ms or equivalently 4–0.08 mV/ms) and
polarity drove eM, while simultaneously summed high-frequency
dual-sine stimuli reported on NLC (see Methods for details; refs.
20, 21). Although eM Vh shifted to depolarized levels regardless
of protocol rate, the faster depolarizing ramps produced a more
depolarized Vh. It was surprising that, although lowering intra-
cellular chloride levels shifts both NLC Vh and eM Vh to positive
voltages, a disparity between Vh of NLC and eM arises (Fig. 2).
As chloride levels reduce, Vh of eM is shifted further to the right
than Vh of NLC. In the examples shown, 10 mM chloride pro-
duced a disparity of 15.3 mV, and 1 mM chloride produced a
disparity of 39.7 mV. This disparity is dependent not only on
chloride level, but also on rate and polarity of voltage ramp stim-
ulation (Fig. 3 A–C). Note that there is a chloride-dependent
ΔVh disparity that is greater in the depolarizing ramp direction as
rate is increased, reaching an average disparity of about 45 mV
with depolarizing 100-ms ramps; but even at very slow ramp rates,
a chloride-dependent disparity remains. A large disparity is also
observed when we instead use aspartate to replace chloride (Fig.
3C). Finally, there is a decrease in disparity with shorter ramp
durations in the hyperpolarizing direction, and with 140 mM chlo-
ride, little disparity exists, which accounts for assertions of good
electromechanical coupling during the last couple of decades (8–12).
In addition to disparity in voltage dependence, there is dis-

parity in correspondence between maximal charge movement
(Qmax), estimated from Boltzmann fits to NLC, and maximal eM
(eMmax), estimated from sigmoidal fits to eM. Qmax has been
taken to report on the number of elementary charged motors
(prestin) in the OHC (8, 9), and consequently, there is a corre-
lation between prestin surface expression and Qmax (24). Because
it is undisputed that prestin conformational changes drive eM
(25), the number of active prestin molecules should correspond
to measures of eM, with eMmax correlated with Qmax. Fig. 3D
shows that this is not the case; that is, although chloride re-
duction significantly reduces Qmax, eM does not follow. For
example, eMmax values (mean ± SE in micrometers; n = 9–14)
for 500-ms hyperpolarizing ramps were 2.19 ± 0.12 @ 1 mM;
2.01 ± 0.20 @ 10 mM; and 2.41 ± 0.28 @ 140 mM chloride.
CorrespondingQmax values (mean ± SE in picocoulombs, n = 9–12)
were 2.04 ± 0.09, 2.86 ± 0.09, and 3.10 ± 0.03. Neither eMmax nor
Qmax magnitude was significantly different for hyperpolarizing or
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Fig. 1. Nonlinear capacitance and eM are coupled. (A) OHCs possess a capaci-
tance that is nonlinear with voltage. Its peak resides at a voltage, Vh, that
changes depending upon holding potential. In this case, Vh is −73 mV after
holding the cell at +60 mV for one minute (red line). Vh shifts to −48 mV
after holding the cell at −80 mV for one minute (blue line). Similar shifts are
observed for eM. Fits: (red) NLC Vh −73.10, z 0.69, Qmax 3.15, Clin 23.86; eM Vh

−76.81, b 33.96, eMmax 2.42; (blue) NLC Vh −48.76, z 0.63,Qmax 3.42, Clin 23.90;
eM Vh −55.48, b 37.13, eMmax 2.41. (B) Voltage stimulus used for the col-
lection of capacitance and eM. Dual sine superimposed on ramps is used to
evaluate Cm (Methods). Measures shown in A were obtained with hyper-
polarizing ramps. The effects of ramp duration and polarity are described in
subsequent figures. (C) A step voltage from 50 to −80 mV induces
an elongation of the OHC (red trace) and simultaneous jump in Cm (blue
trace). Cm relaxes with a stretched (multi) exponential time course that is
mirrored by eM. The Cm trace was inverted, scaled and overlaid onto the eM
trace (blue trace on red), showing similar time courses. (D) eM shifts in the
depolarizing direction when intracellular chloride is reduced. The eM and
NLC were measured simultaneously with hyperpolarizing and depolarizing
ramps at the indicated ramp durations/rates. Regardless of polarity or rate,
a large shift of Vh is observed, but the absolute values of Vh are more
depolarized with longer depolarizing ramps. Number of cells averaged is the
same as indicated in Fig. 3 A–C. SEs are not plotted for clarity. They are for 1,
10, and 140 mM Cl: black squares, 4.5, 3.7, and 3.8 mV; red squares, 5.0, 3.8,
and 2.7; green squares, 7.3, 3.8, and 9.6; black circles, 4.6, 4.2, and 3.8; red
circles, 3.5, 5.2, and 4.3; and green circles, 5.4,6.0,and 10.6.
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depolarizing ramps. The slope factor (b; Methods) of eM with
140 mM at this 500-ms ramp rate was 34.8 ±> 0.84 mV, which
translates to 17.3 nm/mV maximal sensitivity (eMmax/4b). This is
similar to previously reported values (26, 27).
Iwasa (28) first identified the membrane tension dependence

of OHC NLC and introduced a mechanical energy term in the
Boltzmann model of prestin (29). In confirmation of its molec-
ular nature, tension dependence was subsequently shown to have
direct action on the motor/prestin (4, 5, 10). The susceptibility
of fast ramp rate effects to perturbations of whole-cell mechanics
is illustrated with turgor pressure manipulations (Fig. 3 E–G).
Increasing turgor pressure, which increases membrane tension,
eliminates the disparity (ΔVh) evidenced with 100-ms ramps. Also
revealed are disparate changes in Vh of NLC and eM. Whereas,
the Vh of NLC shifts in the depolarizing direction during in-
creases in membrane tension regardless of ramp polarity, the
direction of Vh shift of eM depends on ramp polarity. That is,
hyperpolarizing ramps cause near-equivalent depolarizing shifts
in Vh of eM and NLC; depolarizing ramps, on the other hand,
cause a hyperpolarizing shift in eM Vh. It is this differing be-
havior that accounts for the elimination of ΔVh during increases
in membrane tension, and points to a molecular phenomenon.
To ensure that the observations that we observe derive from

molecular actions of prestin, rather than mechanical character-
istics of the cell, we perturbed the cytoskeleton. We treated OHCs
with latrunculin (an agent causing actin depolymerization) and
diamide (a spectrin, actin-bundling protein antagonist), each of
which is expected to modify the OHC cortical cytoskeleton. Fig.
4 illustrates that only minor changes in the fast rate effects are
evident. These small effects we attribute to the influence of the
cytoskeleton in controlling tension delivered to the membrane.

Model. In the two-state area motor model of OHC electromotility
(29, 30), the accumulation of prestin motors into the contracted
state (small surface area) will shorten the cell, and accumulation
into the expanded state (large surface area) will lengthen the
cell. This two-state model cannot reproduce our data (see below).
To understand the molecular events underlying our time- and
chloride-dependent observations, we developed an extended, yet
very simple kinetic model, schematized in Fig. 5A.
Similar to carbonic anhydrase (31), we assume very fast anion

(chloride) binding and unbinding transitions (Xo↔Xc). Because
the voltage-dependent mechanical activity of prestin is greater
than 80 kHz (32), we also assume very fast voltage-dependent
conformational transitions (X↔C). The transition to state C carries
a unit charge, q; Qmax, total charge moved, will reflect the max-
imal accumulation of motors in that state. The number of motors
in state C also equates to magnitude of eM (contraction), pro-
viding a Boltzmann-like sigmoidal response. Nestled between the
anion-binding and voltage-dependent transitions, resides a non-
voltage-dependent transition (Xc↔X), which is very much slower
than the other two transitions. The kinetics of these slow transitions

is set to have the model resemble prestin’s electromechanical
behavior. The differential equations describing the model are
listed in the Supporting Information, where k1 = 107 * [Cl]in, k2 =
107 * kd, α0 = 75 * exp(tm), β0 = 5.58 * 108 * exp(−Ea/RT), α =
106 * exp(zFVm/2RT), β = 583 * 109 * exp(−zFVm/2RT + tm/2 –
Ea/RT), kd = 0.001, T = 296 K, Ea = 38.36 * 103 J/mol, F =
9.648 * 104 C/mol, R = 8.315 J/Kmol, k = 1.381 * 10−23 VC/K.
The rates α0 and β are tension sensitive, because tension is

known to increase prestin residence in the expanded (X) state
(10, 28), tm in units kT (eRT/F); rates β and β0 are equally tem-
perature sensitive, with Arrhenius activation energy, Ea. Here,
α and β are voltage dependent, with sensor valence z. At T = 296 K,
Vm= 0 mV, Tm = 0 kT, and [Cl]in = 0.14 M, initial rates are
k1 = 1.4e6, k2 = 1e4, α0 = 75, β0 = 95, α = 1e6, and β = 1e5.
Model results recapitulate our biophysical data. Stimulation of

the model is with the same voltage protocols used to collect the
biophysical data, and analysis is the same. Fig. 5 B–D shows
chloride-, rate-, and polarity-dependent disparity similar to the
biophysical results illustrated in Fig. 3 A–C. The polarity de-
pendence of the fastest rates with low chloride levels is not as
rectified as the biophysical data, the model showing only minor
differences, and may result from the extraordinary simplicity
of the model. The triangles depict results obtained when inter-
mediary rates, α0 and β0, are set 8 orders of magnitude faster.
Under such conditions, the model resembles a fast two-state
model, with no disparity between NLC and eM. We reason that
at high chloride levels the population of voltage-enabled Cl-bound
motors is enriched, and the fast kinetics of the voltage-dependent
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Fig. 3. The eM and NLC are disparate. (A) The eM and NLC operating
voltage disparities are dependent on chloride levels, ramp durations/rates,
and polarity. With 140 mM chloride intracellular, polarity effects are sym-
metrical but offset in the depolarizing direction. (B) For 10 mM chloride, the
offset is larger, and a depolarizing asymmetry arises at short ramp durations.
(C) With 1 mM chloride, the depolarizing offset is larger still, and the
depolarizing asymmetry at short ramp durations is also greater. Errors
bars are SE and numbers of cells are indicated. Triangles (up, blue: depo-
larizing ramp; down, purple: hyperpolarizing ramp) depict results obtained
with aspartate as the chloride substitute at 100 ms duration ramp. Com-
pare with model results in Fig. 5 B–D. (D) Qmax and eMmax are not strictly
correlated. Normalized Qmax and eMmax are derived from 500 ms hyper-
polarizing ramp data. As chloride levels decrease, Qmax decreases, but eM
does not follow. Error bars are SE, number as in Fig. 3 A–C. Compare with
model results in Fig. 5E. (E) Membrane tension reduces Vh disparity between
eM and NLC. Vh of NLC shifts in the depolarizing direction with increase in
membrane turgor pressure regardless of ramp polarity. (F) Vh of eM also
shifts in the depolarizing direction with hyperpolarizing ramps as tension
increases. However, eM Vh shifts in the hyperpolarizing direction when
measured with depolarizing ramps. (G) Net effect of shifts in Vh is to reduce
Vh disparity as membrane tension increases. ΔVh obtained by subtraction of
data in A and B; n = 4. Compare with model results in Fig. 5 F–H.
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transitions work on this population to dominate the cell response,
thus appearing more similar to a fast two-state process.
Fig. 5E illustrates that the model, similar to the biophysical

results in Fig. 3D, exhibits poor correlation between Qmax and
magnitude of eM. In this case, Qmax estimates can reduce with
essentially no change in eM. Fig. 5 F–H illustrates the effects
of tension on kinetic model behavior and shows similarity to the
biophysical data of Fig. 3 E–G. Namely, a reduction of the fast
ramp (100 ms) ΔVh disparity results from inverse shifts of po-
larity dependent eM Vh. NLC Vh, on the other hand, shifts in the
depolarizing direction for both polarity ramps. It is important to
note that Fig. S1 A–D illustrates that a variety of perturbations
to the model recapitulate biophysical behavior of NLC observed
during the previous two decades, including prepulse effect, chlo-
ride concentration effect, temperature effect, and exponential
relaxations of Cm induced by voltage step. The success of the
model strongly suggests that an intermediary slow transition
governs prestin behavior.
Given that the model recapitulates most of the available bio-

physical data, we are confident that it can be used to investigate
other expected qualities that enable the OHC to function effectively
as cochlear amplifier. To this end, we tested the phase character-
istics of the model. Fig. S1 E–G shows that (i) eM phase lags that of
stimulating membrane potential, (ii) the phase lag is chloride and
voltage dependent, and (iii) depending on intermediary gateway
kinetics, the phase lag exhibits variable frequency dependence. Fig.
S2 confirms that we do find small phase lags in OHC eM.

Discussion
OHC eM is voltage dependent and necessarily coupled to its
charged voltage sensor (8, 9, 12, 26, 27, 33). Thus, it is expected
that sensor-charge movement, measured as displacement currents
or NLC, should correspond to mechanical movements of the cell.
In fact, a strict correspondence is predicted based on two-state
Boltzmann models that incorporate transition speeds that match
the very fast voltage-induced mechanical response (>80 kHz)
(32). The incongruence of our data with this scheme, especially
at physiological chloride levels, requires rethinking of prestin’s
molecular mechanism.
Measures of prestin’s NLC alone are not sufficient to rule on the

existence of kinetic schemes above two states, given that Cm-Vm
functions can be fit equally well by two-state Boltzmann or mul-
tistate Langevin functions within physiological voltage ranges
(34, 35). However, by evaluating simultaneous measures of NLC
and eM, we are able to identify at least three state transitions,
including fast anion-binding and voltage-dependent ones, and an
intermediary slow one. The intermediary state transition controls
the delivery of primed (anion bound) motors into a voltage-
enabled pool, and likely corresponds to the allosteric-like
behavior we have observed previously (16, 17). Thus, rather than
a typical allosteric mechanism, chloride binding to the evolutionary

ancient transport-binding site functions to effect a slow confor-
mational change that enables a process (voltage sensing and eM)
unrelated to transport per se. We had previously separated NLC
and anion transport via mutations in prestin, and identified
charged amino residues that contribute to charge movement (36).
In consequence, the intermediate transition serves as a gateway
controlling the magnitude and voltage dependence of eM, and
underlies the disparity between measures of NLC and eM.
We emphasize that our data do not suggest that NLC and eM

are intrinsically separable, but that they only appear disparate
because our measuring techniques are subject to intermediate
rate effects that the disparity highlights. This is somewhat anal-
ogous to the recently observed need to integrate sensor charge
across long time ranges to reconcile large shifts in the voltage
sensor domain Q-V function of Shaker channels (37). Thus, we
find that the apparent operating voltage range of prestin depends
on the frequency of interrogation of its behavior. With our
measures of NLC, we are studying a nonstationary population of
voltage-dependent motors, varying according to the kinetics of
the intermediary gateway. That is, NLC measures that charac-
terize the voltage-dependent conformational change in prestin at
discrete frequencies cannot provide steady-state behavior as
previously thought, because we are not dealing with an invariant
fast two-state system. The kinetic model starkly illustrates this:
when intermediate rates are set very fast, model behavior is
similar to fast two-state behavior. As a correspondence, we find
that differing Vh is obtained by varying integration times of step-
induced charge movement. Thus, past estimates of steady-state
prestin behavior have been influenced by this gateway. For ex-
ample, we and others had assumed that lowering intracellular
chloride levels shifts eM correspondingly with NLC in the posi-
tive direction along the voltage axis. We now know that eM shift
is greater. Physiologically, acoustic frequency stimulation in vivo
will be influenced by intermediary kinetics corresponding to its
equivalent frequency bandwidth. This may underlie some of the
differences between low- and high-frequency cochlear behav-
ior. It is important to note that the simple model we provide
here has single exponential kinetics, whereas previously ob-
served kinetic characteristics of NLC (e.g., see Fig. 1 NLC time
course), which we can now ascribe to this gateway, clearly show
that the transition actually has stretched exponential behavior
providing control ranging from the submillisecond to the sec-
onds timescale (20, 23). Implementing this kinetic diversity will
certainly increase the complexity of the model, but may im-
prove its correspondence with biophysical data. For example,
at the present time we needed to decrease the transition rates
from the millisecond to the second timescale to obtain the
voltage prepulse effect as in Fig. S1A. As noted above, NLC
relaxations do have components in this slower time range.

Anions and eM. The operating voltage range of eM is dependent
on chloride level (Fig. 1D), showing a greater dependence than
that of NLC. In a similar way, Qmax estimates of charge movement
do not correlate well with eM. The disparities may be explained
because NLC only reports on the voltage-enabled population of
motors at interrogation frequencies, whereas eM is evaluated at
ramp rates much slower than that of the intermediate transition
rates. Still, it is interesting to note that steady-state eM magni-
tude is little affected by chloride removal. It was previously ob-
served that removal of intracellular chloride abolished eM (13).
That observation involved replacement of chloride with pentane
sulfonate, which we subsequently showed causes NLC Vh to shift
to very hyperpolarized voltages, effectively shifting eM outside
practical interrogation voltage ranges (16). In the present study,
we successfully evaluate the full range of eM at various chloride
levels and show robust mechanical responses, despite large re-
ductions in chloride. We and others have determined the Kd for
prestin, ranging from 1 to 6 mM, using measures of NLC (13, 15,
17). Our robust eM observations along with clear indications that
NLC measures may not faithfully depict prestin’s steady-state
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properties indicate that the Kd for prestin mechanical activity
needs reassessment.

Models of Prestin. The earliest molecular models of prestin, based
on OHC NLC and eM, were simple two-state Boltzmanns (8, 9,
29, 30), corresponding to two area states, compact and expanded.
The first observation of tension effects on OHC NLC led to a
modified Boltzmann model, where a mechanical energy term
supplemented that of electrical energy (28, 29). Those whole-
cell experiments correctly implicated a molecular basis, as sub-
sequent experiments revealed (4, 5, 10). Here we find that the
disparity between eM and NLC is susceptible to membrane tension,
thus directly implicating molecular underpinnings. To be sure,
the hallmark of the intermediate transition rate, the Cm re-
laxation indicative of the shifting Q-V function, is impervious to
intracellular pronase treatment (20), does not depend on OHC
length (23), and is found in prestin transfected cells (4), as ex-
pected for a membrane-based phenomenon. Indeed, the minor
effects of present cytoskeletal perturbations on the ΔVh disparity
confirm those observations. In accordance, it must be emphasized
that water movements into and out of the OHC that can alter
OHC shape are expected to be slow (38), and thus their greatest
contribution to the disparity in ΔVh would be during long ramps,
which is just the opposite of what we find. In fact, chloride (water)
movement into or out of the cell should depend on ramp polarity
but at long durations disparity remains the same for each polarity
ramp. In addition, the order of ramp delivery is without effect on
the data. We conclude that our results cannot be due to whole-cell
mechanical properties or chloride/water movements during

stimulation, and that the success of our model derives from its
accurate description of prestin’s molecular behavior.
Recently, extensive models, some deriving from OHC meas-

ures, incorporating transporter or multistate behavior have been
devised to replicate some of the available biophysical data, mostly
prestin’s anion dependence (39–41). Prestin’s anion transporter
capabilities are controversial, some groups championing transport,
others not (36, 42–44). However, another simple four-state model
(sum of two voltage-dependent Boltzmanns) was found to rival an
earlier model (45) in goodness of fit of NLC and salicylate’s effect
on OHC NLC (41). In a subsequent addition (33), the authors
suggest that chloride binding could screen intrinsic voltage-sensor
charge thus underlying Vh shifts; however, ions of any one polarity
are not expected to produce extreme Vh shifts in both positive and
negative directions, as has been measured in OHCs (16). In any
case, their model cannot reproduce our data, as chloride binding
leads directly to fast voltage-dependent reactions. It should be
noted, that we previously identified a voltage dependence of
NLC relaxations, which could signal that the slow intermediate
transition may possess some measure of voltage dependency
(23). In subsequent model renditions we intend to evaluate this
possibility, and the possible effects of electric field on anion
binding. In its present form, however, our simple model derives
from typical ligand gated channels (e.g., ACh receptor channels)
where fast ligand-binding kinetics leads to very much slower
conformational changes that gate open conductance (46, 47). For
prestin, the slower, voltage-independent intermediate conforma-
tional change enables voltage sensing. It is well known that
a voltage-independent transition can affect the characteristics of
a linked voltage-dependent one (37, 48, 49). It may be that the
other more complicated, although untested (re the host of bio-
physical data available), models of prestin possess some of the
qualities of our model, but to date our model is the simplest
capable of recapitulating the widest known set of OHC biophysical
data. In league with the transporter models, however, we speculate
that the transporter lineage of prestin underlies the slow transition
process that controls the fastest known molecular motor.

What Is Required of the OHC as an Amplifier? To provide amplifi-
cation within the cochlear partition, the OHC must exert its
force fast and at the right time. OHCs can respond to sinusoidal
voltage stimulation above 80 kHz (32), and although resistor-
capacitor (RC) filtering posed initial skepticism due to expected
decreases in eM driving force at high acoustic frequencies (26,
50), much work has basically eliminated this concern (14, 51–55).
However, one of those potential mechanisms that we envisioned
to overcome the RC problem does not survive tests with our
model. We previously suggested (14) that should chloride levels
fluctuate at acoustic rates near prestin (analogous to stereo-
cilia mechano-electrical transducer Ca2+ flux effects on bun-
dle mechanics), this could drive high-frequency mechanical
responses, bypassing an RC limit. Our observations indicate that
such fluctuations are of limited effect because prestin’s in-
termediary rates will low pass filter responses, with the in-
termediate transition imposing its time dependence on chloride-
driven eM. Nonetheless, chloride flux at rates at or below in-
termediary rates could significantly affect eM.
Some cochlea models require a phase lag between OHC

voltage and OHC force, typically 1.57 rad, thereby delivering
force to the basilar membrane at an appropriate phase angle to
cancel viscous drag (56–58). This requires a delay between re-
ceptor potential and activation of eM. Although various mech-
anisms have been invoked to establish phase lags in cochlear
models, none have been based on intrinsic biophysical mecha-
nisms of the OHC motor. We suggest that the disparity that we
observe between NLC and eM may represent a delay proffered
by the additional states required to replicate the biophysical
data. To this end, we find in the model that phase lags between
membrane voltage and eM are generated by the intermediary
gateway, and that chloride level and membrane resting potential
control lag magnitude (Fig. S1). It must also be remembered that
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H

Fig. 5. Kinetic model of prestin. (A) Simple kinetic model of prestin activity
within the plasma membrane. Xo state is unbound by anion. The Xc state is
bound by anion but intrinsic voltage-sensor charge is not responsive to
membrane electric field. Slow conformational transition to X state enables
voltage sensing of electric field (arrow depicts positive charged sensor
movement into the membrane field). Depolarization moves positive sensor
charge outward within the membrane field, simultaneously resulting in
compact state C, which corresponds to cell contraction (yellow arrows). (B–
D) Kinetic model recapitulates ΔVh disparity of biophysical data. Plots cor-
respond to those plots of Fig. 3 A–C. Note increasing Vh disparity with
chloride reduction and shorter ramp durations. There is a slight asymmetry at
fast ramp rates for the 1 mM chloride condition. Triangles depict results
obtained when the intermediate transition rates were increase by a factor of
1e8. No disparity is detected under these conditions, as expected for a simple fast
two-state model. (E) Kinetic model recapitulates uncorrelated Qmax and eMmax

of biophysical data. As chloride levels decrease, Qmax decreases, but eM does not
follow. Compare with biophysical data of Fig. 3D. (F–H) Kinetic model recapit-
ulates membrane tension dependence of biophysical data. Plots correspond to
those plots of Fig. 3 E–G. Note similarity of model behavior and biophysical
behavior, resulting in reduced ΔVh disparity as membrane tension increases.
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the gateway is actually multiexponential, thus in addition the
model can generate frequency-dependent phase delays depend-
ing on the kinetics of the gateway. However, we find that model
lag magnitudes are a fraction of 1.57 rad. Indeed, we find
a small phase lag in our physiological measures of eM (Fig. S2),
thus contributing to those model phase requirements. It should
be mentioned, however, that more recent models of OHC-
based amplification do not have lags required of older models
(59). Based on new concepts, it is not OHC action on the
basilar membrane, but instead on the fluid micromechanics of the

subtectorial membrane space that affords amplification (60,
61). Although our data are in harmony with the phase-lag re-
quiring models, it remains to be seen how our predicted phase
characteristics of the OHC motor impact on newer models,
and whether the throttling kinetics of prestin’s intermediary
gateway can influence amplification.
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Capacitance data were fit to the first derivative of a two-state
Boltzmann function

Cm = Qmax
ze
kT

b

ð1+ bÞ2 +Clin; b= exp
�
−zeðVm − VhÞ

kT

�
;

where Qmax is the maximum nonlinear charge moved, Vh is volt-
age at peak capacitance or equivalently, at half maximum charge
transfer, Vm is membrane potential, z is valence, Clin is linear
membrane capacitance, e is electron charge, k is Boltzmann’s
constant, and T is absolute temperature.

Model differential equations are

Xo ↽ *
k1

k2
Xc ↽ *

α0

β0
X ↽ *

α

β
C

dXo

dt
= Xc · k2 −Xo · k1

dXc

dt
= Xo · k1 + X · β0 − Xc · α0 − Xc · k2

dX
dt

= Xc · α0 + C · β− X · α− X · β0

dC
dt

= X · α−C · β:
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Fig. S1. Kinetic model shows similar NLC behavior to that observed in OHCs. (A) Vh shift results from prepulse. (B) Depolarizing shifts and decrease in NLC
result from reduction in intracellular chloride. (C) Heating shifts Vh to depolarizing levels. (D) Step voltage commands induce an immediate jump in
Cm followed by a relaxation. See text for details. (E) Kinetic model produces a phase lag between Vm and eM. The lag observed with 10 mV AC stimulation
is voltage and chloride dependent (F). It is also dependent on intermediate gateway transition rate (G), illustrating that the actual biophysical stretched
exponential rate will provide wide-ranging frequency-dependent phase lags.
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Fig. S2. Phase lag in eM. OHC with 1 mM chloride in/out. Sinusoidal voltage (Top) stimulation elicits a rectified mechanical response (Middle). Bottom
shows Lissajous of eM vs. Vm, indicating a phase lag of about 0.1 rad. An absence of phase lag would produce an overlapping line. Similar results were
obtained for 2 OHCs at 24 and 48 Hz.
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On Membrane Motor Activity and Chloride Flux in the Outer Hair Cell:
Lessons Learned from the Environmental Toxin Tributyltin

Lei Song,*z Achim Seeger,z and Joseph Santos-Sacchi*yz

Otolaryngology,* Neurobiology,y and Surgery,z Yale University School of Medicine, New Haven, Connecticut

ABSTRACT The outer hair cell (OHC) underlies mammalian cochlea amplification, and its lateral membrane motor, prestin,
which drives the cell’s mechanical activity, is modulated by intracellular chloride ions. We have previously described a native
nonselective conductance (GmetL) that influences OHC motor activity via Cl flux across the lateral membrane. Here we further
investigate this conductance and use the environmental toxin tributyltin (TBT) to better understand Cl-prestin interactions.
Capitalizing on measures of prestin-derived nonlinear capacitance to gauge Cl flux across the lateral membrane, we show that
the Cl ionophore TBT, which affects neither the motor nor GmetL directly, is capable of augmenting the native flux of Cl in OHCs.
These observations were confirmed using the chloride-sensitive dye MQAE. Furthermore, the compound’s potent ability, at
nanomolar concentrations, to equilibrate intra- and extracellular Cl concentrations is shown to surpass the effectiveness of
GmetL in promoting Cl flux, and secure a quantitative analysis of Cl-prestin interactions in intact OHCs. Using malate as an anion
replacement, we quantify chloride effects on the nonlinear charge density and operating voltage range of prestin. Our data ad-
ditionally suggest that ototoxic effects of organotins can derive from their disruption of OHC Cl homeostasis, ultimately inter-
fering with anionic modulation of the mammalian cochlear amplifier. Notably, this observation identifies a new environmental
threat for marine mammals by TBT, which is known to accumulate in the food chain.

INTRODUCTION

Sensitive hearing in mammals relies on cochlear amplifica-

tion, and is thought to result from the voltage-dependent

motor activity of outer hair cells (OHCs) (Brownell et al.,

1985; Ashmore, 1987; Santos-Sacchi and Dilger, 1988). The

motor protein prestin, which resides exclusively in the lateral

membrane (Belyantseva et al., 2000), is likely key to this

process (Zheng et al., 2000; Liberman et al., 2002). Recent

studies suggest that prestin activity is highly dependent on

the intracellular chloride (Cl) anion. Oliver et al. (2001)

found that removing intracellular Cl abolishes the motor’s

nonlinear charge movement (or nonlinear capacitance,

NLC), thereby blocking OHC motility. However, the story

is actually more complicated than initially thought, since we

discovered that some effects of Cl removal result from

induced shifts in prestin’s operating voltage range, and not

from elimination of motor charge movement (Rybalchenko

and Santos-Sacchi, 2003a,c; Santos-Sacchi, 2003). Indeed,

substitution of intracellular Cl with other anions, such as

sulfonate derivatives or malate, results in a shift of motor

function along the voltage axis, the direction of which

depends on the substituted anion (Rybalchenko and Santos-

Sacchi, 2003b,c): the voltage at peak NLC (Vpkcm) ranges

from �180 mV for pentane-sulfonate substitution to 1100

mV for malate substitution. Since Cl is the physiologically

abundant intracellular anion, it probably sets the operating

position of NLC and motor function in the OHC. This

operating position hovers around the physiological resting

potential, namely ;�70 mV (Dallos et al., 1982).

Considering the importance of Cl ions in OHC function,

regulation of Cl transport across the lateral membrane is

paramount. Little is known about processes that control

chloride flux in OHCs (Gitter et al., 1986; Kawasaki et al.,

1999; Rybalchenko and Santos-Sacchi, 2003a,c), though we

have identified an unusual stretch-sensitive conductance

localized to the lateral membrane, GmetL, that passes chloride

and consequently can modulate prestin activity. A more

detailed understanding of chloride’s role in intact OHCs is

needed, and could help in understanding normal as well as

pathological cochlear function.

The organotin compounds trimethyl (TMT) and triethyl

(TET) tin are known to cause auditory dysfunction, which has

been attributed to disrupted calcium homeostasis (Clerici

et al., 1991; Fechter et al., 1986, 1992; Liu and Fechter, 1995).

Indeed, the effects of organotins on other physiological

processes also have been linked to their untoward influence on

Ca mechanisms (Kishimoto et al., 2001). Interestingly,

though, organotin compounds can act as Cl ionophores

(Tosteson and Wieth, 1979; Wieth and Tosteson, 1979), with

tributyltin (TBT) being three orders of magnitude more

effective than TMT at promoting anion exchange diffusion.

The halides and hydroxyl anions can participate in hetero-

exchange with Cl across the membranes of red cells and

mitochondria, as well as artificial bilayers (Motais et al., 1977;

Selwyn et al., 1970; Wieth and Tosteson, 1979; Tosteson and

Wieth, 1979). Intrinsic chloride conductance of the mem-

brane is unaffected, and at concentrations below a few

micromolar the intrinsic membrane dipole is unperturbed
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(Tosteson and Wieth, 1979). Because TBT readily promotes

Cl flux, it is routinely used to equilibrate intracellular and

extracellular Cl to calibrate chloride-sensitive fluorescent

dyes, such as MQAE (N-(ethoxycarbonylmethyl)-6-methox-

yquinolinium bromide) (Verkman, 1990; Marandi et al.,

2002). Among the organotins, TBT in particular is an inter-

nationally recognized environmental threat to marine life

since it accumulates in the food chain, and remains a com-

monly used antifouling compound for large boat bottoms

(U.S. Environmental Protection Agency, 2004).

Here we study the effects of TBT on Cl exchange across the

OHC lateral membrane to gain insight into the function of the

anion’s natural pathway, GmetL, and assure ourselves of

uncompromised control of Cl on both sides of the OHC’s

lateral membrane. We find rapid and profound effects of TBT

on OHC NLC, which are directly related to the toxin’s ability

to transport Cl across the OHC membrane. Consequently,

we have been able to obtain definitive and quantitative

information on Cl-prestin interactions in native, intact OHCs.

We also conclude that organotin ototoxicity ultimately results

from interference with the anionic control of mammalian co-

chlear amplification, and, accordingly, we identify the marine

mammal’s auditory periphery as an especially susceptible

target for the pervasive environmental toxin TBT.

MATERIALS AND METHODS

Hartley albino guinea pigs were overdosed with halothane. Temporal bones

were excised and the organ of Corti was exposed under a dissection

microscope in calcium-free extracellular medium. The top three turns of the

organ of Corti were dissected from the cochlea, and the dissected segments

were digested with dispase I (0.5 mg/ml) in a nominally (no chelator)

calcium free extracellular medium for 10–12 min. After resuspension in 1

mM chloride extracellular medium (see below), cells were isolated by gentle

trituration. The solution was then placed in a plastic petri dish to allow OHCs

to settle. A Nikon Eclipse E600-FN microscope with Hoffmann optics was

used to observe cells during the electrical measurements.

The base extracellular solution contained NaCl (140 mM), CaSO4

(2 mM), MgSO4 (1.2 mM), and Hepes (10 mM). The intracellular solution

contained NaCl (140 mM), CaSO4 (2 mM), MgSO4 (1.2 mM), Hepes

(10 mM), and EGTA (10 mM). Cl concentrations were 0.1, 0.2, 0.5, 1, 5, 10,

20, 40, 80, 140, and 200 mM. Cl concentration was adjusted by substituting

Cl with the divalent anion malate. In a subset of experiments, gluconate was

the major substitute. Final solutions were adjusted to ;300 mOsm (except

for the solutions that contain 200 mM Cl) with dextrose and adjusted to pH

7.2;7.3 with NaOH. A stock solution of TBT (200 mM) was made in ethyl

alcohol (EtOH) and then diluted in extracellular medium to obtain the

desired concentrations. To dissociate the effect of TBT from EtOH, in

a subset of experiments, TBT was directly mixed with extracellular medium

to obtain desired concentrations (under the assumption that TBT totally

dissolves in the alcohol-free solution). In these control experiments, the

actual concentration of TBT is undetermined but likely to be lower than

those equivalent solutions prepared using EtOH stock solution.

A custom-made Y-tube perfusion system was used for the delivery of

experimental solutions to individual OHCs during continuous chamber wash

with control extracellular solution. Perfusions were made with a range of

chloride concentrations in combination with varying TBT levels. For the first

set of experiments, we used either 5 or 140 mM Cl extracellular solution

with varying TBT concentrations (0.01, 0.1, 1, 10, and 50 mM). In the next

set of experiments, TBT concentrations were fixed at 1 mM, but Cl

concentrations were varied (1, 5, 10, 20, 40, 80, 140, and 200 mM). NLC

was permitted to reach steady state before any subsequent manipulation.

Perfusion speed through the Y-tube was 20 ml/min with the tip placed 150–

200 mm away from the patched cells. In this setup, junction potentials

(calculated with Jpcalc; Axon Instruments, Union City, CA) associated with

malate are small, and not corrected [,9 mV absolute for the largest changes

from 1-mM to 140-mM Cl solutions, assuming a mobility for malate of

0.4 relative to Cl; direct measures of junction potentials were much smaller

(2–3 mV)]. For the quantitative analysis of chloride level effects on motor

activity, solutions were matched intracellularly and extracellularly (except

that intracellular solutions had an additional 10 mM EGTA; see above), thus

avoiding junctional potential effects.

Single OHCs were studied under whole-cell voltage clamp. An Axon

200B amplifier was used to hold the cell at 0 mV to remove the electrical

drive for Cl ion flux. Thus, the effects of our imposed Cl concentration

gradients were studied in isolation. Initial pipette resistances were 4–7 MV.

Series resistances, which ranged from 5 to 20 MV, remained uncompensated

for Cm measurements. Before establishing whole-cell configuration, gigohm

seals were obtained (1.5–3.5 GV), and stray pipette capacitance was

neutralized. All data acquisition and analysis was performed with

a Windows-based patch-clamp program jClamp (www.SciSoftCo.com).

Voltage was corrected offline for the effects of series resistance.

NLC was calculated using a continuous high-resolution (2.56-ms

sampling) two-sine stimulus protocol (10 mV peak at both 390.6 and

781.2 Hz) superimposed onto a voltage ramp (200-ms duration) from either

�200 to 180 mV or �160 to 1120 mV (Santos-Sacchi et al., 1998b).

Capacitance data were fit to the first derivative of a two-state Boltzmann

function (Santos-Sacchi, 1991),

Cm ¼ Qmax

ze

kT

b

ð1 1 bÞ2 1 Clin; (1)

where

b ¼ exp
�zeðVm � VpkCmÞ

kT

� �
;

Qmax is the maximum nonlinear charge moved, Vpkcm is voltage at peak

capacitance or, equivalently, at half maximum charge transfer, Vm is

membrane potential, z is valence, Clin is linear membrane capacitance, e is

electron charge, k is Boltzmann’s constant, and T is absolute temperature.

Qsp (specific nonlinear charge) was calculated as Qmax/(Clin � 6.5),

where Clin is the linear capacitance, a measure of surface area, obtained from

Boltzmann fits (Santos-Sacchi and Navarette, 2002). A value of 6.5 pF in

linear capacitance is the estimated contribution of apical and basal ends of

the OHC, and therefore is subtracted to provide only that lateral membrane

area that contains prestin (Huang and Santos-Sacchi, 1993; Santos-Sacchi,

2004). To determine unbiased estimates of linear capacitance we employed

the following logic and strategy. The capacitance of the OHC is an

asymmetric bell-shaped function due to motor surface area change; on

average the left side of the function asymptotes at a value 3.5 pF greater than

the right asymptote (Santos-Sacchi and Navarrete, 2002). Clin is defined as

the minimum capacitance, that is, when all the motors are in the compact

state (right side of function). However, since the NLC curve shifts depending

on intracellular Cl concentration and substitute anion, in some cases Clin was

not directly measurable because the right side was truncated. To assure

accurate estimates of Clin across cells with different intracellular Cl

concentrations, all cells were first fitted only to the left half of the NLC

curve to obtain an initial estimate of Qmax and z. Qmax and z were then used

to estimate motor number (N ¼ Qmax/ze), and the offset capacitance

proportional to motor surface area change was determined from Fig. 4 c in

Santos-Sacchi and Navarrete (2002). By subtracting this offset from the left-

side asymptote of the NLC function we obtained an unbiased estimate of

Clin. It should be noted, however, that all final estimates of Qmax and z
reported in this manuscript were determined from fits of Eq. 1 to full NLC

datasets. All curve fitting was performed offline with jClamp and derived
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parameters were analyzed in Excel and Sigma Plot (Jandel Scientific, San

Rafael, CA). Plots were generated by using Sigma Plot. Standard errors are

reported.

Chloride flux experiments were performed using fluorescence imaging of

OHCs loaded with the Cl-sensitive dye MQAE, obtained from Molecular

Probes (Eugene, OR). Isolated OHCs incubated in 1 mM Cl extracellular

solution were placed onto coverslips coated with Cell-Tak (BD Biosciences,

San Jose, CA). Cells were then moved to a thermostatically controlled

microperfusion chamber, and incubated with 10 mM MQAE dye in the dark

for 30 min. After excess dye was flushed off the coverslips, cells were

examined under an inverted microscope with 603 magnification (IX70,

Olympus, Tokyo, Japan) and images were captured through a Photometrics

(Tucson, AZ) cooled CCD camera and analyzed with the program Metafluor

(Universal Imaging, Downingtown, PA). The bath solutions were then

changed in the following order: 1 mM Cl, 145 mM Cl, 1 mM Cl with 10 mM

TBT, 145 mM Cl with 10 mM TBT and 145 mM Cl. The solution exchange

rate was 4 ml/min by gravity flow into a 0.6-ml chamber. Measurements

were carried out with excitation at 350 6 10 nm and emission at 450 6 10

nm. For presentation, noncellular background fluorescence, measured

simultaneously, was subtracted from cellular responses. Photobleaching of

the dye was insignificant on the timescale of our measurements; this is

indicated by the return of fluorescence to the same 1 mM Cl pretreatment

level after exposure to 145 mM Cl (see Fig. 1).

RESULTS

TBT promotes chloride flux across the
OHC membrane

It is firmly established that TBT promotes Cl exchange across

membranes (Motais et al., 1977; Selwyn et al., 1970; Wieth

and Tosteson, 1979; Tosteson and Wieth, 1979; Verkman,

1990). However, to confirm that TBT also enhances Cl flux in

OHCs, experiments were carried out with the use of the Cl-

sensitive fluorescent dye MQAE. In MQAE-loaded isolated

OHCs that were preincubated in 1 mM chloride extracellular

solution, a switch to 145 mM extracellular chloride solution

caused a quenching of the dye’s fluorescence, indicating that

an increased chloride gradient resulted in an influx of chloride

via the OHC’s native conductance GmetL (Fig. 1). The ad-

dition of TBT markedly enhanced the influx of chloride. Thus,

the OHC membrane is no different in its susceptibility to TBT

than the other membranes previously studied.

TBT affects NLC only in the presence of a
chloride gradient across the OHC

To further study the effect of TBT on OHC chloride flux

during perfusion of TBT, we monitored NLC, which we and

others have shown to be a very sensitive indicator of

intracellular chloride levels (Oliver et al., 2001; Rybal-

chenko and Santos-Sacchi, 2003c). In the steady-state

presence of a chemical gradient of Cl across the OHC lateral

membrane (140 mM outside, 5 mM inside), and in the

absence of TBT, Vpkcm is stable near �10 mV (Fig. 2 A,

rightmost trace). This stability under these recording

conditions arises from a net balance of Cl movements via

GmetL and the patch pipette, resulting in a stable Cl activity at

the intracellular aspect of prestin. However, in the presence

of extracellular TBT, Vpkcm shifts leftward (hyperpolarizing

direction) and the absolute magnitude of the shift increased

with increasing TBT concentration (Fig. 2, A and C, solid
symbols). This incrementing shift arises from the enhanced

Cl exchange, which more effectively counters pipette

washout, since, as we show below, TBT has no effect on

prestin itself. At high levels (.10 mM), TBT caused mem-

brane instability and loss of recordings; we therefore limited

most of our work to a 1-mM concentration.

It is conceivable that TBT may directly interfere with Cl-

prestin interactions, thereby contributing to the observed

results. To rule out this possibility, we compared the effects

of TBT on NLC in the absence of a driving force for Cl

transport (5 mM inside, 5 mM outside; Fig. 2 B). In the

absence of a gradient, there cannot be a diffusion-based net

movement of Cl. However, if TBT were to alter the

interaction between Cl and prestin, there would be a dose-

dependent effect of TBT upon NLC measures. We chose to

use 5 mM intrapipette Cl to ensure that prestin works in the

midrange of its dose-response curve (Oliver et al., 2001),

allowing alterations in prestin activity to be easily discerned.

Under these conditions, perfusion of TBT at varying con-

centrationsdidnot induce significant shifts ofVpkcm orchanges

in peak capacitance (Fig. 2, B and C, open symbols).

TBT does not directly affect prestin or GmetL

Since chloride affects the state probability of prestin

(Rybalchenko and Santos-Sacchi, 2003c), it is possible that

a chloride gradient can set prestin into a permissive state

FIGURE 1 TBT promotes enhanced Cl flux across the OHC lateral

membrane as measured by the fluorescent, chloride-sensitive dye MQAE. A

dye-loaded OHC was perfused with the following solutions (indicated by the

bars in the figure): 1 mM Cl, 145 mM Cl, 1 mM Cl with 10 mM TBT, 145

mM Cl with 10 mM TBT, and 145 mM Cl. Emission light intensity drops

when the intracellular dye is quenched due to an increase in intracellular

chloride. The chloride flux during the initial chloride gradient step, i.e.,

through GmetL, is less than that during a subsequent gradient step in the

presence of TBT. Time resolution was 7.5 s. (Inset) Another example of an

OHC showing fluorescence image changes. Cell width is 10 mm. At zero

time (left panel), the OHC bath was switched from 1 mM to 140 mM Cl

extracellular solution. (Middle panel) At 360 s after, and (right panel) 945 s

after switch. Flux is through GmetL alone, since TBT is absent in this case.

The quenching of fluorescence (red / green) indicates an increase in

intracellular Cl.
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whereby TBT could directly act on the protein, in analogy to

well known state-dependent effects of blockers on ion

channels. To evaluate this possibility, we directly probed the

state dependence of TBT effects on prestin by driving the

motor into predominantly the expanded or compact state

with voltage (�50 and 1 50 mV; no chloride gradient, 140

mM in/out), while noting the effects of TBT on NLC (Fig.

3). The overlapping NLC traces at either holding voltage in

the presence or absence of TBT indicates that any state

dependence of direct TBT effects on the motor is absent. The

difference in the traces obtained at either holding voltage is

due to the effect of prior voltage on NLC that we thoroughly

described previously (Santos-Sacchi et al., 1998b). In

a similar fashion, we also tested nonsaturating chloride con-

ditions (5 mM in, 140 mM out) to determine whether chloride

interactions with prestin might be modified by TBT. The basic

results were the same—there was no differential action on

motor activity by TBT at either holding potential. These data

confirm that TBT does not directly affect prestin or its inter-

action with chloride.

Another possibility that could account for shifts in Vpkcm

is a direct action of TBT on GmetL, which naturally would

only be effective in the presence of a Cl gradient. To rule out

this possibility, we measured OHC membrane conductance

directly during treatments with TBT in the presence of a Cl

FIGURE 2 Effects of TBT upon Vpkcm depend on the chloride concentra-

tion gradient across the OHC membrane. (A) A representative cell with the

pipette solution containing 5 mM Cl and the extracellular solution containing

140 mM Cl. The NLC curve shifts left with increasing extracellular TBT

concentration (from right to left: 0 (rightmost trace), 0.01 (solid circle), 0.10

(solid upside-down triangle), 1.0 (solid square), 10 (solid diamond), and 50

(solid triangle) mM), as the Cl exchange more effectively counters pipette

washout. (B) A representative cell with both the pipette and extracellular

solution containing 5 mM Cl. Regardless of TBT concentration, the NLC

remains virtually unchanged. (C) Average responses of two groups as in A and

B (n ¼ 5–8); each cell in a group was exposed to the full concentration range.

Open and solid symbols represent cells bathed in the extracellular media

containing 5 and 140 mM Cl, respectively. Gluconate was used to substitute

for Cl in bath solution. Symbol types correspond to different TBT

concentrations (as used in A, above). TBT effects were statistically significant

(paired t-test; p , 0.05) for all concentrations except 10 nM.

FIGURE 3 TBT does not work on the motor directly in a state-dependent

manner. The top two panels indicate the relationship between NLC and

motor-state probability, or population distribution of the motors into either

the compact or expanded state. Hyperpolarization increases the number of

motors in the expanded state. At the two vertical lines the number of motors

in each state markedly differs. The lower panel shows four NLC traces. The

overlapping traces obtained at 150 mV with and without 1 mM TBT test to

see if TBT works selectively on the motors when predominantly in the

expanded state; those traces obtained under the same conditions except at

�50 mV test the effects of TBT when most motors are in the compact state.

No Cl gradient is present (140 mM in/out). The overlap of the traces at either

holding voltage indicates a lack of a state-dependent effect of TBT directly

on the motors. The difference between the traces at each holding potential is

fully a result of prior voltage effects on NLC (Santos-Sacchi et al., 1998b).
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gradient (5 mM in/ 140 mM out). Fig. 4, A and B, shows that

membrane resistance actually increases slightly, i.e., GmetL,

which we measure directly, decreases during perfusions with

TBT, whereas NLC shows typical effects of Cl modulation

(Fig. 4 C). Under our ionic recording conditions (see

Methods) GmetL is mainly responsible for setting Rm. Ad-

ditionally, the inset of Fig. 4 A shows the percent change

in membrane resistance caused by 1 mM TBT in the absence

of a chloride gradient for different Cl concentrations. TBT

decreases conductance by a few percent. These data indicate

that TBT does not induce Cl movements by activating GmetL

or any another conductance.

The effects of TBT on NLC depends on the
magnitude and direction of the chloride gradient

Taken together our data thus far, namely, the direct measure

of chloride flux with MQAE, the absence of direct effects of

TBT on prestin and GmetL, and the requirement for a chloride

gradient, strongly indicate that TBT works simply by

augmenting the flux of Cl into and out of the OHC in

a manner that we have previously shown to occur via GmetL

(Rybalchenko and Santos-Sacchi, 2003c). The following

observations, which show directional and magnitude sensi-

tivity of the chloride gradient on NLC, confirm this con-

clusionandsupport thesimilar conclusionsofothers (Tosteson

and Wieth, 1979; Wieth and Tosteson, 1979; Marandi et al.,

2002).

OHCs bathed in 1 mM Cl medium for extended periods of

time (up to 2 h) retain a significant concentration of Cl

intracellularly, based on initial whole-cell measures of NLC

(Fig. 5). The retention of higher chloride levels is likely

because the cells are collapsed under this condition, and the

stretch-activated GmetL is not fully activated. Immediately

after establishing whole-cell configuration, Vpkcm hovered

around�40 mV (Fig. 5 A, leftmost NLC curve). At the start of

cytoplasmic washout with pipette solutions containing 1 mM

Cl, recordings made every 25 s revealed that Vpkcm shifted to

the right as intracellular Cl levels dropped. Accompanying the

shift was a reduction of Qmax. Eventually steady-state

conditions were reached, indicated by the accumulation of

overlapping NLC curves (Fig. 5 A). The time course of the

pipette washout process was exponential, with time constants

of 80.44 6 7.3 s for Vpkcm and 44.87 6 5.5 s for Qmax (mean 6

SE; paired t-test, p ¼ 0.004; Fig. 5, B and C), the difference in

time constants possibly indicating independence of the un-

derlying mechanisms responsible for each of the parame-

ters. However, changes in the Boltzmann fit during the shift,

resulting from truncations of tail regions of the NLC function

due to voltage limitations, conceivably could contribute to

this difference. Steady-state levels were reached in 3–5 min,

as expected for washout through patch pipettes (Pusch and

Neher, 1988); the reason for this stabilization may be that the

intracellular Cl concentration finally matched the extracellu-

lar concentration or, as noted above, that a stable Cl activity at

the intracellular aspect of prestin was achieved. These pos-

sibilities are evaluated below.

Since it appears that the impact of TBT on prestin derives

from its ionophore effect (Figs. 2–4), a change in the driving

force for Cl, namely a change in the mismatch between intra-

and extracellular Cl concentrations, should substantially

modulate prestin activity, just as occurs with the native

conductance GmetL (Rybalchenko and Santos-Sacchi, 2003c).

To evaluate this possibility, we studied the consequences of

changes in extracellular Cl levels with or without the

addition of TBT. After steady-state intracellular washout with

1-mM Cl solutions (as in Fig. 6), perfusion of extracellular

solutions with graded Cl concentrations (5–140 mM in the

absence of TBT) shifted NLC functions back to the left, with

a slight change in Qmax (Fig. 6, A, C, and E). However, even

with the highest Cl concentration extracellularly, Vpkcm did

not shift more than �20 mV. Furthermore, above 80 mM

extracellular Cl, effects seem to saturate (Fig. 6, A and C),

FIGURE 4 TBT does not activate the native Cl pathway, GmetL. (A)

Continuous measures of Rm (determined with 10 mV step hyperpolarizations

at 0 mV holding potential) were made during local perfusion of an OHC with

different TBT concentrations with a chloride gradient similar to what we

expect in vivo, namely, 140 mM outside/5 mM inside. (Inset) The plot shows

the percent change in membrane resistance caused by 1 mM TBT in the

absence of a chloride gradient for different Cl concentrations. TBT decreases

conductance by a few percent. (B) i-v curves from positions a and b marked in

A. Slope resistance of each curve (a and b) at 0 mV differs by ;30% as

indicated in A. (C) NLC obtained simultaneously at a and b. During the first

8–9 min, in the absence of TBT, the NLC stabilized, as depicted in C (trace a).

Upon addition of TBT, membrane conductance actually decreased and is

indicated by the i-v curve in B, indicating a reduction of Cl movements

through GmetL; however, despite the reduction of Cl movement via membrane

conductance, the increase in intracellular Cl via anion exchange diffusion via

TBT causes a negative shift in NLC (C, trace b). Similar results were obtained

in eight cells. These data indicate that TBT does not work by nonselectively

increasing membrane conductance or by increasing GmetL.
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indicating the limited capability of the native Cl conduc-

tance, GmetL, to overcome the continuous pipette-mediated

cell washout of Cl (i.e., given a finite GmetL (Rybalchenko

and Santos-Sacchi, 2003c)).

As we anticipated, the addition of TBT in the perfusion

medium augments Cl influx, which is clearly indicated by

measures of prestin activity (Fig. 6 B). Shown in Fig. 6 B are

the responses from the same cell depicted in Fig. 6 A but now

reperfused (after a steady-state return to 1 mM Cl ex-

tracellular solutions) with identical Cl concentration steps

containing 1 mM TBT. In the presence of TBT, Vpkcm

continuously shifted leftward and Qmax increased as

extracellular Cl concentration was increased (Fig. 6, B, D,

and F). In fact, the initial Vpkcm (dashed line, similar to

leftmost curve in Fig. 5 A but showing a more positive

potential due to the delayed start of the initial recording) was

recovered when extracellular Cl reached 140 mM, which

corresponds to a .�50 mV shift. When the extracellular Cl

concentration was increased further to 200 mM (;380

mOsm, an unnatural osmolarity and Cl concentration), an

additional Vpkcm shift of �13 mV was observed (Fig. 6 B,

leftmost curve). These data clearly show that TBT provides

an additional route for Cl influx, whose efficiency, unlike

that of the cell’s natural Cl conductance, GmetL, can more

effectively counter the continuous consequences of pipette

washout. During the resultant changes in intracellular

chloride levels, OHC shape is expected to change as Vpkcm

shifts; for example, at a fixed holding voltage, a hyper-

polarizing shift in Vpkcm will be sensed as a depolarizing

stimulus by the voltage sensors of the lateral membrane

motors. This we observed as a contraction of OHCs when

local extracellular Cl perfusion was switched from 1 mM to

80 mM in the presence of TBT, as illustrated in Fig. 7. The

magnitude of this contraction indicates that in addition to a

voltage-induced contraction, water influx additionally short-

ens the cell (see Discussion).

We were able to use TBT to study Cl efflux as well as

influx, since the compound works by diffusional exchange

(Tosteson and Wieth, 1979; Wieth and Tosteson, 1979). In

this case, we observed recovery from extracellular perfusions

of high Cl concentrations in the presence and absence of

TBT (Fig. 8). Initially, cells were patched with 1 mM Cl

intra- and extracellularly, and NLC was allowed to reach

steady-state conditions, as in Fig. 5. Then cells were loaded

with Cl by perfusing with high extracellular Cl in the absence

of TBT (either 80 or 140 mM), and allowed to reach steady

state again. Upon returning to 1-mM Cl extracellular sol-

utions in the absence of TBT, Vpkcm and Qmax recovered only

partially toward the initial low Cl, control condition (Fig. 8).

The subsequent addition of 1 mM TBT into the extracellular

solution quickly completed the recovery toward the control

condition (Fig. 8). The inability of GmetL to foster a recovery

to the same conditions as it permitted before loading may

indicate that the conductance is rectified. Alternatively, the

conductance may have changed during the intervening time

during perfusions (see Discussion).

The chloride-Qmax and chloride-Vpkcm

dose-response function in the intact OHC

NLC in OHCs is clearly influenced by intracellular Cl

concentration, and its magnitude and voltage dependence are

determined by prestin’s Cl dose-response function (Oliver

et al., 2001; Rybalchenko and Santos-Sacchi, 2003c). When

pipette solutions contain 20 mM Cl, perfusions of higher

FIGURE 5 Effects of intracellular chloride washout on NLC. Cells were

bathed in 1 mM Cl extracellular solutions for up to 2 h to reach steady state.

The initial recordings were obtained within 5–10 s after establishment of

whole-cell configuration with pipette solutions containing 1 mM Cl. (A) A

representative cell with an initial Vpkcm near �40 mV. Recordings were

made every 25 s until steady state was reached. The NLC curve shifted

quickly to the right with the reduction of magnitude. At steady state, NLC

curves overlapped. (B and C) Averaged Vpkcm and Qmax derived from four

cells with complete data sets. The thick lines are fits to averaged data and

averaged time constants are 80.44 6 7.3 s for Vpkcm, and 44.87 6 5.5 s for

Qmax.
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concentrations of extracellular Cl, with or without TBT, do

not significantly shift NLC functions (data not shown),

suggesting that Cl - prestin interactions are nearly saturated

at this concentration. Oliver et al. (2001) found a K1/2 for

intracellular Cl of 6.3 mM based on Qmax estimates in

membrane patches. We measured the NLC functions of

intact OHCs under symmetrical intracellular and extracellu-

lar Cl concentrations of 0.2, 0.5, 1, 5, 10, 20, 80, and 140

mM. To ensure symmetrical conditions, TBT was used in

a subset of experiments, but no statistically significant

differences were noted. For example, comparing TBT versus

no TBT at 1 mM Cl, Qmax was 1.64 6 0.07 vs. 1.69 6 0.04

pC (mean 6 SE; n ¼ 12, n ¼ 27; p ¼ 0.53); similarly, for

Vpkcm, 73.34 6 4.99 vs. 63.96 6 3.55 mV (n ¼ 12, n ¼ 27;

p ¼ 0.14). As another example, at 80 mM Cl comparisons

showed 3.17 6 0.22 vs. 3.20 6 0.14 pC (n ¼ 5, n ¼ 10; p ¼
0.94) and �54.63 6 6.85 vs. �52.38 6 5.47 mV (n ¼ 5, n ¼
10; p ¼ 0.80), respectively. This absence of effects is in line

with the data from Fig. 2, and confirmed that the intracellular

and extracellular concentrations of Cl were truly equili-

brated. Thus, data were pooled, and using a logistic fit, our

estimated K1/2 for Qsp (Santos-Sacchi et al., 1998a) is 6.06 6

2.34 mM and slope is 1.02 6 0.5 (Fig. 9 A); a similar fit was

made to the Vpkcm data giving 4.48 6 0.77 and 0.94 6 0.17,

respectively (Fig. 9 B). A significant proportion of motor

charge was insensitive to Cl. That is, ;36% of the nonlinear

charge movement remained intact in the absence of Cl. It is

important to note that the anion used to replace Cl influences

Vpkcm and Qmax (Rybalchenko and Santos-Sacchi, 2003c),

and that the insensitive proportion of motor charge can be

much larger for other anion substitutes. For example, in-

tracellular washout with malate substitution at 5 mM Cl

stabilizes at a Qsp of 0.13 6 0.005 pC (n ¼ 19), whereas

substitution with gluconate provides a Qsp of 0.18 6 0.006

pC (n ¼ 17). This difference corresponds to an equivalent

shift along the concentration axis of ;19 mM Cl for malate-

based solutions. In other words, the Qsp value with 5 mM Cl

in gluconate-based solutions equals the Qsp value measured

from 16 mM Cl in malate-based solutions.

The ethanol vehicle for TBT delivery does not
influence NLC

In the preparation of TBT stock solution, ethyl alcohol

(EtOH) was used to dissolve TBT that otherwise would have

been incompletely dissolved in water-based solutions. To

evaluate the impact of EtOH, in a subset of experiments,

OHCs were perfused with graded concentrations of EtOH

FIGURE 6 Reperfusion of high chloride extra-

cellular solutions recovers prestin activity. (A and

B) Response from the same representative cell.

With the reperfusion of high Cl extracellular

solution, either in the presence or absence of

TBT, NLC shifts back toward the original

condition (i.e., the first NLC trace measured upon

whole-cell pop-in, plotted as dashed line, similar to

leftmost trace in Fig. 5 A). However, in the absence

of TBT, GmetL is unable to provide a sufficiently

rapid Cl influx to overcome the effects of

continuous pipette washout of Cl; the shift of

Vpkcm did not recover beyond 140 mV (A). With

the addition of TBT (1 mM; B), NLC shifts back to

the control level. Derived Vpkcm and Qmax are

plotted in panels (C–F) Solid circles represent the

results from the sample cell. Open circles are

averages 6 SE.
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(Fig. 10). An effect of EtOH on NLC was evident only when

the EtOH levels were .1%. In the routine preparation of

perfusion solutions that contained TBT, EtOH levels were

,0.025%. In the solutions that contained 1 mM TBT, EtOH

level was 0.0005%.

Although a low level of EtOH by itself did not cause

significant changes in NLC, it is still possible that EtOH may

work synergistically with TBT, as has been demonstrated for

other ototoxic agents (Loquet et al., 2000). Therefore in

a separate set of experiments, TBT was dissolved in the

absence of EtOH. In those cases, the actual concentration of

TBT is undetermined but is known to be lower than the

amount added (in each of three experiments it was ,10 mM,

,1 mM, and ,0.5 mM). The results were similar to those

experiments that employed EtOH as solvent for TBT,

indicating that the TBT effect is independent of, and not

enhanced by, EtOH.

DISCUSSION

In 1991, we showed that the lanthanide, Gd13, could

reversibly block OHC NLC and motility (Santos-Sacchi,

1991); aside from agents that irreversibly damage electro-

motility (Kalinec and Kachar, 1993), few agents, including

salicylate, other lanthanides, and furosemide, have been

found to reversibly interfere with lateral membrane motor

activity (Dieler et al., 1991; Santos-Sacchi, 2003; Santos-

Sacchi et al., 2001; Kakehata and Santos-Sacchi, 1996;

Tunstall et al., 1995). After the identification of chloride’s

preeminent role in promoting prestin activity (Oliver and

Fakler, 1999) and the identification of a native pathway for

Cl flux within the lateral membrane (Rybalchenko and

Santos-Sacchi, 2003c), underlying mechanisms for these

blocking agents’ actions on OHCs have been revealed. Thus,

salicylate, though previously shown to have worked in-

tracellularly in its charged form (Kakehata and Santos-

Sacchi, 1996), is now known to interfere with the interaction

of Cl and prestin (Oliver et al., 2001); the other agents, in ad-

dition topossibledirect effectson themotor,may interferewith

Cl flux across the lateral membrane (Rybalchenko and Santos-

Sacchi, 2003c). These observations have been very helpful in

understanding the molecular mechanism responsible for

cochlear amplification in mammals (see Santos-Sacchi,

2003).

In this study, we report several new observations that have

important consequences for understanding OHC function,

and how cochlear amplification may be compromised. First,

we show that the ionophore TBT can seriously disrupt

chloride homeostasis in the mammalian OHC. Direct

measures of chloride flux with the chloride-sensitive dye

MQAE, as well as direct measures of chloride-sensitive

prestin activity, provide strong evidence for this conclusion.

To be sure, TBT was without direct effect on the motor and

GmetL; the effects were only observed in the presence of

a chloride gradient across the OHC membrane, and the

FIGURE 7 Influx of Cl causes OHC contraction. A representative OHC

was locally perfused with extracellular medium that contained 1 mM (left)
and 80 mM (right) Cl. TBT (1 mM) is present in both cases. The fiducial

mark is the pipette tip, which remains fixed. Pipette solution contained 1 mM

Cl. Small debris are inescapably disturbed by the constant flow. Scale bar

(bottom left) is 10 mm. a, line at cell apex; b, line at cell base. FIGURE 8 TBT enhances Cl efflux. (A and B) Aaverages (n ¼ 7) of

relative Vpkcm and Qmax during a switch from high to low extracellular Cl.

Cells were previously loaded (to steady state) with Cl under high-Cl (80

or 140 mM) extracellular perfusion. Then cells were perfused (starting at

�300 s) with 1 mM Cl extracellular medium to unload intracellular Cl.

The 0-s mark indicates the beginning of TBT perfusion. Time resolution is

50 s (bin width). During the washout, Rs remained unchanged. The averaged

values at the beginning of washout, beginning of TBT perfusion (T0), and

the end of washout are 13.2, 12.9, and 13.0 MV, respectively. Solid symbols

represent control values (1 mM intra/extracellular) before Cl loading. The

bars on top show the perfusion strategy. The gray lines are fits to the data;

straight line fits were made for the section before TBT, and exponential

fits (t. Vpkcm, 35.71 s; Qmax, 105.4 s) during TBT perfusion. The control

values were used as steady-state end points for the fits.
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magnitude of effects depended on the magnitude of the

chloride gradient, with the direction of effects dependent on

the direction of the gradient. This behavior was expected

from previous work with this agent (Tosteson and Wieth,

1979; Wieth and Tosteson, 1979), and indeed, TBT is used

to equilibrate intra- and extracellular chloride for estimation

of chloride levels when using chloride-sensitive dyes such as

MQAE (Verkman, 1990; Marandi et al., 2002). Second,

given TBT’s overwhelming effects we were able to compare

the efficacy of GmetL in permitting chloride flux across the

OHC membrane; NLC measures showed that native flux via

this conductance is far less efficient than the flux provided by

TBT, indicating that GmetL contributes to a regulated

mechanism for chloride homeostasis within the OHC. Given

such an effective agent as TBT, we were able to confirm

uncompromised control over intracellular chloride levels and

this allowed us, for the first time, to investigate prestin-

chloride interactions in the intact OHC. Finally, because of

TBT’s continued presence within marine environments and

its accumulation in the food chain, we identify it as a potential

hazard for marine mammals.

The operating range of prestin and lateral
membrane Cl flux

Under typical whole-cell voltage-clamp conditions, where

140 mM Cl is perfused intra- and extracellularly, Vpkcm

resides between �40 and �70 mV (Kakehata and Santos-

Sacchi, 1995). This operating position is not fixed, since

several fundamental biophysical forces have been shown to

shift the NLC function along the voltage axis, i.e., to alter the

steady-state energy profile of the lateral membrane motor.

These forces include membrane tension (Iwasa, 1993; Gale

and Ashmore, 1994; Takahashi and Santos-Sacchi, 2001;

Kakehata and Santos-Sacchi, 1995), temperature (Meltzer

and Santos-Sacchi, 2001; Santos-Sacchi and Huang, 1998),

and voltage (Santos-Sacchi et al., 1998b). Recently, we

found that alterations of intracellular Cl concentration can do

the same, a decrease in concentration causing a shift in the de-

polarizingdirection(RybalchenkoandSantos-Sacchi,2003c).

Depending on the substitute anion, the position of Vpkcm can

vary between �180 and greater than 1100 mV.

In the absence of TBT, chloride can permeate the lateral

membrane through the stretch-activated conductance, GmetL.

Under whole-cell voltage clamp, however, the effectiveness

of this native conductance in modulating intracellular levels

of chloride, in the face of changes in the extracellular Cl

driving force depends on the pipette washout rate. Thus, after

achieving steady-state conditions in the presence of 1 mM Cl

within the patch pipette and extracellularly, an increase in

extracellular Cl levels leads to a hyperpolarizing shift in

Vpkcm, demonstrating that intracellular Cl increases as a result

FIGURE 9 Prestin-Cl dose-response relationship. Nonlinear charge

density, Qsp and Vpkcm as a function of intracellular subplasmalemmal Cl

concentrations, are fitted with logistic Hill function (solid triangles, malate

as substitute anion). Each point represents the average (6 SE; numbers in

parentheses) from pooled recordings with or without TBT, since no

statistically significant differences were found. Qsp and VpkCm were

measured after pipette washout reached steady state. K1/2 for Qsp is 6.06

6 2.34 mM and slope is 1.02 6 0.50 (A); K1/2 for Vpkcm data is 4.48 6 0.77

mM, and slope is 0.94 6 0.17 (B). Open triangles represent values from

5 mM Cl intracellular/extracellular with gluconate as substitute anion. Qsp at

steady state is 0.18 as compared to 0.13 in the case of malate substitution,

a value that is equivalent to ;16 mM Cl inside with malate substitution.

FIGURE 10 Ethyl alcohol shifts the NLC curve to the right at

concentrations above 1%. Mean 6 SE of Vpkcm shift relative to the control are

plotted as the function of EtOH concentration. Intracellular Cl is 5 mM in all

cases. Qmax (not shown) did not change.
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of the imposed chemical driving force. However, the shift in

Vpkcm does not recover to initial levels, and indicates that

GmetL-mediated Cl flux is not sufficient to counteract the

continuous washout of Cl by intracellular pipette perfusion.

Clearly, if GmetL were to provide no barrier to the passage of

Cl, the OHC could not use this ion as a modulator of prestin.

The limiting nature of this native conductance was confirmed

by treatment with TBT, which augmented Cl flux and returned

Vpkcm further back toward initial conditions. Washout of

cellular constituents via pipette is an efficient process, with

replacements typically occurring within a few minutes (Pusch

and Neher, 1988). It is surprising, therefore, that TBT can

work so efficiently against pipette washout of Cl, and it may

be possible that the restricted nature of the lateral subplasma-

lemmal space (LSpS) aids this process (see discussion in

Rybalchenko and Santos-Sacchi, 2003c). Of course, in the

intact OHC, GmetL will not have to struggle against such

a powerful buffering mechanism as artificial pipette washout.

In our experiments on efflux of Cl from the OHC, we

found a barrier to the complete washout of Cl from the LSpS,

after Cl loading (Fig. 8). Whereas the influx of Cl during

perfusion of high extracellular Cl competes with pipette

washout, the efflux of Cl during perfusion of low ex-

tracellular Cl levels should be augmented by pipette wash-

out. Despite this, TBT was required to fully allow Cl efflux,

and may indicate some type of rectification of the native con-

ductance, GmetL. However, our direct electrophysiological

evaluation of GmetL showed no rectification near our holding

potential of 0 mV (Rybalchenko and Santos-Sacchi, 2003c).

Instead, we suspect that the conductance magnitude of

GmetL may have changed during the shifts between low

and high chloride. Perhaps lateral membrane tension was

altered, thus altering the activation state of the pathway. Al-

ternatively, exposure of GmetL to low Cl levels may have

altered its activity, as has been found to occur in K channels

(Loboda et al., 2001; Melishchuk et al., 1998).

Anion effects on motor charge movement–Qmax

In vivo, the flux of Cl across the lateral membrane through

GmetL will be governed by membrane potential, membrane

tension, and chloride’s chemical driving force (Rybalchenko

and Santos-Sacchi, 2003c). We have estimated intracellular

Cl levels to be ,9 mM at the normal in vivo resting potential

(see Rybalchenko and Santos-Sacchi, 2003c), which places

the cell in a maximally responsive region of the Qmax-Cl curve

(Fig. 9). Interestingly, we again obtain a Qmax-Cl relationship

in intact OHCs that differs substantially from that obtained by

Oliver et al. in membrane patches (Oliver et al., 2001).

Previously, we obtained an estimate of the Qmax-Cl function

from OHCs by utilizing the conductive power of GmetL to

control Cl on either side of the lateral membrane (Rybal-

chenko and Santos-Sacchi, 2003c). In those experiments, Cl

concentration ranges from zero to 140 mM were evaluated,

but we found that peak NLC could not be decreased below

;0.4 of control levels. This contrasted with the results of

Oliver et al. (2001), where even 1-mM concentrations of Cl

reduced Qmax to 0.15 of control values. In this set of

experiments, to ensure against noise and drift caused by zero

Cl levels, we did not lower Cl below 0.2 mM and employed

TBT to ensure robust control of Cl concentration on either

side of the lateral membrane. Nevertheless, we were unable to

reduce motor charge movement (Qmax) to those levels found

by Oliver et al. (2001); our Qmax levels at 0.2 mM Cl remain at

0.36 (1.15 6 0.09 pC; n ¼ 11) of saturated values (Fig. 9).

Thus, ;36% of motor charge movement is insensitive to Cl,

and reinforces our prior suggestions that Cl does not simply

serve as prestin’s extrinsic voltage sensor (Rybalchenko and

Santos-Sacchi, 2003a,c). For that fraction of charge that is

regulated by Cl, we find a K1/2 (6.06 mM) and slope (1.02) that

closely correspond to those measures of Oliver et al (2001). It

should be noted that the other physiological anion that affects

prestin is bicarbonate, whose K1/2 is 44 mM (Oliver et al.,

2001), and which, under our intracellular and extracellular

perfusion conditions, cannot reasonably account for the

Cl-insensitive component of Qmax.

How is it that Cl is only partially responsible for charge

movement of the OHC motor? It may be that prestin presents

characteristics substantially similar to those of other trans-

porters capable of charge movement under appropriate

conditions, as evidenced by presteady-state currents (which

are equivalent to an NLC) (Sacher et al., 2002; Hazama et al.,

1997). Thus, in the absence of substrate, transporters such as

mGAT3 and SGLT1 produce voltage-dependent displace-

ment currents which may dependent upon ion binding/

dissociation or intrinsic conformational change. Interest-

ingly, the GABA transporter’s charge-movement depen-

dence on Cl is not absolute (Sacher et al., 2002). We reason

that the OHC motor likely possesses intrinsic charge move-

ment due to conformational change, induced either by volt-

age or tension. Notably, those displacement currents displayed

by transporters are typically abolished by saturating concen-

trations of appropriate substrate. Are we unaware of a natural

substrate for prestin (SLC26a5), which normally works to

dilute OHC NLC and motor activity?

Cl effect on OHC mechanics

NLC and electromotility are inextricably related; namely,

shifts in Vpkcm along the voltage axis are mirrored in the

mechanical activity of the OHC (Wu and Santos-Sacchi,

1998; Kakehata and Santos-Sacchi, 1995, 1996; Santos-

Sacchi, 1991). Thus, OHC length is expected to change as

Vpkcm shifts during intracellular chloride modulation simply

because the drive to prestin is governed by the position of its

Q-V or NLC function along the voltage axis. At a fixed

holding voltage, a hyperpolarizing shift in Vpkcm will be

sensed as a depolarizing stimulus by the lateral membrane

motors, causing the cell to contract, as we illustrated (Fig. 7).

Viewed as a population of motors, the percentage of motors
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occupying the contracted state will increase; or for a given

motor, the probability that that motor will reside in the

contracted state will increase. A similar effect will also occur

when Cl is modulated by pipette perfusion. In addition to

direct effects of Cl on the motor, another possible mechanism

could contribute to changes in cell length within the timescale

that we worked under whole-cell voltage clamp, namely,

water uptake after Cl influx. The expected magnitude of the

voltage-induced contraction is easily calculated based on

known OHC length-Vm functions. The contraction due to

water movement can be quite large, and may overwhelm that

induced by a perceived change in voltage. The cell in Fig. 7

shows a contraction of 4.4 mm. The average change in Vpkcm

during a change from 1 mM extracellular solution to a

saturating Cl solution (namely, 80 mM or above in 1 mM

TBT’s presence; Fig. 8) is ;15 mV. Given the largest

measured mechanical response of 30 nm/mV (Santos-Sacchi

and Dilger, 1988), we calculate that a half-micrometer con-

traction must occur. So in addition to an expected half-micro-

meter voltage-induced response, we likely have an additional

4 mm response due to water movements.

Based on these results, it is imperative that the conse-

quences of chloride-induced shifts in Vpkcm and water move-

ments be considered when evaluating effects of Cl

manipulations on OHC mechanical characteristics. For

example, OHC stiffness, which has been shown to be

voltage-dependent in a manner that mimics electromotility

(He and Dallos, 2000), will necessarily change when Cl-

induced changes in Vpkcm occur, even if motor charge

movement remains unaltered. Thus, it is not at all clear

whether changes in voltage drive to the motor or changes in

motor sensitivity underlie the effects of Cl manipulations on

OHC stiffness (He et al., 2003). Indeed, controlling for these

shifts is especially important when using anion substitutes

such as pentane sulfonate (He and Dallos, 2000), which can

cause Vpkcm to shift to very negative potentials (Rybalchenko

and Santos-Sacchi, 2003b,c). Such a shift would cause the

OHC to respond as it would to a depolarizing stimulus,

namely, with a decrease in the cell’s stiffness. In such a case,

evaluations made across a full range of voltages are required

for proper assessments of Cl’s role.

The ototoxic effect of organotins

In this study we have shown that TBT functions as an

ionophore that can bypass the native Cl pathway, GmetL. In

effect, prestin is no longer subject to Cl modulation, and thus

cochlear amplification will likely suffer. Whereas the other

organotins, TET and TMT, have been shown to reduce

auditory sensitivity in mammals (Clerici et al., 1991; Fechter

et al., 1986, 1992; Liu and Fechter, 1995), their major action

is considered to be at the inner hair cell/spiral ganglion cell

level, and involve disruption of Ca homeostasis.

The ineffectiveness of TBT in the absence of a chloride

gradient between intra and extracellular spaces indicates that

TBT does not affect the motor directly, and that any other

possible intermediary effect on the motor resulting from TBT

treatment is absent within our experimental timeframe; this

precludes possible Ca effects as well. Additionally, the

observed rapid effects of TBT (within seconds) differs from

the slow (.30 min) cell shortening action of other trialkyltins

on OHCs (Clerici et al., 1991; Fechter et al., 1986, 1992; Liu

and Fechter, 1995). Indeed, Frolenkov et al (2000) showed

that intracellular Ca increases caused by ionomycin or ACh,

with or without perforated patch, produced no changes in

OHC NLC. They did find, however, that phosphorylating and

dephosphorylating agents, after 30–60 min incubation,

resulted in Vpkcm shifts but had no effect on Qmax. To be

sure, these results cannot be reconciled with our data on TBT

effects, which show 1), a requirement for a Cl gradient; 2),

simultaneous effects on both Vpkcm and Qmax; 3), a de-

pendence on magnitude and direction of the chloride gradient;

that is, relative to initial conditions, the degree of Vpkcm shift

and magnitude of Qmax depend on the magnitude of the Cl

gradient, and the direction of Vpkcm shift depends on the

direction of the Cl gradient; 4), rapid onset, within seconds;

and 5), insensitivity to intracellular Ca buffer (10 mM EGTA).

These observations indicate that the effects of TBT on the

OHC result from Cl effects and not those of Ca. Interestingly,

though, our results that organotins foster chloride flux across

the OHC membrane may partially underlie their observed

ability to shorten OHCs (Clerici et al., 1993), since, as we

discussed above, binding of chloride ions to prestin increases

the probability of the motor’s residence in the contracted state.

Finally, we believe that the marine pollutant TBT poses

a serious threat to marine mammals in particular, since they

share with us the benefits of cochlear amplification. There are

a growing number of studies linking TBT to untoward ef-

fects on mammalian cellular processes. For example, Akaike’s

group (Kishimoto et al., 2001) has found that environmen-

tally relevant concentrations (30–100 nM) influence

GABAergic neurotransmission, and suggested that some

marine food sources which can accumulate TBT at levels of

100 nM or more pose a human health risk. Marine mammals

likewise are exposed to this risk, perhaps more so. It will be

important to assess the impact of TBT exposure on marine

mammal communication.
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ackground & Aims: Progressive liver disease is a severe
omplication of cystic fibrosis, a genetic disease charac-
erized by impaired epithelial adenosine 3=,5=-cyclic mono-
hosphate–dependent secretion caused by mutations in
he cystic fibrosis transmembrane conductance regulator
CFTR). In the liver, CFTR is expressed in cholangiocytes
nd regulates the fluid and electrolyte content of the bile.
libenclamide, a sulfonylurea and a known CFTR inhibitor,
aradoxically stimulates cholangiocyte secretion. We stud-

ed the molecular mechanisms underlying this effect and
hether glibenclamide could restore cholangiocyte secre-

ion in cystic fibrosis. Methods: NRC-1 cells, freshly isolated
at cholangiocytes, isolated rat biliary ducts, and isolated
iliary ducts from CFTR-defective mice (Cftrtm1Unc) were
sed to study fluid secretion (by video-optical planimetry),
libenclamide-induced secretion (by high-performance
iquid chromatography in cell culture medium), intracel-
ular pH and intracellular Ca2� concentration transients
2=7=-bis(2-carboxyethyl)-5,6,carboxyfluorescein-acetoxy-

ethylester and Fura-2 f-AM (5-Oxazolecarboxylic acid,
-(6-(bis(2-((acetyloxy)methoxy)-2-oxoethyl)amino)-5-
2-(2-(bis(2-((acetyloxy)methoxy)-2-oxoethyl)amino)-5-
ethylphenoxy)ethoxy)-2-benzofuranyl)-, (acetyloxy)methyl

ster) microfluorometry], gene expression (by reverse-
ranscription polymerase chain reaction), and changes in
embrane capacitance (by patch-clamp experiments).
esults: Stimulation of cholangiocyte secretion by gliben-
lamide and tolbutamide required Cl� and was mediated
y the sulfonylurea receptor 2B. Glibenclamide-induced
ecretion was blocked by inhibitors of exocytosis (colchi-
ine, wortmannin, LY294002, and N-ethylmaleimide) and
y inhibitors of secretory granule acidification (vanadate,
afilomycin A1, and niflumic acid) but was Ca2� and de-
olarization independent; membrane capacitance mea-
urements were consistent with stimulation of vesicular

ransport and fusion. Glibenclamide, unlike secretin and
orskolin, was able to stimulate secretion in Cftrtm1Unc mice,
hus indicating that this secretory mechanism was pre-
erved. Conclusions: The ability of glibenclamide to stimu-
ate secretion in CFTR-defective mice makes sulfonylureas

model class of compounds to design drugs useful in the
reatment of cystic fibrosis with liver impairment and pos-
ibly of other cholestatic diseases.

he intrahepatic biliary epithelium extensively mod-
ifies hepatocellular bile by increasing its water con-

ent and HCO3
� concentration. Fluidification of bile and

ts alkalization are required to meet digestive needs and
o facilitate the flux of bile. This function of the biliary
pithelium is regulated by gastrointestinal hormones and
y paracrine signals that act either through the adenosine
=,5=-cyclic monophosphate (cAMP)/protein kinase A
athway (secretin) or via Ca2� signaling (purinergic re-
eptors).1

Ductal cholestasis, ie, reduced fluid and electrolyte
ransport by cholangiocytes, is a central step in the
athogenetic sequence of biliary tree diseases, as exem-
lified by the progressive liver disease associated with
ystic fibrosis (CF), a common genetic defect in which a

Abbreviations used in this paper: BCECF, 2=7=-bis(2-carboxyethyl)-
,6,carboxyfluorescein-acetoxymethylester; bp, base pair; CF, cystic
brosis; CFTR, cystic fibrosis transmembrane conductance regulator;
m, membrane capacitance; DIDS, 4,4=-diisothiocyanato-stilbene-2,2=-
isulfonic acid; DMSO, dimethyl sulfoxide; IBDU, isolated bile duct unit;
ir, inward rectifier K� channel; MEM, minimal essential medium;
EM, N-ethylmaleimide; NKCC1, Na-K-2Cl cotransporter isoform 1;
RC-1, normal rat cholangiocyte cell line; pHi, intracellular pH; RT-PCR,

everse-transcription polymerase chain reaction; SUR, sulfonylurea re-
eptor; TEA, tetraethylammonium.
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f
b
f
t
u
a
t
m
t
i
c
a
o
a
g
P
h

n
t
f
t
r
d
r
s
t
i
e
C
c
m
s
c
s

n
X
d
b
e
m
(
t
n
m
f
v
c

g
t
I
B
c
M
D
b
a
M
t
q
K
A
(
e
c
N
c
s
n

c
b
c
d
i
w
c
(
m
s

i
A
c
V
t
d
f
g
w
m
i
b

3
m
l
l
S

July 2005 GLIBENCLAMIDE AND CYSTIC FIBROSIS 221
ailure of cAMP-regulated Cl� transport (CF transmem-
rane conductance regulator; CFTR) causes a secretory
ailure in a number of epithelia, including the biliary
ree.2,3 Recently, it was shown that glibenclamide stim-
lates bile flow at the level of the bile duct epithelium,4

result in apparent contradiction to the known inhibi-
ory effects of glibenclamide on CFTR. Progressive pul-
onary disease is the leading cause of death in CF, but as

he life expectancy for these patients is extended through
mproved pulmonary, nutritional, and general medical
are, hepatobiliary complications become more frequent
nd have a negative effect on survival. As a consequence
f the ductal cholestasis that results from defective bili-
ry Cl� and fluid transport, liver inflammation, cholan-
iocyte damage, and portal fibrosis progressively occur.2

harmacological improvement of ductal secretion may
elp to reverse this series of events.
Sulfonylureas are widely used in the treatment of

on–insulin-dependent diabetes mellitus (type 2 diabe-
es) because of their ability to stimulate insulin secretion
rom pancreatic �-cells.5 In this study, we investigated
he molecular mechanisms that underlie the recently
eported choleretic effects of glibenclamide on the bile
uct epithelium and its possible exploitation in CF. Our
esults indicate that in isolated bile duct units (IBDUs),
ulfonylureas stimulate fluid secretion by a mechanism
hat is independent of Ca2� and cAMP signaling but
nvolves vesicle transport and fusion. The glibenclamide
ffect is maintained in cholangiocytes isolated from
FTR knockout mice. The stimulatory effect of gliben-
lamide on cholangiocyte secretion in cells lacking CFTR
akes this class of compounds an attractive tool to

timulate fluid secretion in CF liver disease, a prototypic
holangiopathy present in up to 30% of CF patients that
eriously affects morbidity and mortality.

Materials and Methods

Chemicals and Solutions

Epidermal growth factor, dexamethasone, triiodothyro-
ine, ethylenediaminetetraacetic acid, collagenase IV, collagenase
I, pronase, hyaluronidase, deoxyribonuclease, forskolin, insulin,
iethylpirocarbonate, glibenclamide, 4,4=-diisothiocyanato-stil-
ene-2,2=-disulfonic acid (DIDS), diazoxide, tolbutamide, tetra-
thylammonium (TEA), niflumic acid, vanadium oxide, wort-
annin, LY294002, colchicine, �-lumilcolchicine, TRI Reagent

Sigma Chemical Company, Milan, Italy), barium-Cl�, adenosine
riphosphate (ATP), diButyryl (dB)-cAMP, bafilomicin A1, and
ocodazole were purchased from Sigma. Culture media, �-mini-
al essential medium (MEM), Dulbecco’s MEM, Ham’s F12,

etal bovine serum, MEM nonessential amino acid solution, MEM
itamin solutions, glyceryl monostearate, chemically defined lipid

oncentrate, soybean trypsin inhibitor, penicillin/streptomycin, a
entamicin, trypsin/ethylenediaminetetraacetic acid, and glu-
amine were purchased from Gibco (Life Technology, Milano,
taly). NuSerum and bovine pituitary extract were obtained from
ecton Dickinson (Milan, Italy). Membrane inserts were pur-
hased from Nunc (Mascia Brunelli, Milan, Italy), and Dynabeads
-450 rat anti-mouse immunoglobulin M was purchased from
eutsche Dynal GmbH (Hamburg, Germany). 2=7=-Bis(2-car-
oxyethyl)-5,6,carboxyfluorescein-acetoxymethylester (BCECF)
nd Fura-2 were purchased from Molecular Probes (Eugene, OR).
oloney murine leukemia virus reverse transcriptase was ob-

ained from Perkin Elmer (Milan, Italy), whereas a Qiagen QIA-
uick PCR Purification Kit and Qiagen QIAquick Gel Extraction
it were purchased from Qiagen GMBM (Ilden, Germany).
nti-Taq DNA polymerase antibody was obtained from Clontech

Milano, Italy). The composition of perfusion buffers used was
ssentially as described previously.3,6 In HEPES used to acid load
ells, 20 mmol/L NH4Cl was substituted for equal amounts of
aCl. BCECF, Fura-2-AM, glibenclamide, diazoxide, bafilomy-

in A1, wortmannin, and LY294002 were prepared as a 1 mmol/L
tock solution dissolved in dimethyl sulfoxide (DMSO), whereas
igericin was solubilized in ethanol.

Glibenclamide Secretion in NRC-1 Cell
Culture and in Isolated and Perfused
Rat Liver

NRC-1 is a well-differentiated normal rat cholangio-
yte cell line that maintains a polarized distribution of mem-
rane markers and ion transporters and has been extensively
haracterized and used.7–9 Cells were grown as previously
escribed7–9 over collagen-coated semipermeable membrane
nserts (Nunc, Mascia-Brunelli, Milano, Italy). Experiments
ere performed in cells cultured for 1 week after they reached

onfluence and had a transepithelial resistance �1000 �/cm2

Millicell-ERS System; Millipore Co, Bedford, MA).7 NRC-1
onolayers were exposed to glibenclamide from basolateral

ide, and at different times, apical supernatant was collected.
Animals received care according to the principles outlined

n the Guide for the Care and Use of Laboratory Animals (National
cademy Press, 1996, 7th edition), and the following proto-

ols were approved by the University of Padua Institutional
eterinary Medicine Service. Sprague–Dawley rats were anes-

hetized with pentobarbital (50 mg/kg body weight); proce-
ures for isolated and perfused rat liver and setup were per-
ormed as previously described.10 Bile flow was measured
ravimetrically in preweighted tubes, and perfusion pressure
as monitored continuously. Liver viability was ascertained by
onitoring perfusion pressure and oxygen consumption dur-

ng the course of the experiment and by determining trypan
lue distribution on completion.
Glibenclamide and its 2 major metabolites (4-trans- and

-cis-hydroxyglibenclamide) were measured by high-perfor-
ance liquid chromatography in the bile collected from iso-

ated and perfused rat liver or in the supernatant of NRC-1 cell
ine. Gliclazide (0.1–10 �g) was used as an internal standard.
ulfuric acid 1N was added to bile or to cell overnatant, and,

fter the addition of N-hexane/ethyl acetate (3:1, vol/vol), the
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rganic phase was dried, dissolved in mobile phase, and in-
ected into a liquid chromatographic system (Agilent Series
100; Hewlett-Packard, Palo Alto, CA). The analytical col-
mn was a reversed-phase LiChrospher RP-Select B obtained
rom Merck (Darmstadt, Germany). Calibration standard sam-
les were prepared by adding glibenclamide or metabolites to
blank” bile or, in the case of cell overnatants, to a buffer
olution. Calibration lines of all analytes were linear in the
ange investigated: correlation coefficient values (r2) were con-
istently �0.9834. The mobile phase (flow at 1 mL/min)
onsisted of a mixture of acetonitrile and water (50:50, vol/vol)
ontaining sodium dodecylsulfate (0.01 mol/L) and glacial
cetic acid (0.5% vol/vol). The UV detection wavelength was
30 nm.

Intrahepatic Rat Bile Duct Units and
Immunopurified Bile Duct Cells

Rats and mice were anesthetized as described previ-
usly. IBDUs (ie, sealed fragments of isolated bile ductules in
hort-term culture that have retained polarity and secrete into

closed lumen) were prepared and purified as previously
escribed6,11,12; they were plated for 24 hours over a thin layer
f Matrigel (Collaborative Research Products, Bedford, MA) as
reviously described.6,11,12 Immunomagnetic isolation of
holangiocytes was performed as previously described13 by
sing the OC-2 primary antibody (1:1000; a kind gift of Dr D.
ixson, Brown University, Providence, RI). Histochemical

ssays for �-glutamyltranspeptidase indicated purity values of
95% in all cholangiocyte preparations used. Viability was

valuated by trypan blue exclusion.

Assessment of Ductular Secretion in
Intrahepatic Rat Bile Duct Units by
Video-optical Planimetry

Expansion of the IBDU lumen over time was quanti-
ed by video-optical planimetry as a measure of the ductular
ecretion rate, as previously described.6,11,12 After a 5-minute
aseline period, IBDUs were exposed to glibenclamide (100
mol/L), to tolbutamide (100 �mol/L), or to glibenclamide

nd different inhibitors; the luminal area was then measured
very 5 minutes for up to 30 minutes. Serial images of the
BDU were acquired by a JVC TKC 1380 video camera
Galileo Siscam, Firenze, Italy); luminal areas were determined
rom the recorded images by using an image processor (Arkon;
ikon; Firenze, Italy).

Measurement of Na-K-2Cl Cotransporter
Isoform 1 Activity

The effects of glibenclamide on the activity of the
a�/K�/2Cl� cotransporter was assessed by measuring the

ecovery of intracellular pH (pHi) from NH4Cl�-induced al-
alinization by using the cell-permeant fluorescent pHi indi-
ator BCECF/AM (12 �mol/L). BCECF loading procedures of
BDU, the microscopic setup, and the measurement and cal-

bration procedures have already been described.14 Acid and T
ase fluxes were calculated by using cellular intrinsic and total
uffering powers (�i and �tot, respectively), values previously
easured.6,11 The rates of pHi changes (	pHi/	t) were calcu-

ated as previously described.6,11 The effects of glibenclamide
n Na�/K�/2Cl� activity were assessed by measuring the rate
f pHi recovery from an alkaline load induced by 20 mmol/L
H4

�Cl�.6,15 The Na�/K�/2Cl� cotransporter can transport
H4

� in stoichiometrical substitution of K�. When cells are
xposed to NH4Cl, NH3 enters the cells by nonionic diffusion
nd leads to cytoplasmatic alkalinization. The subsequent cel-
ular uptake of NH4

� by Na-K-2Cl cotransporter isoform 1
NKCC1) causes pHi acidification, and NKCC1 activity can
e measured from the initial phase of the acidification slope.6,15

Measurement of Intracellular Ca2�

Intracellular Ca2� transients were measured by using
ura-2-AM. IBDUs were loaded in tissue culture medium for
0–30 minutes at room temperature with Fura-2-AM (5
mol/L). Coverslips with dye-loaded cells were mounted into
heated metal flow-through perfusion chamber, placed on the

tage of an inverted Olympus IX 70 microscope (Milano,
taly), and perfused by gravity feed at 1.5–2 mL/min. After a
-minute baseline period, cells were exposed to glibenclamide
100 �mol/L) for 10 minutes, and at the end of the experi-
ent, ATP (10 �mol/L) was used as an internal control.
mitted fluorescence was measured in response to alternate
ulses of excitation light (10 milliseconds long) at 340 and
80 nm. The emitted fluorescence (510 nm) was focused on a
hotomultiplier tube, amplified, digitally converted, and an-
lyzed with Till Vision software (Till Photonics, Martinsried,
ermany). Images of the IBDU were acquired by a charge-

oupled device camera. The ratio of emitted light from the 2
xcitation wavelengths (340 and 380 nm) of Fura-2 provides a
easure of ionized cytoplasmic [Ca2�].16

Sulfonylurea Receptor, Inward Rectifier K�

Channel 6.x, and chloride channels (CLC)-3
Gene Expression

Sulfonylurea receptor (SUR) and inward rectifier K�

hannel (Kir) 6.x isoforms and chloride channels (CLC)-3 gene
xpression were assessed by reverse-transcription polymerase chain
eaction (RT-PCR). SUR1 messenger RNA (mRNA) was de-
ected by using the primers 5=-GCAGCCGAGAGCGAGGAA-
ATGA-3= and 5=-ACAGCCAGGGCGGAGACACAGAGT-
=, which amplified a 539–base pair (bp) fragment. SUR2
RNA was amplified by using the primers 5=- CGCGGCGGT-
ATCGTGCTC-3= and 5=-CGCCGCGCCTGCTCGTAGTT-
=, which amplified a 603-bp fragment. SUR2AB mRNA was
etected by using the primers 5=-GACAGCCTTTGCG-
ATCG-3= and 5=-GCATCGAGACACAGGTGCTG-3=, which

mplified a 387-bp fragment for SUR2A and a 211-bp fragment
or SUR2B. CLC-3 mRNA was detected by using the primers
=-GCGAGAAAAGTGTAAGGAC-3= and 5=-TCAAAGC-
CAAAAGATGTA-3=, which amplified a 377-bp fragment; Kir
.1 mRNA was detected by using the primers 5=-TTCTGCG-

TTCTCTTCTCCATCG-3= and 5=-GGGGCTACGCTTAT-
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AATCACAT-3=, which amplified a 445-bp fragment. Kir 6.2
RNA was detected by using the primers 5=-GGAGAG-
AGGGCCCGCTTCGTGTC-3= and 5=-GGCGCTAATGAT-
ATGCTTTTTCGGAGGTC-3=, which amplified a 553-bp

ragment; 28S mRNA was detected by using the primers 5=-
GAAGGGCAAAAGCTCGCTT-3= and 5=-AGCAGGAT-
ACCATGGCAAC-3=, which amplified a 288-bp fragment. To-

al RNA was isolated from OC-2 using the TRI Reagent solution
Sigma), according to the manufacturer’s instructions. One mi-
rogram of total RNA was reverse-transcribed with Moloney
urine leukemia virus reverse transcriptase (2.5 U/�L). PCR was

erformed in a termalcycler M. J. Research (M-Medical, Firenze,
taly) with AmpliTaq Gold polymerase and 1
 GeneAmp buffer
Applied Biosystems Inc, Foster City, CA). PCR was initiated by
ot start, followed by 40 cycles of 94°C for 1 minute, 50°C–74°C
or 1 minute, and 72°C for 1 minute and by a final extension at
2°C for 10 minutes. Contamination by genomic DNA was ruled
ut by running samples without a previous RT-PCR phase.
reliminary kinetic analysis was performed to position amplifica-
ion cycles on the exponential phase of the reaction. Amplification
roducts were electrophoresed on 7% acrylamide gel, visualized
y ethidium bromide, and then silver-stained. Purified PCR
roducts were sequenced on an ABI 373A Stretch automated
equencer (Perkin-Elmer, Milan, Italy) to verify the identity.

Patch-Clamp Experiments

Immunopurified cholangiocytes were identified with a
ikon Eclipse E600FN microscope by visualizing antibody-

oated magnetic beads (4.5 �m) bound to the cell-surface
ntigens. The cells were whole-cell voltage-clamped with an
xopatch 200B amplifier and Digidata 1320A board (Axon

nstruments, Union City, CA) by using solutions modified
rom Barg et al.17 Extracellular medium contained (mmol/L)
aCl 138, KCl 5, MgCl2 1.2, CaCl2 2.6, and HEPES 5. The

H was adjusted to 7.4 with NaOH, and osmolarity was
djusted to 310 mOsm with D-glucose. Pipette solution con-
ained (mmol/L) K�-gluconate 125, KCl 10, NaCl 10, MgCl2
, HEPES 5, ethylene glycol-bis(�-aminoethyl ether)-
,N,N=,N=-tetraacetic acid 10, CaCl2 5 (170 nmol/L free Ca2�),

nd Mg-ATP 3; pH was adjusted to 7.15 with KOH. The
olution had an osmolarity of approximately 310 mOsm.
MSO was used to dissolve tolbutamide and nocodazole before

heir addition into the pipette solution. �-Lumicolchicine was
repared in chloroform. The final concentration of DMSO and
hloroform in pipette solutions was 0.1%. Some cells were
retreated with colchicine (50 �mol/L), �-lumicolchicine (50
mol/L), and nocodazole (10 �mol/L) in extracellular medium

or 30, 30, and 60 minutes, respectively.
Membrane capacitance (Cm) measurements were begun im-
ediately after the establishment of a whole-cell recording

ondition. Holding potentials of �40 and �80 mV did not
rovide stable recordings, and it proved difficult to hold the
ells for the required prolonged recording periods. Conse-
uently, cells were typically held at 0 mV during Cm mea-
urements. The initial pipette resistance was 4–7 M�.

igohm seals were obtained (1.5–3.5 G�), and stray capaci- t
ance was compensated before the rupture of the cell mem-
rane. Uncompensated series resistances ranged from 10 to 30
� and remained uncompensated, because the capacitance
easurement algorithm is sensitive to introduced system lag.
orrections for series resistance were subsequently made off-

ine. Capacitance was tracked (every 150 milliseconds) with a
igh-resolution dual sinusoidal (10-mV peak at both 390.6
nd 781.2 Hz) stimulus paradigm.18,19 Simultaneously, mem-
rane resistance, series resistance, and holding current were
ecorded. Transient analysis measurements with 10-mV steps
ere confirmatory. During our measurements, we were careful

o record from isolated single cells because cell groups could
ave been coupled by gap junctions. It is well known that
ecordings from single cells in a group of coupled cells present
n inflated syncytial capacitance, which could be voltage de-
endent.20 Another reason for avoiding coupled cell groups is
hat the use of standard single- and dual-sine measurement
pproaches is invalidated by a model other than a single
esistance-capacitance compartment.19

For a subset of cells, current voltage relations were investi-
ated with a voltage step series (�100 to �40 or 50 mV;
00-millisecond step duration; holding potential of �60 mV)
hat was delivered to cells near the beginning and several times
uring the continuous monitoring of Cm. Current voltage (I-V)
lots were derived from the last 50 milliseconds of current
esponse. Cm recordings were made until Cm stabilized; typical
urations ranged from 10 to 20 minutes. Statistical compari-
ons were made at steady state. A 4-pole Bessel filter at 10 kHz
as used. All data acquisition and analyses were performed
ith the Windows-based voltage clamp software jClamp (Sci-
oft, New Haven, CT). Digital photos were captured with
Clamp.

Cystic Fibrosis Transmembrane
Conductance Regulator Knockout Mice

Congenic B6.129P2-Cftrtm1Unc mice, which possess the
489X mutation that blocks transcription of CFTR,21 were
sed. Heterozygous breeding pairs were obtained from Jackson
aboratories (Bar Harbor, ME) and then bred in our animal
acility. Genotypes for each mouse were determined by PCR
ith DNA isolated from tail clips by following Jackson Lab-
ratories’ instructions. Mice were maintained on a liquid ele-
ental diet (Peptamen; Nestle, Milan, Italy) to prevent the

ntestinal obstruction associated with the CFTR mutation.
ild-type mice received regular solid mouse chow.21 Auto-

laved tap water in bottles with sipper tubes was provided ad
ibitum. Mice selected for the experiments reported here were
to 8 weeks old without obvious signs of disease or discomfort

average weight, 18 � 2.3 g for CFTR�/� and 22 � 1.7 g for
heir normal (CFTR�/� and CFTR�/�) littermates. For exper-
ments with isolated perfused mouse liver, animals were anes-
hetized with pentobarbital sodium (50 mg/kg body weight).
he abdomen was opened, and the gallbladder was cannulated
fter distal ligation of the common bile duct.22 The liver was
erfused in situ at 5 mL/min with oxygenated HCO3

�-con-

aining Ringer buffer and maintained at 37°C. Bile sampling



w
c
i

i
w
w
c

o
d
g
o
�
T
a
�
w

4
F
d
i
t
t
.
s
t
a
.
(
e
D
r
b
S
c

T

C
C
G
D
G
T
D
C
�
W
L
N
B
T
B
V
N

K
c

224 SPIRLÌ ET AL GASTROENTEROLOGY Vol. 129, No. 1
as started after a stabilizing period of 10 minutes after
annulation. Bile flow was determined gravimetrically, assum-
ng a density of 1 g/mL for bile.

Statistical Analysis

Results are shown as mean � SD. Statistical compar-
sons were made with Student t tests or analysis of variance,
ith Tukey post hoc tests where appropriate. GraphPad soft-
are (Biosoft, Cambridge, UK) was used; P values �.05 were

onsidered significant.
Results

Glibenclamide-Induced Fluid Secretion in
Isolated Bile Duct Units

Cholangiocyte secretion was measured, as previ-
usly described,4 from the change in luminal area in-
uced by exposure of rat intrahepatic bile duct units to
libenclamide (Figure 1A and Table 1). Administration
f glibenclamide induced a dose-dependent (0.1–100
mol/L) increase in luminal area with respect to controls.
he increase in luminal area was 16% � 7% (P � .05)
t 1 �mol/L and reached the maximal effect at 100
mol/L: 45% � 20% (expressed as percentage increase
ith respect to baseline after 30 minutes; P � .01;

™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
igure 1. Sulfonylureas-stimulated secretion in IBDUs is dose depen-
ent, HCO3

� independent, and Cl� dependent. (A) IBDUs were exam-
ned under control conditions for 10 minutes and then for an addi-
ional 30 minutes after the administration of glibenclamide or
olbutamide (arrow). Both sulfonylureas induced a significant (P �
001) increase in the luminal area. (B) Glibenclamide stimulates
ecretion in IBDUs in a dose-dependent manner. Columns represent
he percentage of luminal area expansion with respect to baseline
fter 30 minutes of glibenclamide administration (mean � SD). *P �
05 and **P � .01 vs controls. (C) Perfusion with HCO3

�-free buffer
HEPES) did not affect the increase in luminal area induced by glib-
nclamide, which is inhibited by the Cl� transporter inhibitor DIDS.
iazoxide inhibits the choleretic effect of glibenclamide. Columns

epresent the percentage of luminal area expansion with respect to
aseline after 30 minutes of glibenclamide administration (mean �
D). *P � .001 vs controls; ●P � .05 vs glibenclamide. KRB, HCO3

�-
ontaining Ringer buffer; Gl, glibenclamide.

able 1. Luminal Area Expansion (Percentage With Respect
to Baseline) in IBDUs

Variable
Changes
(30 min) n P

ontrols (KRB) 21 � 9 56
ontrols (HEPES) 21 � 11 30
lib (KRB) 49 � 13 145 �.001 vs control
IDS � glib 24 � 8 9 �.005 vs glib
libenclamide (HEPES) 49 � 18 26 �.001 vs control
olbutamide 41 � 9 20 �.001 vs control
iazoxide � glib 30 � 6 24 �.005 vs glib
olchicine � glib 24 � 5 24 �.001 vs glib
-Lumilcolchicine � glib 47 � 7 31 NS vs glib
ortmannin � glib 21 � 9 22 �.001 vs glib

Y294002 � glib 19 � 7 13 �.001 vs glib
EM � glib 17 � 7 11 �.01 vs glib
arium 19 � 13 12 NS vs control
ea 22 � 9 32 NS vs control
afilomycin � glib 17 � 6 8 �.01 vs glib
anadate � glib 29 � 6 20 �.01 vs glib
iflumic acid 16 � 5 13 �.001 vs glib

RB; HCO3
� containing Ringer buffer; NS; not significant; glib, gliben-

lamide.
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igure 1B). Glibenclamide-induced choleresis was Cl�

ependent: it was blocked by bumetanide,4 an NKCC1
nhibitor, and by DIDS (0.5 mmol/L), a general inhibitor
f Cl�-dependent transport (Table 1). Omission of
CO3

� from the perfusate (HEPES buffer), conversely,
id not inhibit glibenclamide choleresis (Figure 1C and
able 1), thus indicating that, in contrast to secretory
vents that depend on cAMP or Ca2� signaling,3,23

CO3
� transport is likely not involved in glibenclamide

holeresis. Contrary to a previous hypothesis based on
umetanide inhibition,4 direct measurement of NKCC1
ctivity (Figure 2) showed that glibenclamide did not
timulate NKCC1; on the other hand, forskolin (10
mol/L) administration induced the expected stimula-

ory effect. NKCC1 activity was as follows: transmem-
rane H� fluxes (JH�)  1.08 � 0.26
mol · L�1 · min�1, 	pH/	t  0.08 � 0.01/min (pH

.5; n  7) in controls; JH�  2.5 � 0.88

igure 2. Glibenclamide-stimulated secretion in IBDUs does not in-
olve stimulation of the Na�-K�-2Cl� cotransporter. (A) Na�/K�/2Cl�

ctivity was measured by using the NH4Cl� (20 mmol/L) pulse tech-
ique15 (which exploits the ability of NKCC1 to transport NH4

� in
toichiometrical substitution of K�) from the initial rate of acidification
120 seconds) (2) after the NH3-induced alkalinization (1); rapid acid-
fication occurred after NH4Cl withdrawal (3). (B) The graph bars show
he transmembrane H� fluxes (JH�) calculated as 	pHi/	t 
 �i (in-
rinsic buffering power) at pH 7.5. Columns represent the mean � SD.
P � .01 vs controls. N.S., not significant.
mol · L�1 · min�1, 	pH/	t  0.171 � 0.06/min (pH K
.5; n  12) in IBDU treated with forskolin (10 �mol/
); and JH�  1.15 � 0.23 mmol · L�1 · min�1, 	pH/	t

0.074 � 0.01/min (pH 7.5; n 8; not significant vs
ontrols) in IBDU treated with glibenclamide.

Glibenclamide Is Not Secreted
by Cholangiocytes

Many drugs induce osmotic bile secretion after
heir active transport and concentration into the bile.
herefore, we measured the concentration of gliben-
lamide and of its metabolites 3-cis-hydroxygliben-
lamide and 4-trans-hydroxygliburide in the bile col-
ected from isolated rat livers perfused with 100 �mol/L
libenclamide for 30 minutes and compared it with the
oncentrations found in the apical overnatant of rat
holangiocyte monolayers after the administration of 100
mol/L glibenclamide from the basolateral side. The
libenclamide concentration in bile collected from iso-
ated rat livers was 127 � 21 �mol/L (n  4), whereas
hat of its metabolites 3-cis-hydroxygliburide and
-trans-hydroxygliburide was 490 � 113 �mol/L and
11 � 86 �mol/L, respectively. Conversely, after baso-
ateral administration of glibenclamide (100 �mol/L) to
olarized NRC-1 cholangiocyte monolayers, no metabo-
ites were detected in the apical medium, and the glib-
nclamide concentration linearly increased, reaching only
2.5 �mol/L after a 2-hour incubation (data not shown).
his is consistent with diffusion rather than active trans-
ort by cholangiocytes. Thus, an osmotic effect by glib-
nclamide and its metabolites may only partially account
or stimulation of hepatocellular bile flow in the isolated
erfused rat liver, but not for the secretory effects in-
uced by glibenclamide in isolated cholangiocyte units
hat are not capable of secreting glibenclamide or its
etabolites into the lumen.

Stimulation of Ductal Choleresis Is a
Property of Sulfonylurea Compounds and Is
Mediated by Interaction With Cholangiocyte
Sulfonylurea Receptor 2B

Similarly to glibenclamide, the administration of
nother sulfonylurea, tolbutamide (100 �mol/L), was
ble to stimulate fluid secretion in IBDUs (Figure 1A
nd Table 1). Preincubation with diazoxide (100 �mol/
), a classic SUR inhibitor, inhibited glibenclamide-
timulated secretion (Figure 1C and Table 1), consistent
ith the functional involvement of the SUR. Indeed,
T-PCR of mRNA extracted from immunopurified

holangiocytes revealed gene expression of SUR2B, the
ost widely expressed SUR isoform (Figure 3A), and of
ir 6.1 (Figure 3B), a protein belonging to a family of

�

ATP channels associated with SUR.
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Stimulation of Ductal Choleresis in
Cholangiocytes Is Independent From
Depolarization and Stimulation of Ca2�

Transients

In �-cells, sulfonylureas trigger insulin secretion
y stimulating exocytotic events. Therefore, we tested
he effects of several agents known to inhibit vesicular
ransport in the liver24–26 on glibenclamide-mediated
holeresis: the microtubule-disrupting agent colchicine
50 �mol/L; but not the inactive analogue �-lumicol-
hicine), 2 phosphoinositol-3= kinase inhibitors (wort-
annin 100 nmol/L and LY294002 50 �mol/L), and
-ethylmaleimide (NEM; 1 mmol/L; an inhibitor of

oluble N-ethylmaleimide-sensitive factor attachment
rotein receptor (SNARE) proteins required to permit
esicles to fuse with plasma membrane). All significantly
nhibited glibenclamide-induced secretion in IBDUs
Figure 4A and Table 1). Taken together, these results
ndicate that glibenclamide stimulates vesicle exocytosis
n cholangiocytes.

In pancreatic �-cells, the binding of glibenclamide to
UR inhibits the function of K�

ATP channels. The re-
ulting cell depolarization causes Ca2� influx through
-type Ca2� channels, and the increase in intracellular
Ca2�] stimulates exocytosis of insulin. However, in
BDUs, cell depolarization induced by depolarizing con-
entrations of extracellular K� (40 mmol/L)4 or by bar-
um (5 mmol/L) and TEA (10 mmol/L) (2 well-known

�-channel inhibitors) did not stimulate secretion in
BDUs (Figure 5A and Table 1). Furthermore, neither

igure 3. Gene expression of the SUR2B receptor, of the Kir 6.1 K�
A

at cholangiocytes (OC-2). (A) SUR2AB primers were designed to cross
pliced SUR2 variants (the primer pairs should generate PCR fragme
issue), both SUR2 variants are expressed, whereas in IBDUs and OC
sed as a housekeeping gene. (B) Kir 6.1, but not Kir 6.2 (data not s
LC-3 Cl� channel is expressed in IBDUs and OC-2 cells; kidney tiss
libenclamide nor membrane depolarization increased a
a2� in IBDUs (Figure 5B), whereas after ATP (10
mol/L) treatment, the expected Ca2� response was re-

orded. The mechanism responsible for glibenclamide-
nduced secretion in cholangiocytes seems, therefore, to
e similar to the Ca2�-independent pathway that repre-
ents an additional mechanism through which sulfonyl-
reas stimulate insulin secretion in pancreatic �-cells.23

n this case, exocytosis of insulin-containing granules is
ependent on the binding of glibenclamide to granular
inding sites and is triggered by increasing osmotic forces
nside the secretory granules induced by the cooperation of

V-type H�-adenosine triphosphatase (ATPase) and an
ccompanying shunt conductance provided by a ClC-3 Cl�

hannel. Consistent with the predictions of this latter
odel, glibenclamide-induced fluid secretion was inhibited

y V-type H�-ATPase inhibitors such as bafilomycin A (1
mol/L) and vanadate (100 �mol/L; Figure 4B and Table
). Also, glibenclamide-induced secretion was inhibited by
iflumic acid, an inhibitor of Cl� channels, including
lC-3, the gene expression of which was detected by RT-
CR in immunopurified cholangiocytes (Figure 3C).

Capacitance and Conductance
Measurements on Isolated Cholangiocytes

To directly assess the possibility of vesicular re-
ease, we performed patch-clamp experiments on immu-
oisolated cholangiocytes. Single cells measuring on av-
rage 7.06 � 1.3 �m in diameter (n  28) were studied;
his size equates to a simple spherical membrane surface

annel, and of the CLC-3 Cl� channel in IBDUs and in immunopurified
77-bp insert in the SUR2A DNA sequence that gives rise to alternative
f 211 bp for rSUR2B and 387 bp for rSUR2A. In the heart (control
ly the SUR 2B variant is expressed; the ribosomal fraction 28S was

), isoform PCR products are present in IBDUs and OC-2 cells. (C) The
as used as a positive control.
TP ch
the 1
nts o
-2 on

hown
rea of 156 �m2 (Figure 6A). Our measured diameter is
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maller than that found in other reports27 that used
holangiocytes isolated from bile duct–ligated rats,
ather than from normal ones, and is consistent with the
ize reported by Kanno et al13 for small duct cholangio-
ytes. The initial control cell diameter was 7.47 � 0.91

igure 4. The choleretic effect of glibenclamide in IBDUs is mediated
hannel blockers. (A) Inhibition by colchicine, phosphoinositol-3= kina
B) Inhibition by V-type H� ATPase inhibitors (bafilomycin and vanadate
f luminal area expansion with respect to baseline 30 minutes after
s glibenclamide. Gl, glibenclamide.

igure 5. (A) Effects of depolarization on luminal expansion in IBD
ecretion in IBDUs. Columns represent the percentage of luminal
dministration (mean � SD). (B) Effect of glibenclamide on intracellula
howing changes in the ratio of the 2 wavelengths of FURA-2 induce
ntracellular [Ca2�] in IBDUs, whereas administration of ATP induced t

y depolarizing the cells with TEA (10 mmol/L), and no significant change
m, and Cm was 2.22 � 1.1 pF (n  5). On the basis of
ecent estimates of specific Cm (0.005 pF/�m2),28 this Cm

easurement exceeds the expected value of 0.87 pF and
ndicates that substantial cell membrane folding exists.
ven with the more commonly used translation factor of

sicular transport and is inhibited by V-type H� ATPase and CLC-3 Cl�

hibitors (wortmannin and LY294002), and the SNARE inhibitor NEM.
of CLC-3 inhibitors (niflumic acid). Columns represent the percentage
dministration of glibenclamide (mean � SD). *P � .01; **P � .001

epolarizing concentrations of barium and of TEA did not stimulate
expansion with respect to baseline after 30 minutes of stimulus
� levels. A representative tracing is shown of 22 similar experiments
the administration of glibenclamide. Glibenclamide did not increase
pected Ca2� increase. Similar experiments (n  10) were performed
by ve
se in
) and
the a
Us. D
area
r Ca2

d by
he ex
s in intracellular [Ca2�] were found. N.S., not significant.
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.01 pF/�m2, Cm measurements suggest significant
embrane folding that is not resolved at the light-
icroscopic level. Cm measurements in control cells were

igure 6. Whole-cell capacitance measurements in cholangiocytes. (A)
solated cholangiocyte with 2 magnetic beads (diameter, 4.5 �m) at-
ached to the cell membrane. Images a–e were captured at 5 minutes 12
econds, 7 minutes 10 seconds, 10 minutes 24 seconds, 13 minutes 3
econds, and 16 minutes 34 seconds after the establishment of whole-
ell conditions, respectively. Note the gradual upward shift of beads as
he cell swells. The change in surface area is smaller than it appears.
his can be appreciated as follows. The initial diameter of the cell at 5
inutes 12 seconds is 7 �m, giving an apparent area of 153 �m2; the

nal diameter is 10.7 �m, giving an area of 373 �m2. The initial capac-
tance is 1.12 pF, which equates to 224 �m2. Thus, the membrane at
he beginning is highly folded, and the diameter is underestimated.28 The
apacitance at 16 minutes 34 seconds is 1.81 pF, which equates to 362
m2 and corresponds well to the measured diameter of the inflated cell.

B) Example Cm recordings for 4 different cells after the establishment of
hole-cell conditions; colors correspond to color-coded treatments in (C).

nitial capacitance for individual cells was as follows: black, 1.611 pF;
ellow, 0.716 pF; red, 1.655 pF; and green, 1.152 pF. (C) Bar graph
epicting average results (with SD error lines) for the different cell treat-
ents. See Materials and Methods for details. The number of cells is

ndicated. Tolbutamide significantly enhanced Cm increases over control-
evel increases (P � .05). Colchicine and nocodazole treatment signifi-
antly suppressed Cm changes compared with tolbutamide and �-lumi-
olchicine treatment (P � .05).
uite stable for tens of minutes (Figure 6B). w
After establishment of whole-cell recording with pi-
ettes containing tolbutamide (100 �mol/L), Cm in-
reased over the course of several minutes (Figure 6B).
oncomitantly, cells swelled; this was easily discerned by

he movement of the membrane-bound magnetic beads
hat followed the contour of the expanding cell outline
Figure 6A). Cm eventually leveled off; at steady state,
ncreases of 56% and 50% were found (Figure 6C). The
reincubation of cholangiocytes with either colchicine
50 �mol/L for 30 minutes) or nocodazole (10 �mol/L
or 60 minutes) blocked the increase in capacitance
aused by tolbutamide. However, an inactive form of
olchicine, namely, �-lumicolchicine (50 �mol/L; 30
inutes), was unable to block the effects of tolbutamide

Figure 6C). We also found cells to swell during these
reatments, so the increase in cell size (and, possibly,
urface area) may not solely underlie the capacitance
ncreases that we found (see Discussion).

Membrane conductance and holding current remained
table during recordings of control cells and cells treated
ith tolbutamide. Current–voltage relations showed lin-

ar, time-invariant currents (Figure 7), which in the
xample cell actually decreased slightly during tolbut-
mide treatments. For 6 cells, the membrane conduc-
ance at 0 mV was unaffected by tolbutamide during the
ime when Cm levels significantly increased (0 minutes,
.985 � 0.23 nS; 10 minutes, 1.15 � 0.3 nS; paired t
est; P  .158). Thus, in our isolated cholangiocytes, we

igure 7. Whole-cell conductance measurements in cholangiocytes.
-V curves at 3 minutes (●) and 8 minutes (Œ) after the establishment
f whole-cell conditions with 100 mmol/L tolbutamide–containing
ipette solution. Only a slight decrease in chord conductance was
bserved in this example. (Inset) Corresponding current traces at
elected voltages (200-millisecond pulse duration) of �100, �70,
40, �10, 20, and 50 mV. Note linear, time-independent currents.
oltage at 0 current was stable and negative, near �60 mV; calcu-

ated reversal potentials for K and Cl were �86 and �34 mV, respec-
ively. Scale: 40 pA, 31 milliseconds. Traces were filtered at 500 Hz

ith a digital gaussian filter.
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ound no evidence for a plasma membrane Cl� conduc-
ance augmented by the increase in Cm.

Glibenclamide Stimulates Bile Flow in
Isolated Perfused Mouse Liver and Fluid
Secretion in Isolated Bile Duct Units From
Cystic Fibrosis Transmembrane
Conductance Regulator Knockout Mice

Because glibenclamide is a known CFTR inhibi-
or, our data thus far suggest that the choleretic effect of
libenclamide is mediated by a CFTR-independent
echanism that would likely be maintained in CF. To

ddress this possibility, we tested the effect of gliben-
lamide in isolated perfused mouse liver and in IBDUs
rom mice knocked out for CFTR (B6.129P2-Cftrtm1Unc).
n isolated perfused mouse liver, glibenclamide increased
ile flow in wild-type mice as well as in CFTR knockout
ice, and, interestingly, the increase in bile flow was

ignificantly higher in CFTR knockout mice (Figure 8).
n IBDUs isolated from 4 wild-type and 4 heterozygous
ice, the administration of forskolin (10 �mol/L) or

ecretin (50 nmol/L) significantly increased the luminal
rea (wild-type—forskolin, 68% � 19%, n  42; secre-
in, 62% � 17%, n  39, P � .01 vs controls, 12% �
%, n  36; heterozygous—forskolin, 58 � 13%, n 
1; secretin, 57% � 20%, n  24; P � .01 vs controls,
4% � 6%, n  31). In IBDUs isolated from 5 ho-
ozygous CFTR knockout mice (�/�), the effects of

orskolin and of secretin were significantly inhibited

igure 8. Glibenclamide stimulates bile flow in wild-type and CFTR
nockout mice. Glibenclamide stimulates bile flow in isolated per-
used mouse livers from wild-type and CFTR knockout mice. Bile flow
as significantly increased (*P � .001) in wild-type and CFTR knock-
ut mouse livers perfused with glibenclamide (100 �mol/L) with
espect to wild-type mice. Bile flow is expressed as microliters of bile
ecreted in 1 minute and normalized for liver weight. Gl, gliben-
tlamide.
forskolin, 17% � 10%, n  54; secretin, 25% � 17%,
 41; P � .001 vs wild-type and heterozygous), thus

ndicating that the fundamental CF secretory defect was
aintained in the liver of homozygous mice. Conversely,

n CFTR knockout mice, the secretory effect of gliben-
lamide was maintained and was equal to that recorded
n wild-type and heterozygous animals (Figure 9).

Discussion

Strategies aiming at directly stimulating fluid
ecretion by cholangiocytes may be a useful approach to
reat cholestasis in biliary tract diseases,2 particularly in
F, in which reduced Cl� and fluid secretion into the

umen causes inspissation of bile and chronic liver dam-
ge. To this end, we have studied the molecular mech-
nisms underlying the choleretic effects of gliben-
lamide. The interest in this compound derives from
revious studies by Nathanson et al,4 which showed that
libenclamide, a known CFTR inhibitor, paradoxically
timulates bile flow at the level of cholangiocytes.

Because the mechanism of glibenclamide-induced
holeresis was not clarified, we sought to investigate
hese mechanisms in more detail. Given the inhibitory
ffects of bumetanide on glibenclamide-induced cholan-
iocyte secretion, a direct stimulation of Cl� uptake by
he NKCC1 cotransporter15 was proposed as a possible
xplanation.4 In this study, we have measured the effects
f glibenclamide on Na�/K�/2Cl� activity, and, con-

igure 9. The choleretic effect of glibenclamide is maintained in
BDUs isolated from CF mice. IBDUs were examined under control
onditions for 10 minutes and then for an additional 30 minutes after
he administration of glibenclamide, forskolin or secretin, or vehicle.
ach luminal area was normalized by its initial value. Glibenclamide
ignificantly (*P � .01 vs controls) stimulated secretion in IBDUs
solated from wild-type (�/�), heterozygous (�/�), and homozygous
�/�) mice. Forskolin and secretin were able to significantly (*P �
01) stimulate secretion only in wild-type and heterozygous, but not in
omozygous, mice. KRB, HCO3

�-containing Ringer buffer.
rary to the previous hypothesis,4 we could find no
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vidence of NKCC1 stimulation. Our data also show that
olarized cholangiocytes7–9 are not able to transport glib-
nclamide into the apical lumen and that this stimula-
ion of secretion is not due to an osmotic choleresis.

After binding to a specific receptor (SUR), sulfonyl-
reas stimulate an exocytotic release of insulin from
ancreatic �-cells.5,29 The following observations suggest
hat the choleretic effect of glibenclamide on cholangio-
ytes may also be due to a receptor-mediated mechanism:
1) tolbutamide, another sulfonylurea, was able to induce
uminal expansion in IBDUs to a similar extent; (2) the
RNA for SUR2B was expressed in immunopurified

holangiocytes; and (3) diazoxide, a known SUR inhib-
tor, significantly inhibited the secretory effect of glib-
nclamide. Our data also indicate that, similar to their
ffects on pancreatic �-cells,17,29 sulfonylureas are likely
o stimulate fluid secretion via vesicular transport in
holangiocytes. In fact, tolbutamide induced an increase
n Cm in immunoisolated cholangiocytes; in addition,
libenclamide-induced secretion and/or the increase in
m was inhibited by compounds known to block vesic-
lar transport in the liver, such as colchicine, nocodazole,
nd wortmannin,24–26 and by NEM. These compounds
ct through different mechanisms; whereas colchicine
nd nocodazole are microtubule inhibitors, wortmannin
s a phosphoinositol-3= kinase inhibitor, and NEM
locks the NEM-sensitive fusion protein.30,31 Although
one of them can be considered a specific inhibitor of
esicular exocytosis, their consistent inhibitory effect on
libenclamide choleresis and on Cm changes provides
trong evidence that glibenclamide stimulates vesicle
xocytosis in cholangiocytes.

In the pancreatic �-cell, SUR complexes with Kir 6.x
a Kir sensitive to intracellular concentration of ATP
ATP]i). In these cells, closure of the KATP channel
nduced by glibenclamide interaction with SUR depo-
arizes the cell, favoring Ca2� influx via L-type Ca2�

hannels.32 Although expression of the mRNA of the Kir
.1 KATP channel isoform was detectable in immunopu-
ified cholangiocytes (Figure 3B), neither the K� channel
nhibitor TEA nor maneuvers aimed at inducing mem-
rane depolarization in cholangiocytes (barium or high
�)4 were able to induce luminal expansion in IBDUs.
lso, in patch-clamp experiments, depolarization did not

nduce vesicular release; furthermore, neither the admin-
stration of glibenclamide nor membrane depolarization
ncreased intracellular Ca2� levels. This is in clear con-
rast to the 450 nmol/L intracellular [Ca2�] increase
nduced by depolarization in �-cells.33 Altogether, these
ata suggest that, in cholangiocytes, glibenclamide stim-
lates secretion via a mechanism that is independent

rom depolarization and Ca2� transients. a
In pancreatic �-cells, sulfonylureas are also able to
otentiate insulin secretion by acting directly on the
xocytotic machinery. Ninety percent of the high-affinity
ulfonylurea binding sites in the �-cell are intracellular
nd seem to colocalize with the insulin-containing secre-
ory granules.25,26 Recent studies have also shown that
ecombinant green fluorescent protein–tagged SUR and
ir colocalize with fluorescent glibenclamide in insulin-

ontaining granules.34 Furthermore, it has been shown
hat sulfonylureas, being weak acids, can cross biological
embranes by diffusion,35 thus inducing a pHi decrease

imilar to the one originally described by Nathanson et
l4 in cholangiocytes. Several studies have provided evi-
ence indicating that intracellular binding of sulfonyl-
reas activates a DIDS- and niflumic acid–sensitive
LC-3 Cl� channel operating in conjunction with a
afilomycin-sensitive V-type H�-ATPase. The resulting
l� and H� influx stimulates the exocytotic machinery
nd insulin discharge in a depolarization and Ca2� inde-
endent way.17,36,37 In fact, a low granular pH promotes
onformational changes in SNARE proteins, making
hem more fusogenic.29 Our data in cholangiocytes are
onsistent with this mechanism; in fact, (1) gliben-
lamide administration does not increase intracellular
Ca2�] levels; (2) membrane depolarization does not
timulate cholangiocyte secretion; (3) CLC-3 mRNA was
etected in cholangiocytes; (4) DIDS, a generic inhibitor
f Cl� channels, and niflumic acid, which inhibits
LC-3, blocked the choleretic response to glibenclamide;
nd (5) the V-type H�-ATPase inhibitors baphylomicin
1 and vanadate significantly reduced the secretory re-

ponse to glibenclamide. Altogether, these data suggest
he presence in cholangiocytes of a cAMP- and Ca2�-
ndependent secretory mechanism that is stimulated by
ulfonylureas and requires functional exocytotic machin-
ry.

Our capacitance measurements provide further evi-
ence that tolbutamide promotes an increase in cell-
urface area; the dependence of this effect on microtubule
tability argues for vesicular fusion with the plasma
embrane.38 Increases in Cm of approximately 50% were

ound, similar to our luminal area measurements in
BDUs, and although this may seem large, a complete
esicular release in bile ductal cells of the pig increased
he membrane surface area by �100%.39 Actually, an
ncrease in capacitance may arise from several sources,
ncluding an increase in membrane surface area due to
esicular fusion and swelling of the cell with attendant
hinning of the membrane and unraveling of membrane
olds (eg, microvilli). Thinning of the membrane caused
y membrane stretch is expected to increase specific Cm,

nd the resulting increase in whole-cell capacitance can-
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ot be distinguished electrically from actual membrane
ccrual. Additionally, tight folding of the membrane
ay initially limit the accessibility of voltage perturba-

ion across those membranes, and after cell swelling and
nraveling, these membranes may then be fully excited
nd contribute more to Cm measurements. We found
hat cells readily swelled during our recording and, in-
eed, shifted the attached magnetic beads (Figure 6A).
lthough the microtubule destabilizers may be thought

o specifically inhibit vesicular release in cholangio-
ytes,38 they may also somehow affect the other potential
echanisms of Cm increase. Thus, we cautiously hypoth-

size that at least a component of Cm increase results
rom vesicular fusion.

Usually we held the cell membrane potential at zero
oltage during capacitance measurements, because we
bserved that cells were not maintained for prolonged
eriods of time when they were held at negative poten-
ials. Despite this depolarized holding potential, control
ells did not show capacitance increases as might have
ccurred if an influx of extracellular Ca2� via voltage-
ated Ca2� channels could induce exocytosis. Indeed,
nder our recording conditions, measurements do not
how inward currents typical of non-inactivating L-type
a2� channels.
We did not find significant changes in membrane

onductance during tolbutamide treatments. Indeed, our
solated cells, before and after these treatments, showed
nly small linear, time-independent currents, similar to
pattern of 3 found by Fitz et al.27 Perhaps our isolation

echnique favored a particular cell subpopulation. The
olding current was remarkably stable during our treat-
ents, and current–voltage relations confirmed these
easurements, showing that changes in ionic conduc-

ance did not necessarily accompany Cm increases. Al-
hough we observed that secretion in IBDUs could be
nhibited by Cl� channel blockers, it should be noted
hat our whole-cell voltage-clamp measurements are un-
ble to assess channel activity within intracellular mem-
rane compartments, such as vesicles; of course, blockers
ay work at this level. As already shown,37,40 CLC-3

hannels provide an electrical shunt pathway that per-
its vesicle acidification by the vacuolar pump before

esicular release. This scenario favors a fluid-phase type
f secretory activity in our cholangiocyte preparation.

The transport functions of the biliary epithelium are
egulated by different gastrointestinal hormones that
timulate either secretory or absorptive mechanisms.1

ecretin, the principal stimulatory hormone, increases
uctular choleresis through cAMP/protein kinase A–de-

endent stimulation of Cl� efflux and HCO3

� secretion d
hrough the coordinated actions of CFTR and the anion
xchanger isoform 2 Cl�/HCO3

� exchanger, both lo-
ated at the apical pole of the cells.41,42 Cl� efflux into
he bile can also be mediated by Ca2�-dependent Cl�

hannels stimulated by binding of extracellular ATP to
2Y2 purinergic receptors located at the apical pole of
holangiocytes.3,23 In addition, a substantial amount of
vidence indicates that stimulation of vesicular transport
nd fusion plays a role in cholangiocyte secretion. In vivo
nd in vitro studies using fluid-phase markers have
hown that cholangiocytes are capable of microtubule-
ependent fluid-phase transcytotic transport from the
asolateral to the apical domains.10,38,43 Furthermore,
holangiocytes possess a dense population of subapical
esicles that undergo a high rate of constitutive exocy-
osis44 that can be stimulated by osmotic stress and by
AMP. Cyclic AMP stimulates the exocytosis of acridine
range in cholangiocytes38 and the apical insertion of
esicles containing aquaporins and ion transporters (such
s CFTR and anion exchanger isoform 2) as a means of
chieving rapid regulation of biliary ion and fluid trans-
ort.45

The choleretic effect of glibenclamide is a paradox;
n fact, because it is a known inhibitor of CFTR, one
ould expect glibenclamide to inhibit secretion.
hus, the major finding of our study, which is of
otential therapeutic relevance, is that sulfonylureas
ossess the ability to stimulate cholangiocyte secre-
ion, thus promoting a novel cAMP-, Ca2�-, and
epolarization-independent exocytotic mechanism,
nd that this effect is preserved and even more active
n experimental animals defective for CFTR. An im-
ortant line of research in CF aims at finding small
olecules able to stimulate fluid secretion in CFTR-

efective cells and focuses on compounds able to func-
ion as molecules that (1) can serve as chaperones for
FTR, (2) can activate the mutated CFTR, and (3) can

timulate Ca2�-dependent Cl� conductances.
Direct transfer of these observations to human therapy

s not likely, because the Kd for the choleretic effects of
libenclamide is approximately 9 �mol/L,4 a concentra-
ion that may result in hypoglycemia. However, our data
epresent an important proof of concept; the identifica-
ion of a compound able to stimulate bile secretion
ndependently of CFTR and the 2 major signaling path-
ays (Ca2� and cAMP) is of major general interest.
ulfonylureas may thus represent model compounds to
esign drugs for conditions characterized by a failure in
AMP-dependent secretion (such as CF-related liver dis-
ase) and possibly other cholestatic conditions in which a

efect in Ca2� signaling is present.46
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Abstract. The underlying Boltzmann characteristics of
motility-related gating currents of the outer hair cell
(OHC) are predicted to generate distortion components
in response to sinusoidal transmembrane voltages. We
studied this distortion since it reflects the mechanical
activity of the cell that may contribute to peripheral au-
ditory system distortion. Distortion components in the
OHC electrical response were analyzed using the whole-
cell voltage clamp technique, under conditions where
ionic conductances were blocked. Single or double-
sinusoidal transmembrane voltage stimulation was deliv-
ered at various holding voltages, and distortion compo-
nents of the current responses were detected by Fourier
analysis. Current response magnitude and phase of each
distortion component as a function of membrane poten-
tial were compared with characteristics of the voltage-
dependent capacitance, obtained by voltage stair-step
transient analysis or dual-frequency admittance analysis.
The sum distortion was most prominent among the dis-
tortion components at all holding voltages. Notches in
the sum (f1+f2), difference (f2−f1) and second harmonic
(2f) components occur at the voltage where peak volt-
age-dependent capacitance resides (VpkCm). Rapid phase
reversals also occurred atVpkCm, but phase remained
fairly stable at more depolarized and hyperpolarized po-
tentials. Thus, it is possible to extract Boltzmann param-
eters of the motility-related charge movement from these
distortion components. In fact, we have developed a
technique to follow changes in the voltage dependence of
OHC motility and charge movement by tracking the volt-
age at phase reversal of the f2−f1 product. When intra-
cellular turgor pressure was changed,VpkCm and distor-
tion notch voltages shifted in the same direction. These
data have important implications for understanding co-
chlear nonlinearity, and more generally, indicate the use-

fulness of distortion analysis to study displacement cur-
rents.

Key Words: Outer hair cell — Distortion — Gating
charge — Membrane capacitance — Turgor pressure

Introduction

In linear systems, input and output signals contain the
same in-phase frequency components. In nonlinear sys-
tems, stimulus frequencies (single: f1; two-tone; f1, f2)
produce harmonic and combination distortion compo-
nents, such asnf1, (n+1)f1−nf2 and (n+1)f2−nf1 (n4
1,2,3, . . .). Distortion is readily perceived by the audi-
tory system despite the purity of acoustic stimuli (Gold-
stein, 1967). Physiological correlates of the perceived
distortion exist in responses of auditory nerve fibers
(Goldstein & Kiang, 1968; Kim, Molinar & Matthews,
1980), inner hair cells (Nuttall & Dolan, 1990), and bas-
ilar membrane vibration patterns (Robles, Ruggero &
Rich, 1991, 1997). Such distortion, which is dependent
upon normal outer hair cell (OHC) function, clearly re-
veals the nonlinear nature of peripheral auditory process-
ing. OHCs are the primary source of distortion compo-
nents in mammals.

The OHC produces voltage-dependent mechanical
responses that provide feedback into the basilar mem-
brane, thereby sharpening the passive mechanical vibra-
tion of the cochlear partition (Brownell et al., 1985; Ash-
more, 1987; Santos-Sacchi & Dilger, 1988; Ruggero,
1992). The cell also possesses a nonlinear gating charge
movement or correspondingly, a voltage-dependent ca-
pacitance, which correlates well with its mechanical ac-
tivity (Ashmore, 1989; Santos-Sacchi, 1990, 1991). The
underlying nonlinear Boltzmann characteristics of the
charge movement and mechanical response are predicted
to generate distortion components in the response to
single and dual sinusoidal transmembrane volt-Correspondence to:J. Santos-Sacchi

J. Membrane Biol. 169, 199–207 (1999) The Journal of
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ages. Indeed, OHCs generate mechanical distortions
when stimulated under voltage clamp (Santos-Sacchi,
1993) or transcellularly within a pipette microchamber
(Hu et al., 1994). The purpose of the present experi-
ments is to describe the features of OHC electrical dis-
tortion components that arise from motility-related
charge movement. These electrical distortion compo-
nents reflect the mechanical activity of the OHC and thus
are useful in understanding the generation of mechanical
distortion that is present in the peripheral auditory sys-
tem. While the data have important implications for un-
derstanding cochlear nonlinearity, more generally, they
illustrate the type of behavior expected from nonlinear
membrane charge movement regardless of source (e.g.,
from ionic channels).

A preliminary presentation of these data has been
made (Takahashi & Santos-Sacchi, 1997).

Materials and Methods

GENERAL

OHCs and supporting cells were freshly isolated from the organ of
Corti of the guinea-pig cochlea and transferred to a 700ml perfusion
chamber (Kakehata et al., 1995) filled with an external standard solu-
tion. The external standard solution contained (in mM): 142 NaCl, 5.37
KCl, 1.25 CaCl2, 1.48 MgCl2, 10 HEPES and 5 dextrose, pH 7.2, 300
mOsm. OHCs were whole-cell voltage clamped using an Axon 200B
amplifier with patch pipettes having initial resistances of 2–3MV.
Residual series resistance ranged from 3–7MV. To remove voltage-
dependent ionic conductances, the external standard solution was re-
placed with an ionic blocking solution during electrical recording.
The external ionic blocking solution contained (in mM): 100 NaCl, 20
TEA, 20 CsCl, 2 CoCl2, 1.52 MgCl2, 10 HEPES and 5 dextrose, pH
7.2, 300 mOsm (adjusted with dextrose). The patch pipette solution
contained (in mM): 140 CsCl, 2 MgCl2, 10 EGTA and 10 HEPES, with
pH 7.2 and osmolarity 300 mOsm (adjusted with dextrose). Thus,
capacitive currents could be analyzed in isolation (Santos-Sacchi, 1991;
Huang & Santos-Sacchi, 1993; Kakehata & Santos-Sacchi, 1995).
Salicylate (10 mM) or lutetium chloride (3 mM) was used to reduce

motility related gating charge movement in some experiments (Ka-
kehata & Santos-Sacchi, 1996).

Pipette pressure was modified with a syringe connected to the
Teflon tubing attached to the patch pipette holder. Pressure was moni-
tored via a T-connector to a pressure monitor (WPI, Sarasota, FL).
dz, longitudinal strain, a unit-less metric, was calculated asDL/L0,
whereDL is the change of cell length due to turgor pressure change and
LO is the original cell length. All experiments were performed at room
temperature (∼23°C).

EVALUATION OF MEMBRANE CAPACITANCE

Detailed evaluation of membrane capacitance was made at different
potentials by transient analysis of currents induced by a voltage stair
step stimulus (−150 to +50 mV, 10 mV increments; Huang & Santos-
Sacchi, 1993), or by FFT-based admittance analysis of dual voltage
sinusoidal stimulation (Santos-Sacchi et al., 1998); the capacitance data
were fit to the first derivative of a two state Boltzmann function relating
nonlinear charge to membrane voltage (Santos-Sacchi, 1991),

Cm = Cv + Clin = Qmax

ze

kT

b

~1 + b!2
+ Clin

Eq (1)

where

b = expS−ze~Vm − VpkCm!

kT D
Qmax is the maximum nonlinear charge moved,VpkCm is voltage

at peak capacitance or equivalently, at half maximal nonlinear charge
transfer,Vm is membrane potential,z is valence,Clin is linear membrane
capacitance,e is electron charge,k is Boltzmann’s constant, andT is
absolute temperature. Series resistance,Rs was estimated from the de-
caying time constant and integrated charge of the voltage step-induced
current, as fully described elsewhere (Huang & Santos-Sacchi, 1993).
Membrane resistance,Rm, was evaluated from steady state current.
Clin was estimated from the fit to above capacitance (Cm) equation, and
indicates the intrinsic linear capacitance of the membrane upon which
rides the bell-shaped voltage-dependent capacitance (Cv).

DISTORTION MEASUREMENT

To evoke distortion components, single or two summed sinusoidal
membrane voltages were delivered to OHCs under whole-cell voltage
clamp at various holding potentials. Peak amplitude of input stimuli
was set between 5 and 26 mV. Input stimulus frequencies and fre-
quency ratios (f2/f1) were also varied. The AC stimulus duration was
fixed at 51.2 msec, with the sampling at 10msec. Data were filtered at
5 kHz (4-pole Bessel). Steady-state current responses were analyzed
by Fast Fourier Transform (FFT) to extract the magnitude and phase of
distortion components at 2f1 ± f2, 2f2 ± f1, f2 ± f1, 2f1, and 3f1.
All data collection and analysis were performed with an in-house de-
veloped Window’s based whole-cell voltage clamp program, jClamp
(www.med.yale.edu/surgery/otolar/santos/jclamp.html), utilizing a
Digidata 1200 board (Axon, CA).

Results

After blocking nonlinear conductances in the OHC, the
predominant electrical nonlinearity that remains is a volt-
age-dependent capacitance, which derives from motility-

Fig. 1. Outer hair cell voltage-dependent capacitance determined from
FFT-based dual-sinusoidal technique (Santos-Sacchi et al., 1998). Fit to
Eq. 1 indicatesVpkCm: −52.6 mV; z: 0.71;Qmax: 3.22 pC; andClin: 29.6 pF.
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related nonlinear charge movement (Fig. 1). Due to this
nonlinearity, delivery of single or dual sinusoidal volt-
ages across the OHC membrane elicits current responses
that contain the original frequency components as well as
distortion components. Fig. 2 (left panels Aand B)
shows typical spectra obtained by FFT analysis of cur-
rent responses evoked by 25 mV AC transmembrane
voltage stimuli (f1: 963 Hz and f2: 1156 Hz). In addition
to the peaks at the input stimulus frequencies (f1, f2),
quadratic distortions (f2±f1), cubic distortions (2f1±f2,
2f2±f1), and second and third harmonic distortions (2f1,
3f1) were detected above the noise floor. The noise floor
associated with our measuring system averaged approxi-
mately −46.7 dB re 0.1 nA in the 5 kHz bandwidth. Sec-
ond harmonic, sum (f1+f2) and difference (f2−f1) dis-
tortion components were largest. For example, the larg-
est sum component averaged 27 dB down from f1
response magnitude. Theright panels in Fig. 2 show
averaged magnitude responses as a function of holding
potential. Second harmonic, sum and difference distor-
tion components exhibit magnitude notches near −40

mV, whereas notches in the other distortion component
magnitudes appear at voltages above and below that volt-
age.

Distortion in cochlear supporting cells, e.g., Deiters
cells, which lack the voltage-dependent capacitance
characteristic of OHCs, was close to the noise floor (Fig.
3), supporting the view that the extensive distortion aris-
ing within the OHC is related to its lateral membrane
sensor-motors. Indeed, the voltage dependence of dis-
tortion components derives from the Boltzmann charac-
teristics of the robust OHC motility-related nonlinear
charge movement and is evident in the representative
data (n4 10) of Fig. 4 where voltage-dependent capaci-
tance is plotted along with distortion component magni-
tude and phase. The voltage where magnitude minima
are observed in second harmonic, sum and difference
components corresponds to the voltage at peak capaci-
tance (Vpkcm). Associated with the magnitude minima
are abrupt phase reversals. The other distortion compo-
nent minima are also associated with abrupt phase rever-
sals. Changes in stimulus frequencies (f2: 0.6–1.4 kHz)

Fig. 2. Left panels:Typical frequency spectra of OHC current responses to AC transmembrane voltage stimuli measured under whole cell voltage
clamp. Spectra were obtained by fast Fourier transform. Input stimulus frequencies were set at 963Hz (f1) and 1156Hz (f2); magnitudes were 25
mV peak. Induced currents contained (A) harmonic distortion components (2f1, 3f1) and (B) combination distortion components (f2−f1, f1+f2,
2f1−f2, 2f2−f1), as well as peaks at the primary frequencies. Theright panelsillustrate the average effects of holding voltage (−120 to 120 mV,
in 20 mV increments) on distortion component magnitudes (dB re: magnitude at f1). Averaged series and membrane resistances were 4.0 and 259
MV, respectively.
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or frequency ratios (f2/f1: 1.1–1.4) did not alter distor-
tion components. Figure 5 shows the intensity functions
for the sum and difference components at three holding
potentials, −60, 0 and 60 mV. Distortion decreased at a
rate greater than stimulus intensity. Other distortion
components showed similar decreases, but in the low
range of stimulus intensities disappeared into the noise
floor.

Further evidence implicating OHC motility-related

nonlinear charge movement as the source of distortion is
derived from charge blocking experiments. Both lan-
thanides and salicylate blocked voltage-dependence ca-
pacitance and distortion. Figure 6 illustrates the effects
of 3 mM lutetium chloride on nonlinear capacitance and
distortion products. The drop in capacitance is mirrored
by a decrease in all distortion components. In the case of
salicylate, the reductions were reversible (data not
shown). The correspondence between distortion prod-

Fig. 3. Distortion components generated in a Deiters supporting cell obtained as in Fig. 2.Left panelshows distortion components close to the noise
floor. Inset illustrates the linear capacitance of the cell. Theright panelshows the effect of holding potential. It is clear that supporting cells do not
present the degree of nonlinearity that characterizes the OHC.

Fig. 4. Relationship between nonlinear
capacitance and distortion component
magnitude and phase. (A) OHC
capacitance was determined by the stair
step technique. The solid line indicates
a fit of this cell’s capacitance to Eq. 1:
VpkCm: −12.0 mV; z: 0.59;Qmax: 3.17
pC; andClin: 20.3 pF. The bottom
panels plot the magnitude and phase of
the second and third harmonic. Lines
are only connections between symbols.
Symbols are as in Fig. 2A. Note that
the minima in magnitudes correspond
to abrupt phase reversals. (B) The solid
line indicates a fit of this cell’s
capacitance to Eq. 1:Vpkcm: −40.6 mV;
z: 1.0;Qmax: 2.61 pC; andClin: 26.0
pF. The bottom panels plot the
magnitude and phase of the
combination distortion components.
Symbols are as in Fig. 2B. As above,
magnitude minima correspond to abrupt
phase reversals.
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ucts and nonlinear capacitance can be used to predict
alterations in the Boltzmann characteristics. Figure 7
shows the utilization of f2−f1 phase reversal to track
peak capacitance andVpkcmduring changes in OHC tur-
gor pressure. As intracellular pressure is decreased, in-
dicated by the change in OHC longitudinal strain (dz),
Cm increases andVpkcmshifts in the negative direction as
observed previously using other techniques (Kakehata &
Santos-Sacchi, 1995).

Discussion

The present results indicate that membrane-bound non-
linear charge movement, in this case due to motility volt-
age sensors residing in the OHC lateral membrane, can
lead to distortion component generation under whole cell
voltage clamp. Classical studies have used linearized
impedance analysis to characterize ionic channel gating
charge movement (Fishman, Moore & Ponssart, 1977;
Takashima, 1978; Bezanilla et al., 1982; Fernandez, Be-
zanilla & Taylor, 1982). Indeed, similar analyses have
been made on OHC motility-related gating charge (San-
tos-Sacchi, 1991). However, those studies did not evalu-
ate distortion generation. In the OHC, single frequency
voltage stimulation generates harmonic distortion and
two-frequency stimulation generates combination distor-
tion in the current responses. The largest components
were at the second harmonic (2f), sum (f1+f2) and dif-
ference (f2−f1) frequencies, but significant responses
were obtained at the more complex combination frequen-
cies. The voltage dependence of the distortion compo-
nent magnitude and phase derive from the Boltzmann
characteristics of the OHC’s motility-related gating
charge. Thus, it was possible to track changes inVpkcm,
or equivalentlyVh, the voltage at half-maximal charge

displacement, by monitoring the phase reversal of the
f2−f1 distortion component.

The magnitude and phase data are readily predicted
from an electrical model of the OHC-patch-clamp sys-
tem, which includes an electrode resistance in series with
a parallel combination of membrane resistance and ca-
pacitance, the capacitance being comprised of a linear
and voltage-dependent component (seeSantos-Sacchi,
1993 for details). The voltage-dependent capacitance
component is the only nonlinearity in the system. Figure
8 illustrates the response of the model to the same pro-
tocols, i.e., single- and two-frequency voltage stimula-
tion, that we used in the experiments on OHCs and sup-
porting cells. The fitted parameters of the two OHCs
depicted in Fig. 4 were used in the model to generate the
distortion components. The model response compares
favorably with the biophysical data (compareFigs. 4 and
8), confirming that distortion magnitude minima and
phase reversals result from the characteristics of the non-
linear capacitance function, or equivalently, the nonlin-
ear Q-V function. Notably, the nonlinearity in the OHC
that we studied is similar to that of ionic channel gating,

Fig. 5. Sum and difference distortion magnitude as a function of AC
stimulus level. Results at three holding potentials are plotted: −60 mV,
closed triangles; 0 mV, filled circles; 60 mV, open circles. Both com-
ponents decrease at a rate greater than the stimulus. The dashed line
illustrates a linear relationship. The dotted line is the noise floor.

Fig. 6. Effects of charge blocking lutetium chloride on OHC capaci-
tance and distortion. (A) Capacitance (measured with dual frequency
admittance technique) of OHC before and after 3 mM LuCl3. Fit of
control capacitance to Eq. 1 indicatesVpkcm: −53.3 mV;z: 0.59;Qmax:
3.68 pC; andClin: 23.4 pF. After treatment the function could not be fit
reliably, however, at −60 mV nonlinear capacitance is halved by the
treatment. (B) After treatment, distortion components measured at a
holding potential of −60 mV were down about 6 dB (halved). Symbols
are the same as in Fig. 2B.
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and therefore it is expected that channel gating will pos-
sess a distortion signature that characterizes its voltage-
dependent behavior. Indeed, the small distortion compo-
nents detected in supporting cells may arise from gating
of ionic channels. A more selective and detailed analysis
directed within an ionic channel’s activation voltage
range may prove more revealing.

Intermodulation distortion characteristics derived
from the form of the mathematical function describing
the excited nonlinearity; the magnitudes and phases of
distortion are given by the Fourier expansion of the ex-
citation products and are predictable (Dallos, 1973). In
the case where a function can be expressed mathemati-
cally as a polynomial, AC distortions correspond to the
order of the polynomial. Functions of quadratic order
produce “quadratic distortions,” namely (for dual exci-
tation) f2±f12, and those of cubic order produce “cubic
distortions,” namely, 2f1±f2, 2f2±f1. Since our data
show both types of distortion, it is clear that the two-state
Boltzmann function can be characterized by the sum of
polynomials with even and odd orders, the relative con-
tribution depending on the holding potential level. Thus,
the distortion that we obtained empirically and verified
through modeling and experimental perturbation with
charge blockers is simply a consequence of the form of
an OHC’s Q-V function. It should be noted, however,

that memory-less characterizations such as this, as in our
model, do not take into account the recently observed
dependence of the Q-V function on initial voltage con-
ditions (Santos-Sacchi et al., 1998). Thus, the slight dif-
ferences between model and data may arise from this
dependence.

Our data also indicate the need for caution when
performing dual sinusoidal capacitance measures
(Rohlicek & Rohlicek, 1993; Donnelly, 1994). Because
of the large AC voltages typically used with these tech-
niques, it is possible that distortion generated by mem-
brane nonlinearities can interfere with capacitance mea-
sures. We used an FFT-based variation of this technique
(Santos-Sacchi et al., 1998), but our signal levels were at
10 mV pk, where little distortion was generated in the
OHC.

RELEVANCE TO THE AUDITORY SYSTEM

In the mammal, the range of auditory sensitivity spans
greater than 100 dB. In order to process this immense
range, the system response (e.g., basilar membrane am-
plitude) grows nonlinearly with stimulus level. As a re-
sult, distortion is generated and is the hallmark of the
normal auditory system response; it is indicative of an
active process that enhances the mammal’s ability to
detect and analyze spectral content in the environment,
especially near threshold, at high acoustic frequencies
(>10 kHz; seeRuggero and Santos-Sacchi (1997) for
review). Damage to OHCs interferes with this process,
and reduces system nonlinearities.

It is widely held that the active process involves
voltage-driven mechanical responses of OHCs which
provide feedback into the basilar membrane (Dallos,
1996). The molecular motors that reside in the lateral
membrane of the OHC are bidirectional inasmuch as
either membrane voltage or tension can evoke gating
currents (Santos-Sacchi, 1991; Iwasa, 1993; Gale & Ash-
more, 1994; Kakehata & Santos-Sacchi, 1995; Takahashi
& Santos-Sacchi, 1998). Furthermore, the cell’s voltage-
dependent capacitance correlates well with its mechani-
cal activity (Ashmore, 1989; Santos-Sacchi, 1990, 1991).
It is expected, then, that nonlinear distortions that char-
acterize the motility-related gating currents also describe
concurrent mechanical responses. Indeed, harmonic me-
chanical responses and harmonic current responses have
been observed in response to single sinusoidal stimula-
tion of the OHC under whole cell voltage clamp (Santos-
Sacchi, 1993).

Two-frequency evoked distortion components have
been measured in the force of stereociliar bundles of
Bullfrog saccular hair cells (Jaramillo, Markin & Hads-
peth, 1993). From the bundle’s resting position, AC
stimulation produced distortion responses that were simi-
lar to those reported here. Sum and difference compo-

Fig. 7. Utilization of phase data to track changes in Boltzmann char-
acteristics of OHC capacitance. The voltage at which f2−f1 phase
reversed (Vpkcm) was tracked by altering holding potential in 2 mV
increments until a phase reversal occurred, whereupon holding poten-
tial was decremented until reversal occurred. The tracking process was
continuous while OHC turgor pressure was altered. When turgor pres-
sure was reduced, indicated by an increase in longitudinal strain (dz),
Cm increased andVpkcm shifted in the negative direction, in line with
previous studies (Kakehata & Santos-Sacchi, 1995).
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nents were greatest in magnitude. It might be expected
that in an analogous manner to the holding voltage ma-
nipulations reported here, stereocilia bundle biasing
would produce magnitude and phase alterations in the
force distortion components. Since the characteristics of
OHC stereociliar bundles are basically the same as those
of the lower vertebrate (Russell, Kossl & Richardson,
1992), it is expected that OHC stereocilia will likewise
support distortion generation.

Despite the generation of distortion in single hair
cells, significant differences exist between the character-
istics of single cell distortion and distortion found in the
intact auditory system. Indeed, while OHCs may ulti-
mately underlie distortion found in the basilar mem-
brane, inner hair cells and neural elements of the auditory
system, it is unlikely that any single nonlinearity in a
single hair cell can fully and simply account for the level
and frequency-dependent behavior of distortion in the
intact system. For example, in the basilar membrane,
distortion levels decrease as the f2/f1 ratio is increased
(Robles et al., 1997), but this ratio dependence is absent
in isolated cells. One simple explanation for the in vivo
dependence, alluded to by Robles et al. (1997) is the
requirement for the two frequencies to reside within the
excitation region of the cell. Thus, while delivery of
disparate frequencies to single isolated cells is guaran-
teed experimentally, delivery to a single cell in vivo de-
pends on the tuning characteristics of the basilar mem-

brane. Only when frequencies are close enough to be
within the excitatory bandwidth at a given stimulus level
will an OHC receive two-tone stimulation. Another dif-
ference between system and cell is that distortion in vivo
is robust at low stimulus levels. Nonlinearities in single
cells are measured and predicted to decrease precipi-
tously as stimulus levels decrease (Santos-Sacchi, 1993).
This is shown here for the sum and difference distortion
components (Fig. 5), where the rate of drop in magnitude
is greater than that of the stimulating frequencies. Es-
sentially, nonlinearities vanish at very small signal lev-
els. In this regard, it should be stressed that the stereo-
cilia transduction (displacement to receptor potential)
function has a more significant nonlinearity near thresh-
old than does the OHC motility function, indicating that
the former is more likely to underlie the generation of
nonlinearities in OHC mechanical responses that im-
pinge on the basilar membrane (Santos-Sacchi, 1993).
Thus, stereocilia may dominate distortion product gen-
eration whether or not stereocilia themselves are capable
of mechanically influencing the cochlear partition. It is
certainly conceivable, however, that alteration in the
OHC motility nonlinearity may be observable in distor-
tion components should the stereociliar nonlinearity re-
main stable. That is, modifications to the OHC lateral
membrane motor alone will likely influence system non-
linearities.

Finally, a difference between single cell and basilar

Fig. 8. Model simulation of OHCs under
voltage clamp. The model consisted of an
electrode resistance (Rs) in series with a
parallel combination of membrane resis-
tance (Rm) and capacitance (Cm), the ca-
pacitance being comprised of a linear (Clin)
and voltage-dependent component (Cv).
Thepanels AandB correspond to those of
Fig. 4, whose fitted cell parameters were
used to generate the model distortion prod-
ucts shown here. Data were generated us-
ing the same stimulus protocols as in Fig.
4. In panelA, the membrane capacitance
was modeled as in Eq. 1 withVpkcm: −12.0
mV; z: 0.59;Qmax: 3.17 pC; andClin: 20.3
pF. Rs was 5MV andRm was 180MV. In
panel B, the membrane capacitance was
modeled as in Eq. 1 withVpkcm: −40.6 mV;
z: 1.0;Qmax: 2.61 pC; andClin: 26.0 pF.Rs

was 7MV and Rm was 160MV. The top
panels illustrate the capacitance of each
model cell, taken from Fig. 4 top panel fits.
The symbols of the bottom panels show the
generated distortion components as in Fig.
4. The lines simply connect the symbols.
Note the similarities between model and
biophysical data (Fig. 4).
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membrane distortion that cannot be easily explained is
the difference in the magnitude of distortion components.
While the simple difference and sum components (f1+f2,
f2−f1) were greatest in our single cell data, the stereo-
ciliar force production data (Jaramillo et al., 1993), and
the OHC motility data (Hu et al., 1994), the greatest
responses observed on the basilar membrane were the
combination components, 2f2−f1 and 2f1−f2.
Additionally, single cell distortion products were over an
order of magnitude less than the stimulus frequency re-
sponses, while basilar membrane distortion could be
greater — a result dependent upon tuning characteristics
of the basilar membrane (Robles et al., 1997). Thus, it
may be argued that the observed differences between
intact system and single cell distortion call for an inter-
action of OHC assemblies to account for system nonlin-
earity characteristics. In line with this concept, we have
recently shown that intact adjacent OHCs are mechano-
electrically coupled through supporting cells (Zhao &
Santos-Sacchi, 1998). Furthermore, under dual voltage
clamp, independent single sine wave stimulation in each
cell generates combination distortion components in both
cells (Zhao & Santos-Sacchi, 1999). In vivo, the extent
of basilar membrane excitation distributions in the high
frequency region of the cochlear can be taken to support
interaction within OHC assemblies (Russell & Nilsen,
1997).

This work was supported by NIH-NIDCD grant DC00273 to JSS. We
thank Margaret Mazzucco for technical help.
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Abstract There is a growing consensus that outer hair
cell (OHC) electromotility underlies the mammalian co-
chlear amplifier. This voltage-dependent motility is mir-
rored by a gating current, which along with motility can
be altered by tension applied to the cell’s plasma mem-
brane. We used localized tension application along the
length of the OHC to induce gating currents from mem-
brane microdomains; with this information we mapped
the distribution of the OHC’s sensitivity to membrane
stress before and after disrupting the cytoskeleton with
intracellular Pronase. Mechanically induced gating cur-
rents, which were susceptible to salicylate, lanthanides
and turgor pressure, evidenced a bell-shaped distribution
that was restricted to the lateral membrane where the
electromotile response resides. After Pronase treatment,
gating currents remained intact and restricted. These re-
sults confirm that the molecular motors are intrinsically
and bi-directionally susceptible to voltage and tension,
and provide evidence for limited mobility of OHC mo-
tors within the cell’s lateral membrane.

Keywords Gating charge · Membrane capacitance ·
Membrane tension · Outer hair cell · Turgor pressure

Introduction

In mammals, the outer hair cell (OHC) provides mechan-
ical feedback into the basilar membrane which enhances
auditory sensitivity and frequency resolving power [7,
29]. The likely underlying cellular mechanism is a
unique voltage-dependent somatic mechanical response

that can be driven at acoustic rates [3, 5, 13, 15, 31, 32].
The mechanical response of the OHC is mirrored by an
electrical signature, a motility-related gating current,
reminiscent of the gating currents that regulate ion chan-
nel conductance [4, 30]. This gating current or charge
movement can equivalently be measured as a nonlinear,
voltage-dependent capacitance whose cellular location
maps to the lateral membrane along the central extent of
the cylindrical OHC [19]. This is precisely where the
elusive molecular motors responsible for the OHC length
change reside [8]. In fact, the lateral membrane harbors,
almost exclusively, those sensor/motors that drive somat-
ic motility; voltage-dependent ionic channels are largely
absent, and reside in the basal membrane [33]. Beneath
the motor-containing lateral membrane lies a well-devel-
oped cortical cytoskeleton that maintains the cylindrical
shape of the cell [17, 37], and may function to limit the
lateral diffusion of intramembranous motors.

One of the most notable features of the OHC is its
piezoelectric-like behavior; under voltage clamp, not only
do voltage perturbations induce mechanical responses
and associated gating currents, but mechanical perturba-
tions of the plasma membrane can induce gating currents
as well [4, 14, 21, 22, 30]. Indeed, in the intact sensory
epithelium, as a consequence of mechanical coupling
through supporting Deiters’ cells, the mechanical activity
of any one OHC can induce gating currents in adjacent
OHCs [41]. The susceptibility of OHC mechanical and
electrical activity to membrane stress has been surmised
to arise from an action on lateral membrane sensor/mo-
tors. Here we utilize this phenomenon to assess the ex-
tent of motor activity along the longitudinal axis of the
OHC. Our data show that the susceptibility to membrane
stress is restricted to the same cellular region that har-
bors the high density of sensor/motors, confirming the
hypothesis that rapid changes in OHC membrane tension
induce conformational changes in the molecular sensor/
motor elements that are measurable as gating charge
movements. Furthermore, the nonuniform distribution
that we find provides evidence for limited mobility of
OHC motors within the cell’s lateral membrane.
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Materials and methods

General preparation

Guinea pigs were overdosed with pentobarbital. The temporal
bones were removed and OHCs were isolated from cochleas by
gentle pipetting of the isolated top two turns of organ of Corti in
Ca-free medium with collagenase (0.3 mg/ml). The cell-enriched
supernatant was then transferred to a 700-µl perfusion chamber,
and the cells were permitted to settle onto the coverglass bottom.
All experiments were performed at room temperature (≅23°C). A
Nikon Diaphot inverted microscope with Hoffmann optics was
used to observe the cells during electrical recording. A modified
Lebovitz medium (NaCl, 142.2 mM; KCl, 5.37 mM; CaCl2,
1.25 mM; MgCl2, 1.48 mM; HEPES, 10 mM; dextrose, 5 mM; ad-
justed to pH 7.2 with NaOH, and adjusted to 300 mosmol/l with
dextrose) was used as the standard perfusion solution.

Electrical recordings

Cells were whole-cell voltage clamped with an Axopatch 200B
amplifier (Axon Instruments, Calif., USA). Gigohm seals were ob-
tained at the supra-nuclear region of the OHC membrane prior to
whole-cell recording. Patch electrodes had initial resistances of
3–5 MΩ, corresponding to tip sizes of approximately 1–2 µm. The
series resistance typically ranged from 8 to 15 MΩ. No series
resistance compensation was performed, as this interferes with ad-
mittance-based capacitance measures (see below). Pipette solu-
tions were composed of 140 mM CsCl, 10 mM EGTA, 2 mM
MgCl2, and 10 mM HEPES (buffered to pH 7.2 with CsOH, and
adjusted to 300 mosmol/l with dextrose). In order to evaluate non-
linear capacitive gating currents in the absence of confounding
ionic currents, the standard perfusion solution was replaced with
an ionic blocking solution following seal formation {NaCl,
100 mM; tetraethylammonium (TEA), 20 mM; CsCl, 20 mM;
CoCl2, 2 mM; MgCl2, 1.48 mM; HEPES, 10 mM; dextrose,
5 mM; adjusted to pH 7.2 with NaOH, and adjusted to 300 mos-
mol/l with dextrose; [19, 30]}. In some cases, the extracellular so-
lution contained 10 mM sodium salicylate (replacing NaCl). Addi-
tionally, in some cases intracellular Pronase (500 µg/ml), a wide
spectrum proteolytic enzyme, was added to the pipette solution to
destroy the cortical cytoskeleton [20, 22, 24, 35]. All chemicals
were purchased from Sigma (USA). OHCs were held at 0 mV.
Currents were recorded as averages of ten responses. Data collec-
tion and analysis were performed with a Window’s based whole-
cell voltage-clamp program, jClamp (http://www.med.yale.edu/
surgery/otolar/santos/jclamp.html), utilizing a Digidata 1200 board
(Axon Instruments, Calif., USA). Patch pipette pressure was
modified with a syringe connected to the Teflon tubing attached to
the patch pipette holder and monitored via a T-connector to a pres-
sure monitor (WPI, Florida, USA). All experiments were video
taped.

Membrane capacitance and mechanically evoked gating currents

Voltage-dependent OHC capacitance was measured with a contin-
uous high-resolution two-sine voltage stimulus protocol (10 mV
peak at both 390.6 and 781.2 Hz) [35]. Sinusoids were superim-
posed on voltage ramps.

Restricted regions of the OHC lateral membrane were stressed
using a micropipette aspiration technique. This technique has been
used extensively to study the mechanical properties of membrane,
notably by Evans and associates [10]. In fact, Brownell and col-
leagues [25] have used it to study the mechanical properties of the
OHC lateral membrane through aspiration-evoked deformation.

Aspiration was delivered through a solution-filled glass pipette
fitted to a computer-controlled piezoelectric device (PZL,
Burleigh Instruments, N.Y., USA) within an in-house-designed
pipette holder. The pipette tip was heat polished to a final inner
diameter of 2.5 µm. The pipette contained bath solution that inter-
faced with mineral oil in the fluid-tight, rigid plastic pipette hold-
er. Piezoelectrically driven piston movements within the mineral
oil were delivered to the pipette solution. To maintain a tight seal
between the pipette tip and the cell membrane, the tip was placed
on the cell surface at right angles and slight negative pressure was
applied. Tip placement by the micromanipulator was visually ob-
served, and recorded on videotape for later measurement. Mem-
brane deformation was induced by movements of the driver’s pis-
ton stepped in the negative direction (producing suction) in the
range of 200 to 800 nm, controlled by the voltage magnitude de-
livered to the piezoelectric. For the mapping studies, one fixed
voltage was used along the cell length. The spatial pattern of stress
delivery along the length of the cell was random; that is, there was
no particular path along the cell length that was followed. Addi-
tionally, since we found that cell collapse altered the magnitude of
mechanically evoked gating currents, we maintained the cylindri-
cal shape of the OHC with small pipette pressures for those cells

Fig. 1A–D On the left is a schematic and digitally captured image
of isolated outer hair cell illustrating the patch pipette at the supra
nuclear region and stimulating pipette. A Whole-cell current in-
duced by discrete mechanical stimulation of the lateral plasma
membrane. The Solid line depicts raw current and the dotted line
shows the transient current artifact with the stimulating pipette off
the cell. B Mechanically induced current obtained by subtracting
current artifact from the raw current response. C As in B, except
the driving piston in the stimulating pipette was absent, and conse-
quently mechanical stimulation of the membrane was lacking.
Under this condition, however, the piezoelectric driver was still
activated and transient current artifacts were still generated. D Ab-
sence of response following the stimulation of the supporting
Deiters cell membrane. Black bar indicates the duration of me-
chanical stimulus (see text)



used for mapping experiments (see [22] for details). In some cells,
repeat measures were made following mapping, and responses
were within 10% of initial ones, indicating that delivery of the
stimulus was uniform and repeatable along the length of the cell.

Data are derived from cells in the low frequency region of the
organ of Corti, 60–70 µm long. These cells were chosen over
shorter, high frequency cells so that the distribution within the lat-
eral membrane could be mapped with increased resolution over
our previous electrical amputation method [19]. A particular stim-
ulation location was binned within one of ten equally spaced
(6–7 µm) regions along the cell length, providing relative mea-
sures of response distribution. Eight of those regions corresponded
to the lateral membrane (see Results, and schematic of Fig. 4). If
we had chosen smaller cells, the number of regions would have
been smaller (given our aspiration pipette size).

Oscillations in the current response were generated by a me-
chanical resonance in the stimulus delivery system, as has been
described previously [14]. The magnitude and frequency of the
resonance depended on the piezoelectric device and pipette/mem-
brane seal combination. Resonances around 1 kHz were observed
and could be reduced by filtering the command voltage to the
piezoelectric. These oscillatory currents are real motor-generated
currents, and are differentiated from a concurrent electrical artifact
(initial few microseconds – see Results). Such high frequency re-
sponses are not unusual since the frequency responsiveness of
OHC charge movement extends into the tens of kilohertz range
[15]. Membrane currents were quantified by either measuring the
RMS value during the extent of the mechanical stimulus, or by in-
tegrating the current response over that same period. The latter
technique was employed when under some experimental condi-
tions exponentially decaying currents possessed minimal oscilla-
tions, so that gating charge estimates could be made. Either mea-
sure produced quantitatively similar mapping patterns.

Results

Restricted tension application evokes motility-related
gating currents

Under whole-cell voltage clamp with ionic currents
blocked, discrete mechanical stimulation of the OHC lat-
eral plasma membrane evokes an initial transient fol-
lowed by small oscillatory currents (Fig. 1). The piezo-
electric-driven aspiration pipette that we use to apply
membrane stress contributes a short-lived electrical arti-
fact at the onset (dotted line, Fig. 1A) that is subtracted
from the raw response to obtain membrane currents
(Fig. 1B). In the absence of the aspiration pipette’s driv-
ing piston, no membrane currents are elicited (Fig. 1C).
Supporting cells do not generate membrane currents
when stimulated mechanically (Fig. 1D). Digestion of
the subsurface cytoskeleton with intracellular Pronase
(500 µg/ml) did not abolish mechanically evoked gating
currents, similar to results with voltage-induced charge
movement [20].

Further evidence indicating that these discretely gen-
erated currents derive from OHC sensor/motors residing
in the lateral membrane is obtained from the current’s
sensitivity to agents that block voltage-induced OHC
motility and capacitance. Figure 2A shows that salicylate
blocks the mechanically elicited membrane current.
Additionally, the currents show a bell-shaped voltage
dependence that is expected based on macroscopic meth-
ods of mechanical stimulation of the OHC [14, 41]. Pan-
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Fig. 2 A Dotted line illustrates the raw whole-cell current induced
by discrete mechanical stimulation of the lateral plasma mem-
brane. The solid line is the response after perfusing the cell with
10 mM salicylate. Beneath, the subtracted current represents that
current sensitive to salicylate. The black bar indicates the duration
of mechanical stimulus. B Mechanically induced gating current
magnitude versus holding membrane potential. Solid circles indi-
cate responses before salicylate (10 mM) treatment, open circles
during salicylate treatment, and solid triangles following salicy-
late washout. C Corresponding membrane capacitance as a func-
tion of membrane potential. Symbols are as in B. Fits to the capac-
itance data were obtained using the following formula:

where Qmax is the maximum nonlinear charge moved, Vpkcm is volt-
age at peak capacitance or half-maximal nonlinear charge transfer,
Vm is membrane potential, Clin is linear capacitance, z is valence,
e is electron charge, k is Boltzmann’s constant, and T is absolute
temperature. Before salicylate – Qmax: 2.56 pC, Vpkcm: –63.7,
z: 0.78, Clin: 20.4; after washout – Qmax: 2.64 pC, Vpkcm: –48.8,
z: 0.72, Clin: 20.1. The data during salicylate treatment could not
be fit reliably
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els B and C of Fig. 2 illustrate the voltage-dependent
magnitude of the cell’s membrane capacitance and me-
chanically evoked membrane currents. Each is reversibly
reduced by salicylate. The shift in the voltage at peak ca-
pacitance (Vpkcm) evident after washout is possibly due to
a reduction of OHC turgor pressure during the recording.
This shift is observable in the current–voltage (I–V)
function as well. Gating currents arise from the small
area within the orifice of the stimulating pipette; this was
confirmed by treatments with lutetium, a known blocker
of motility and nonlinear capacitance that works solely
on the extracellular aspect of the lateral plasma mem-
brane [23]. When lutetium was placed within the solu-
tion of the stimulating pipette nearly all gating current
was abolished; however, when lutetium was placed with-
in the bath solution, gating current was little affected,
since the blocking agent could not reach the mechanical-
ly activated site (data not shown).

Turgor pressure modulates gating current magnitude

The effect of turgor pressure on the mechanically elicited
membrane current was studied in detail. It is known that

Fig. 3 Mechanically induced gating current magnitude depends
on intracellular turgor pressure. Average (n=3) relative gating cur-
rent magnitude is plotted as a function of time after establishment
of whole-cell recording (filled circles). The magnitude decreases
to less than half of the initial level within 20 min and remains sta-
ble after that time. Following stabilization, positive pressure deliv-
ered via the patch pipette (≅0.6 kPa) increased the average relative
magnitude to 0.81. The inset depicts mechanically induced gating
currents from a single cell during the course of recording. Scale
80 pA, 5 ms. In another five cells (open triangles), positive pipette
pressure delivered throughout the recording period blocked the de-
crease in gating current magnitude

Fig. 4A–C Mechanically induced gating currents are restricted to
the lateral membrane of the OHC. A Average (±SE; n=10) gating
currents as a function of normalized stress site. B Five of the cells
in A were subsequently treated with 10 mM salicylate, and the
salicylate-sensitive gating current obtained through subtraction is
displayed. Note minimal currents at cell extremes. C In three addi-
tional cells, where the exponentially decaying gating current dom-
inated the mechanically evoked response, gating charge was deter-
mined via integration. Membrane surface area under the stimulat-
ing pipette was calculated based on tip diameter and an assumed
hemispheric profile. Charge density is similar to that obtained via
voltage stimulation paradigms

the intracellular pressure of the OHC dissipates follow-
ing establishment of whole-cell voltage clamp [22]. Dur-
ing that time Vpkcm shifts in the negative direction and
peak capacitance increases. Figure 3A shows that after
the establishment of the whole-cell configuration,
mechanically elicited membrane currents (filled circles)
decrease in size over a time course similar to the known
effects on OHC capacitance [22]. Indeed, simultaneous-
ly, Vpkcm shifts in the negative direction (data not shown).
Applying positive pressure through the patch pipette pre-
vents the decrease in gating current magnitude (open tri-
angles). The current trace insets depict, for a single cell,
the decrease in gating current magnitude over the course
of 20 min; at that time a positive pressure of 0.66 kPa
applied to the patch pipette reestablished the initial mag-
nitude of the mechanically evoked current.
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Tension-induced gating currents map to the lateral
membrane in a nonuniform manner

Having confirmed that the membrane aspiration-induced
currents derive from OHC motors, we used this method
to map the distribution of stress sensitivity within the
OHC plasma membrane. Single cells were subjected to
multiple discrete mechanical stimulations along the
length of the cell. Figure 4A shows the average RMS
gating current magnitude along the normalized length of
the OHC. The response is clearly largest in the central
region of the cell, which corresponds to that region
where OHC voltage-dependent capacitance and motility
reside [8, 19]. Figure 4B plots the extent of the gating
current that is susceptible to salicylate; negligible me-
chanical sensitivity resides at the extremes of the cell. In
three cells it was possible to determine gating charge via
integration since an exponentially decaying gating cur-
rent dominated the mechanically evoked response. In
Fig. 4C we plot the average gating charge density from
these cases and show that the average density within 
the central portion of the cell membrane, about
10,000 e/µm2, is similar to the charge density obtained
by voltage stimulation protocols [19].

Motor distribution is maintained following cytoskeletal
disruption

Finally, we examined the effects of destroying the
OHC’s cortical cytoskeleton on the generation and distri-
bution of stress-induced gating currents. In two cells we
were able to perfuse intracellularly with 500 µg/ml Pron-

ase via the patch pipette and map the distribution before
and after cytoskeletal disruption. Figure 5 shows an
example. Over the course of about 10–15 min, OHCs
lose their cylindrical shape and form spheres (Fig. 5A)
[20, 22, 24]. In the process, the cortical cytoskeleton is
disrupted, leaving free plasma membrane [20]. Before
disruption occurred, the cells showed typical distribu-
tions of stress-induced gating currents (Fig. 5B, top pan-
els). Following cytoskeletal disruption, gating currents
were still evoked by membrane stress, and surprisingly
remained restricted in their distribution (Fig. 5B, bottom
panels). Having videotaped the experiments, we were
able to track and conclusively identify the cell’s basal
membrane as it changed shape. Over the time course of
the experiments (≅20–30 min), lateral diffusion of the
molecular motors into the basal plasma membrane did
not occur.

Discussion

The OHC is a highly partitioned cell whose sensory
activity is augmented by voltage-dependent mechanical
activity. OHCs possess a mechano-electrical transduction
mechanism within the apical membrane – the stereociliar
bundle, and synaptic machinery in the basal membrane.
This basic polarization, found in all vertebrate hair cells,
has evolved in the OHC, since, additionally, molecular
motors responsible for the cell’s electro-mechanical
transduction are restricted to the lateral membrane 
[8, 19, 20, 24]. The membrane area comprising the cylin-
drical cell’s lateral membrane can range up to nearly four
times that of the combined apical and basal membrane

Fig. 5A, B Mechanically in-
duced gating currents remain
intact and restricted following
cytoskeletal disruption. A Digi-
tally captured images of an
OHC during recording with
Pronase-containing intracellu-
lar solution. Top – after 9 min;
during this time control mea-
surements were made. Middle –
cell is beginning to form a
sphere as the cytoskeleton is
disrupted. Bottom – after
13 min the cell is fully spheri-
cal. Diameter is 24 µm. The cu-
ticular plate is on the underside
of the cell. B Plot shows re-
stricted gating currents ob-
tained while the cell was still
cylindrical. The bottom sche-
matic illustrates the cell after
the cytoskeleton was destroyed.
Gating currents were measured
at the regions marked by filled
circles. Note the absence of re-
sponse over the nuclear region
which was determined from
video to correspond to the basal
membrane



(e.g., given a 90-µm-long OHC, apical and basal surface
area is estimated to be about 750 µm2, whereas lateral
membrane area is about 2700 µm2).

The OHC lateral plasma membrane displays an un-
usually dense population of tightly packed 8- to 10-nm
particles that probably represent protein motors embed-
ded in the lipid bilayer [12, 16, 24, 34]. Densities up to
6000/µm2 have been reported. Electrophysiological ex-
periments similarly provide motor density estimates
ranging from 2500 to 7500/µm2 based on voltage-
induced gating charge densities from low frequency
OHCs [4, 15, 19, 30]. Despite this good correspondence,
we have recently shown that the correlation between ul-
trastructural and electrophysiological estimates of motor
density may not hold for high frequency OHCs, where
charge density increases more so than membrane particle
density [34]. Nevertheless, all estimates clearly indicate
that the molecular motors dominate the makeup of the
lateral membrane. We now show that the density of
mechanically induced charge movement, while not uni-
form, is similar to those estimates determined through
whole-cell voltage stimulation. An average density of
10,000 e-/µm2 was found, assuming a hemispherical
insertion of the membrane into the aspiration pipette.
Oghalai et al. [25] have shown that upon slight suction,
this type of membrane deformation is expected with an
aspiration pipette of our size. Thus, the co-localization of
voltage- and mechanical-sensitive charge movement to
the lateral plasma membrane that we report here strongly
suggests that we are observing intrinsic piezoelectric-
like activity of integral membrane motors. That is, volt-
age and mechanical sensitivity are features of one molec-
ular entity – the motor, and independent of cytoskeletal
requirements, since cytoskeletal disruption with Pronase
leaves charge movement intact.

The nonuniform distribution of stress sensitivity
along the lateral membrane may arise from a true motor
distribution pattern or regional differences in the efficacy
of mechanical stimulation due, for example, to mem-
brane stiffness gradients along the cell length. It is clear
from the turgor results that changes in the mechanical
properties of the membrane can influence the magnitude
of charge movements, yet it is not obvious from ultra-
structural studies that the lateral wall structure harbors
such longitudinal mechanical gradients [28]. However, it
is clear that abrupt mechanical changes probably arise at
the apical and basal terminal borders of the subsurface
cytoskeleton and cisternae that lie beneath the lateral
plasma membrane. Nevertheless, the changes in charge
density are clearly more gradual. Previously, we had
mapped the distribution of voltage-induced charge
movement using an electrical amputation technique [19].
In order to evaluate our data that were admittedly limited
in spatial resolution we modeled the motor density as
evenly distributed along the lateral membrane, and con-
cluded that the apical and basal poles of the OHC were
devoid of sensor / motors. While our present data con-
firm the virtual absence of motors in the apical and basal
poles, it appears that a uniform distribution is unlikely.

This is corroborated to some extent by the findings of
Zajic and Schacht [40], who showed that in response to
K depolarization mechanical responses in the middle of
the OHC are larger than at its apical and basal regions.
We conclude that the nonuniform distribution of motors
is real and must be an expression of restricted lateral
mobility within the plane of the cell’s plasma membrane.

The OHC’s cortical cytoskeleton is extensive; struc-
tural similarities have been found between it and the
peripheral cytoskeleton of other cell types, including
muscle cells and red blood cells [11, 17, 24, 37]. In the
red blood cell, band 3 membrane proteins are restricted
in their lateral movements by interactions with the sub-
surface cytoskeleton (see Edidin [9] for review). Agents
that disrupt the cytoskeleton can increase lateral mobility
by about two orders of magnitude. In the OHC, the corti-
cal cytoskeleton lies beneath that region of the mem-
brane where the dense array of membrane particles re-
sides, and it is possible that interactions with the motors
restrict their diffusion to basal and apical compartments
of the cell. We have evidence that protein motors are in-
deed able to diffuse laterally within the lateral membrane
itself [36]. Utilizing microdomain photoinactivation of
motor charge movements (i.e., voltage-dependent capac-
itance), we showed that photo exposure of dye marked
OHC lateral membrane for extended periods of time irre-
versibly depleted whole-cell charge movement beyond
that expected for an immobile population in the exposed
area. Nevertheless, the present data indicate that diffu-
sion of motors into regions normally devoid of motors,
viz. the apical and basal regions, does not occur within
the time frame of our experiments. For a typical diffu-
sion coefficient of membrane protein untethered by cyto-
skeleton, e.g., 1 e-9 cm2/s [2], we might have expected to
observe gating charge movements in the basal region
after 10–20 min. For example, if we assume that the mo-
lecular motors within the Pronase-treated spherical OHC
are initially restricted to one hemisphere then the time to
redistribute the motors equally within the sphere would
be:

τ = ro
2/2D

where ro is the cell radius, and D is the diffusion coeffi-
cient [18]. With ro=12 µm (Fig. 5A), and D=1e-9 cm2/s,
we obtain τ of about 12 min. Clearly, this redistribution
did not occur. In fact, τ is an overestimate since the mo-
tors in our treated cells occupy far greater than 50% of
the membrane surface area. Furthermore, motors would
only need to diffuse a few microns in order to occupy the
basal membrane. It is not unusual for mobilities to vary
within different membrane microdomains. For example,
voltage-gated Na channels in neuronal soma diffuse
more readily than in the axon hillock (one to two orders
of magnitude difference in diffusion coefficients) [2]. In-
deed, there is a barrier to the diffusion of Na channels
between the two regions of neuronal membrane. Tether-
ing by ankyrin probably plays a role in clustering Na
channels at the axon hillock [43], and, interestingly,
Winckler et al. [39] suggest that this type of interaction
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between membrane protein and the cytoskeleton pro-
vides a diffusion barrier for other membrane proteins in
the neuron as well. Our data, however, suggest that this
type of cytoskeletal barrier is not acting to limit the dif-
fusion of lateral membrane motors into the basal mem-
brane region. The story may be different for voltage-
gated ion channels that are restricted to the basal mem-
brane of the OHC [32]. Though it cannot be dismissed
that their clustering relies on cytoskeletal elements, as do
Na channels, the highly organized nature of the subsur-
face cytoskeleton found in the lateral membrane is
absent in the basal membrane. One further means of
restricting ionic channel movements to the basal mem-
brane could arise from the high density of molecular
motors within the lateral membrane, which would effec-
tively provide a barrier to diffusion into the motor region
from the basal membrane. Indeed, the high density may
also limit lateral diffusion within the lateral membrane
itself. Recently, Oghalai et al. [26, 27] have shown that
lipid mobility in the lateral membrane is quantitatively
similar to that of other cell types but is dependent upon
membrane voltage and tension, as might be expected if
the state of the molecular motors, in addition to their
density, were influential.

The susceptibility of mechanically induced gating
currents to salicylate is understandable since the drug is
capable of blocking the OHC’s voltage-dependent charge
movement (or capacitance) within seconds of application
[23, 38]; a mechanically induced shift of the charge–
voltage (Q–V) function along the voltage axis is thought
to give rise to mechanically induced gating currents [14,
22, 41]. Indeed, for this reason, the mechanically evoked
currents possess a bell-shaped voltage dependency.
However, while some common characteristics of me-
chanically and voltage-evoked gating currents, e.g.,
block by salicylate and lanthanides, are readily explain-
able, the effect of cell turgor on mechanically evoked
gating current magnitude is not simply explained, and
deserves some discussion. OHCs normally possess a
positive intracellular pressure that helps maintain the cy-
lindrical shape of the cell [6]. Steady state decreases in
OHC turgor pressure cause negative dc shifts of the Q–V
or capacitance function along the voltage axis until a
limiting Vpkcm, near –70 mV, is attained [22]. At that
point, tension changes have little effect on Vpkcm. This
phenomenon may play a role in reducing mechanically
generated gating currents when the cell is collapsed from
its cylindrical shape; however, from our data it appears
that mechanically evoked gating currents are reduced in
a graded fashion as intracellular pressure is decreased.
Even more confounding is the observation that Qmax
derived from voltage stimulation appears to decrease as
intracellular pressure is increased [14, 22] until, under
extreme conditions, charge movement can be blocked
substantially [1]. Of course, these findings might suggest
an opposite result from what we found. It should be not-
ed, however, that the changes in turgor pressure that we
encountered amount to changes of less than 1 kPa, and,
within that range, with an intact cytoskeleton, quite
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small changes in Qmax are expected [22]. Finally, it may
simply be that the efficacy of a given stimulus delivered
to the membrane patch under the stimulating pipette de-
pends on the degree of resting membrane tension. This
might occur if membrane deformation or bending were
the effective stimulus. In this regard, we have suggested
that after cytoskeletal destruction, the membrane is more
sensitive to turgor pressure, as though the cytoskeleton
were impeding membrane deformation [22]. This is
borne out by independent studies on the stiffness of the
OHC lateral wall (combination of the plasma membrane,
cortical cytoskeleton and subsurface cisternae) [25],
where the component stiffness of the lateral membrane
was found to be less than that of the combined cytoskele-
ton and subsurface cisternae. We can also conclude from
these data of Oghalai et al. [25] that our small deforma-
tions of the intact lateral wall would not have indepen-
dently stimulated the lateral membrane, in contrast to the
case following Pronase treatment.

The co-localization of a bi-directional voltage/
mechanical sensitivity to the lateral plasma membrane
underscores an intrinsic feedback mechanism that exists
not only within single OHCs but also among OHCs re-
siding within the normally functioning organ of Corti
[41]. Just as the motor is restricted to one region of the
OHC, the cellular expression of the motor is restricted to
only one hair cell type in the mammalian sensory epithe-
lium, viz the OHC. Recently, Dallos and coworkers [42]
have identified a protein unique to the OHC which when
expressed in nonauditory cells bears the mechanical and
electrical signatures of the OHC motor. From this dis-
covery, we can expect more detailed examinations and
understanding of the mechanisms responsible for the
segregation and mobility of this unique protein within
the OHC plasma membrane.
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Novel Role of the Mitochondrial Protein Fus1
in Protection from Premature Hearing Loss
via Regulation of Oxidative Stress and Nutrient
and Energy Sensing Pathways in the Inner Ear

Winston J.T. Tan,1,* Lei Song,2–4,* Morven Graham,5 Amy Schettino,6 Dhasakumar Navaratnam,7,8

Wendell G. Yarbrough,1,9 Joseph Santos-Sacchi,1,8,10 and Alla V. Ivanova1

Abstract

Aims: Acquired hearing loss is a worldwide epidemic that affects all ages. It is multifactorial in etiology with
poorly characterized molecular mechanisms. Mitochondria are critical components in hearing. Here, we aimed
to identify the mechanisms of mitochondria-dependent hearing loss using Fus1 KO mice, our novel model of
mitochondrial dysfunction/oxidative stress.
Results: Using auditory brainstem responses (ABRs), we characterized the Fus1 KO mouse as a novel, clin-
ically relevant model of age-related hearing loss (ARHL) of metabolic etiology. We demonstrated early decline
of the endocochlear potential (EP) that may occur due to severe mitochondrial and vascular pathologies in the
Fus1 KO cochlear stria vascularis. We showed that pathological alterations in antioxidant (AO) and nutrient and
energy sensing pathways (mTOR and PTEN/AKT) occur in cochleae of young Fus1 KO mice before major
hearing loss. Importantly, short-term AO treatment corrected pathological molecular changes, while longer AO
treatment restored EP, improved ABR parameters, restored mitochondrial structure, and delayed the devel-
opment of hearing loss in the aging mouse.
Innovation: Currently, no molecular mechanisms linked to metabolic ARHL have been identified. We es-
tablished pathological and molecular mechanisms that link the disease to mitochondrial dysfunction and oxi-
dative stress.
Conclusion: Since chronic mitochondrial dysfunction is common in many patients, it could lead to developing
hearing loss that can be alleviated/rescued by AO treatment. Our study creates a framework for clinical trials
and introduces the Fus1 KO model as a powerful platform for developing novel therapeutic strategies to
prevent/delay hearing loss associated with mitochondrial dysfunction. Antioxid. Redox Signal. 27, 489–509.
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Introduction

According to the World Health Organization (WHO),
360 million people worldwide live with disabling

hearing loss (www.who.int/mediacentre/factsheets/fs300/en).
The prevalence of hearing loss increases with age; thus, in
children it is 1.7%, in adults aged 15 years or more it is about
7%, and it rapidly increases to almost one in three in adults
older than 65 years (www.who.int/pbd/deafness/estimates/
en). Besides aging (32), a number of other risk factors have
been identified, including noise exposure (27, 28, 60, 74),
ototoxic drugs (57), hypertension (1), diabetes (26), and
smoking (10).

Unrecognized or untreated hearing loss results in wide-
spread effects from difficulties in communicating, and affects
productivity and quality of life. It may lead to social isolation,
depression, and cognitive decline (2). Uncovering and detailed
characterization of the mechanisms of premature hearing de-
cline would provide a foundation for tailored prevention or
treatment plans based on ‘‘individual broken systems.’’

One of the critical components of hearing function is mi-
tochondrial health. The mitochondrion is a versatile energy-
producing organelle that regulates vital cellular processes,
such as metabolism, calcium and redox signaling, and apo-
ptosis. Mitochondrial involvement in auditory function was
recognized by hearing impairment in many patients with
mitochondrial diseases and via identification of mutations in
mitochondrial DNA in patients with maternally inherited
deafness (12). Mitochondrial dysfunction-mediated hearing
impairment can be inborn or progressive when induced by
aminoglycosides, sound exposure, or aging.

Mitochondria contain more than 1500 proteins, but only 14
are encoded by mitochondrial DNA while the rest are nuclear
encoded (33). Therefore, one would expect that abnormal
activities/loss of many of these mitochondria-residing pro-
teins could affect hearing. However, the significance of
nuclear-encoded mitochondrial proteins in hearing is poorly
understood with only several hearing loss-linked mutations
characterized in humans (73, 17).

In mice, the most extensively studied model is the so-
called mtDNA-mutator mouse bearing a mutation in the
mitochondrial polymerase gene (Polg) (69) that exhibits a
significant elevation of auditory brainstem response (ABR)
thresholds at low to middle frequencies by 9–10 months of

age (63). Two other mouse models that lack the antioxidant
(AO) enzymes, Gpx1 or Sod1, show enhanced susceptibility
to noise-induced hearing loss (45). Scavenging of mitochon-
drial reactive oxygen species (ROS) by targeting an AO pro-
tein catalase to mitochondria in MCAT transgenic mice
alleviates hearing loss in aging MCAT mice compared to age-
matched WT mice (58, 59).

Recently, our group characterized a transgenic mouse
strain that robustly overexpresses the mitochondrial me-
thyltransferase TFB1 M (Tg-mtTFB1 mice) and exhibits
progressive hearing loss most likely of strial etiology; how-
ever, no obvious signs of strial atrophy were detected.
Hearing loss in this model was rescued by genetically re-
ducing AMPK a1 activity (38). While these few models
provide strong evidence that mitochondria and mitochondria-
generated ROS play essential roles in progressive hearing
loss, additional mouse models are required to characterize
the spectrum of auditory system pathologies inflicted by
mitochondrial dysfunction-induced oxidative stress and
inflammation.

Our early studies showed that mitochondrial dysfunction
and oxidative stress are the primary pathogenic mechanisms
in Fus1-deficient cells and mice. In our KO model (22), loss
of mitochondrial protein Fus1 profoundly affects several
mitochondrial parameters, such as ROS production, calcium
uptake, mitochondrial membrane potential (MMP), respira-
tory reserve, and mitochondrial fusion (70, 71). As we
demonstrated, the perturbed mitochondrial homeostasis/oxi-
dative stress in Fus1 KO mice affect steady-state mitochon-
drial activities and severely compromise stress response on
exposure to asbestos, radiation, infection, or immune stimu-
lation (20, 70, 71, 76). Therefore, we hypothesized that Fus1
KO mice may experience either an inborn hearing defect or
develop early progressive age-related hearing loss (ARHL)
and that this pathology may be alleviated by improving the
redox state in the cochlea.

Here, we established that Fus1 KO mice suffer from the
least characterized type of ARHL of strial origin, making this
model a valuable tool for studying mitochondrial/oxidative
mechanisms of age-related hearing decline. Using this model,
we establish and characterize in detail the phenotypic mani-
festations of premature hearing loss of strial etiology based
on Fus1 loss-mediated mitochondrial dysfunction, and
identify the target cells and tissues in the inner ear that are
most vulnerable to such dysfunction. We also identify mo-
lecular pathways responsible for early hearing loss, and ex-
plore an AO approach to slow down hearing loss and
development of molecular defects in cochlear tissues asso-
ciated with mitochondrial dysfunction/oxidative stress.

Results

Fus1 KO mice show early-onset progressive
hearing loss

Our earlier studies showed that Fus1 KO cells and tissues
are characterized with high levels of ROS and insufficient AO
machinery (70, 71, 77). Considering the detrimental effects
of oxidative stress on hearing (19), we hypothesized that Fus1
KO mice may have progressive hearing loss. We used ABRs
to measure hearing levels in Fus1 WT and KO mice of dif-
ferent ages. We found that while young 2-month-old KO
mice had similar hearing thresholds to WT mice at middle

Innovation

Age-related hearing loss is a serious health problem with
few efficient therapies due to its multifactorial etiology and
poorly characterized molecular mechanisms. We present
evidence that mitochondrial dysfunction/oxidative stress,
often associated with inflammatory or mitochondrial dis-
eases, result in a special type of progressive hearing loss
manifested by mitochondrial and vascular degeneration in
the cochlear stria vascularis, a decrease in endocochlear
potential, and early alterations in aging-associated molec-
ular pathways in the inner ear. Remarkably, antioxidant
supplementation corrects these electrophysiological, mito-
chondrial, and molecular pathologies resulting in a signif-
icant delay in hearing decline and suggesting approaches to
alleviate this type of hearing loss.
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frequencies, and slightly elevated thresholds at low and high
frequencies (Fig. 1A), 4–5-month-old KO mice had moder-
ately elevated thresholds over the 2–32 kHz frequency range,
and 8–10-month-old KO mice had substantial threshold el-
evations of up to 50 dB across all frequencies. Hearing de-

cline continued further in 12–13-month-old KO mice
(Fig. 1A). Age-matched WT mice over the same time period
showed no significant changes in thresholds at middle fre-
quencies and a slight threshold elevation at high and low
frequencies (Fig. 1B). Hearing decline in WT mice was slow

FIG. 1. Age-related changes in hearing thresholds in WT and Fus1 KO mice. (A) The graphs illustrate hearing thresholds
(dB SPL) defined via measuring ABRs in WT (green circles) and Fus1 KO (red circles) mice of different age groups. Fast
dynamics of progressive hearing loss is observed in Fus1 KO mice, which have similar thresholds to WT mice at 2 months of
age, significant moderate threshold elevations compared to WT mice at 4–5 months of age, and drastically elevated thresholds
at 8–10 months of age. Hearing sensitivity further declined in 12–13-month-old KO mice. (B) The graphs illustrate age-
dependent threshold changes in WT and Fus1 KO mice. In contrast to KO mice, WT mice showed no significant changes in
thresholds at midfrequencies with age and only a slight threshold increase at low and high frequencies. Data presented as
mean – SEM. *p < 0.05 (Student’s t-test, unpaired). [ These data points include mice that showed no response at 110 dB SPL,
the upper limit of the ABR recording. Number of mice with ‘‘no response’’ thresholds: 8–10-month-old KO mice at 2 kHz = 2,
2.8 kHz = 1; 12–13-month-old KO mice at 2 kHz = 6, 2.8 kHz = 5, 4 kHz = 2, 5.6 kHz = 1, 32 kHz = 3. ABR, auditory brainstem
response. To see this illustration in color, the reader is referred to the online version of this article at www.liebertpub.com/ars
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and even 15–18-month-old WT mice had much better hearing
than 8-month-old KO mice. Thus, systemic loss of Fus1 affects
hearing at all frequencies starting from 4 to 5 months of age
and results in rapid progression of hearing loss thereafter.

Young Fus1 KO mice have robust ABR
wave I amplitude that rapidly diminishes with age

Amplitudes and latencies of the initial four ABR waves
were analyzed. These waves are the response to 3 ms pips that
represent sequential temporal events along the auditory as-
cending pathway. The amplitude of the waves reflects the
number of activated neurons and synchrony of firing, while
latency, the elapsed time from sound delivery, reflects the
timing of synaptic transmission and nerve conduction. Am-
plitude and latency analysis of the ABR waves provides in-
formation on the integrity of auditory periphery and
brainstem pathways. In humans, aging substantially reduces
the amplitudes of all principal ABR waves producing sig-
nificant latency shifts in waves I and III (25).

We compared ABR wave latencies and amplitudes in co-
horts of 2- and 8–10-month-old WT and KO mice (Fig. 2). In
young WT and KO mice, wave I latencies were similar at the
majority of sound levels (Fig. 2B). Strikingly, in 8–10-
month-old Fus1 KO mice, wave I latencies were profoundly
delayed with the largest difference at 65–70 dB SPL (sound
pressure level) (Fig. 2A).

Interestingly, in young KO mice, wave I amplitude tended
to be higher than in WT mice at all analyzed sound intensities
and was significantly higher at 60–80 dB SPL (Fig. 2B).
However, with age, wave I amplitude became profoundly
lower in Fus1 KO mice (Fig. 2A, B), consistent with the
correlation between hearing loss and decrease in wave I
amplitude in humans (25). Figure 2C shows further deterio-
ration of wave I parameters along with profound interindi-
vidual heterogeneity reflecting variations in the onset of
ARHL in 12–13-month-old KO mice. Note that age-matched
WT mice still show normal wave I parameters and low in-
dividual heterogeneity.

Latencies and amplitudes of waves II-IV in Fus1 KO mice
were similar to wave I patterns (Supplementary Fig. S1;
Supplementary Data are available online at www.liebertpub.
com/ars).

Thus, analysis of the adult Fus1 KO ABR waveforms re-
veals profound early changes in the integrity of auditory
periphery and brainstem pathways similar to the changes that
occur in aged people. These data are consistent with pre-
mature aging of the auditory system in Fus1 KO mice.

Signs of chronic inflammation in the inner ear
of aging Fus1 KO mice

In our early studies, we established that Fus1 loss results
in augmented/skewed innate and adaptive inflammatory re-
sponses, suggesting a preactivated state of the immune cells in
KO mice (20, 70). Thus, we hypothesized that Fus1 KO mice
may have low-grade chronic inflammation in cochlear tissues
and surroundings that could affect auditory performance.

Indeed, hematoxylin and eosin (H&E) staining of bone
marrow (BM) cells in the temporal bone surrounding the
cochlea showed that in older KO mice, the BM is more hy-
percellular and myeloid predominant than in age-matched
WT mice (Fig. 3A, lower panel). This type of BM histology is
often observed in patients with low-grade chronic inflam-
mation that results in an increased systemic level of inflam-
matory cytokines (68). Staining of BM with Iba-1, a
microglia/macrophage-specific calcium-binding protein up-
regulated during macrophage activation, confirmed this
finding (Fig. 3B, upper panel). BM from temporal bones of
young WT and KO mice was phenotypically indistinguish-
able, suggesting that development of this pathology is age
dependent. Staining of cochlear tissues with Iba-1 revealed
that the number of activated cochlear macrophages is also
higher in KO mice supporting the hypothesis of chronic in-
flammatory processes in the aging Fus1 KO cochlea (Fig. 3B,
lower panel).

Aging KO mice with severe hearing loss have slight
or no changes in auditory sensory and neuronal cell
counts but showed reduced number of inner hair cell
synapses and type IV fibrocytes in the cochlea

We investigated morphological changes of three major
cochlear cell types that could have major effects on hearing:
outer hair cells (OHCs), inner hair cells (IHCs), and spiral
ganglion neurons (SGNs). Hair cells are the sensory receptors
of the mammalian auditory system located within the organ
of Corti. The spiral ganglion is a group of nerve cells that
receive inputs from hair cells and serve to transfer these
signals to auditory brainstem nuclei. Damage to any of these
cells results in decreased hearing sensitivity, and because
regeneration is absent, this damage is permanent (15, 42, 60).

For IHC and OHC counts, we stained the organ of Corti
dissected from the cochleae of 11-month-old mice using the
nuclear dye DAPI. Nuclei with uniform size, shape, and
staining intensity are characteristic of healthy inner and
OHCs (Fig. 3C). Despite the considerable hearing loss in KO
mice, both WT and KO mice had mostly intact inner and

‰

FIG. 2. ABR wave I amplitudes and latencies in young (2 months) and old (8–10 months) WT and Fus1 KO mice at
16 kHz. (A) A schematic of representative ABR waveforms in aging Fus1 KO mice showing rapid deterioration in wave
amplitudes (wave I obtained at 90 dB is boxed for easier comparison) (B) The graphs illustrate the amplitudes (lV,
microvolts) and latencies (ms, milliseconds) of ABR wave I as a function of sound intensity (dB SPL) at 16 kHz in young
and old WT (green circles) and Fus1 KO (red circles) mice. At 2 months of age, amplitudes were higher in KO than in WT
mice, however, this was reversed at 8–10 months with KO mice having significantly lower amplitudes. Latencies were
similar in young WT and KO mice, but were significantly delayed in old KO mice compared with WT mice. The other ABR
waves (II, III, and IV) displayed similar changes (data presented in Supplementary Fig. S1). (C) The graphs illustrate
prominent interindividual heterogeneity in wave I amplitudes and latencies in old Fus1 KO mice (red circles). Data for age-
matched WT mice (green circles) are averaged with no prominent heterogeneity at the analyzed ages observed. Data
presented as mean – SEM. *p < 0.05 (Student’s t-test, unpaired). To see this illustration in color, the reader is referred to the
online version of this article at www.liebertpub.com/ars
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OHCs, and, in general, a well-preserved cochlear structure.
SGN count in H&E-stained cochlear sections showed only a
marginal, although statistically significant, decrease in the
number of SGNs in the KO mouse cochlea (Fig. 3D). It is
worth noting, however, that this slight decrease in the number
of SGNs could not be responsible for the severe age-related
elevation of hearing thresholds and delay in the absolute
wave latencies in Fus1 KO mice.

SGNs are connected to auditory hair cells via multiple
synapses (65). Recent data have suggested IHC synaptic loss
as an important mechanism of hearing loss after auditory
damage and aging (28). We immunostained cochlear tissue
sections with antibodies to CtBP2/Ribeye, a principal com-
ponent of the presynaptic ribbon, to compare the numbers of
IHC synapses in aging cochleae (60) with young animals that
have 14–18 synapses/cell (Fig. 3E). We found an age-related
decrease in all three cochlear turns with a more prominent
loss in the apical turn in both WT and KO mice. However, the
synaptic loss was significantly greater in KO mice (Fig. 3E).

Another histopathological change that was observed in 11-
month-old KO mice but not in WT mice was the loss of a
small spatially distinct class of fibrocytes (type IV) within the
inferior region of the spiral ligament (SL) (Fig. 3F), which is
vulnerable to sound exposure and aging. However, the impact
of this type of pathology alone on hearing is inconclusive
since the presence or absence of type IV fibrocytes does not
completely correlate with the degree of hearing threshold
shift (74, 27).

EM analysis points to the stria vascularis as the
primary target tissue most vulnerable to mitochondrial
damage and oxidative stress in aging Fus1 KO mice

Aging (senescence) is characterized by progressive accu-
mulation of macromolecular damage, thought to be due to
continuous minor oxidative stress associated with mito-
chondrial respiration. Earlier we showed that Fus1-deficient
cells and tissues experience severe oxidative stress (70, 71,
76, 77). Thus, we hypothesized that accumulation of oxida-
tive damage to macromolecules followed by loss of their

function is the underlying cause of premature hearing loss in
Fus1 KO mice. We performed transmission electron mi-
croscopy (TEM) analysis to identify cochlear cells dependent
on Fus1 and mitochondrial activities. Cochleae were isolated
from 12-month-old WT and KO mice, the age when KO mice
have almost no hearing, while WT mice still maintain a ro-
bust auditory response (Fig. 1). We performed comparative
analysis of four types of cells/tissues that are known to play
major roles in ARHL.

Outer hair cells. In KO OHCs, we did not observe sig-
nificant deviation from the WT morphology or innervation
(data not shown). Also, no difference in mitochondrial
morphology was observed between WT and KO OHCs
(Fig. 4A).

Inner hair cells. The general morphology of WT and KO
IHCs was similar (data not shown). We also observed no
difference in the number and structure of mitochondria be-
tween WT and KO IHCs (Fig. 4A).

Spiral ganglion neurons. In KO SGNs, we observed
modest pathological alterations such as occasional myelin
sheath splits (Fig. 4B-I) and areas of nerve fiber degeneration
(Fig. 4B-II). At higher magnification, the differences in the
morphological structure and sizes of WT and KO mito-
chondria were easily discernable. Mitochondria in KO SGNs
were considerably larger in size and were mostly round in
shape. Many of them had electron-lucent content and par-
tially or fully disrupted cristae architecture indicative of
mitochondrial pathology/degeneration (Fig. 4B-III).

Stria vascularis and SL. The SV has a dense capillary
network and an exceptionally high metabolic rate, the highest
of all cochlear tissues (34). The main role of the SV is to
produce endolymph, the fluid within the scala media, and
generate the endocochlear potential (EP) via activation of
Na+-K+-ATPase pumps for ion balance maintenance. As this
process requires a continuous energy supply, the SV has an
extensive capillary network and numerous mitochondria

‰

FIG. 3. Chronic inflammation and sensory hair cell, spiral ganglion neuron and inner hair cell synaptic count, and
type IV fibrocytes in the cochleae of 12-month-old Fus1 KO mice. (A) Hematoxylin and eosin-stained cochlear sections
showing predominance of activated myeloid progenitor cells (arrows) in the bone marrow of the otic capsule in aging Fus1
KO mice. In contrast, young KO mice and young/old WT mice have compact, undifferentiated myeloid cells (arrowheads).
(B) Staining with Iba-1, a marker of microglia/activated macrophages, confirmed this finding in the bone marrow (arrows),
and also revealed an increased infiltration of activated macrophages (arrowheads) in the inferior region and along the lateral
edge (adjacent to the otic capsule) of the spiral ligament. (C) The images show DAPI-stained IHCs and OHCs from the
middle turn of an 11-month WT and Fus1 KO cochlea. The nuclei (blue) are all uniform in size, shape, and staining
intensity, which is characteristic of healthy inner and outer hair cells. The graph illustrates the percentage survival of OHCs
in the apical, middle, and basal cochlear turns of 11-month-old WT and KO mice. There was no significant loss of OHCs in
all three cochlear turns in both WT and KO mice. (D) The representative images and graph illustrate the average number of
spiral ganglion neurons in the cochleae of 11-month-old WT and KO mice. There was a marginal but significant decrease in
the number of spiral ganglion neurons in the Fus1 KO cochlea compared with the WT cochlea. (E) Confocal image of IHCs
from a 2-month WT cochlea with the nuclei stained with DAPI (blue) and presynaptic ribbons stained with CtBP2 (red),
showing a normal number (14–18) of synapses per IHC. A single IHC is outlined with dotted lines. The graph illustrates the
average number of CtBP2-positive IHC presynaptic ribbons on the IHCs from the apical, middle, and basal cochlear turns of
11-month-old WT and Fus1 KO mice. Fus1 KO mice had significantly less synaptic ribbons compared to WT mice in the
apical and middle turns. (F) Light microscopic images showing substantial loss of type IV fibrocytes in the inferior region of
the spiral ligament (circled) in 12-month-old Fus1 KO mice compared with age-matched WT mice. Data presented as
mean – SEM. *p < 0.05 (Student’s t-test, unpaired). Magnification · 400. IHC, inner hair cell; OHC, outer hail cell. To see
this illustration in color, the reader is referred to the online version of this article at www.liebertpub.com/ars
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inside marginal cell (MC) processes that interdigitate with
intermediate cells (IC) (46). The SL is a dense layer of vas-
cular connective tissue that participates in EP generation
(46). The EP enhances the sensitivity of hair cells and, thus, is
essential for audition.

TEM analysis showed no abnormality in the SV of aging
WT mice while multiple signs of deterioration were observed
in the KO SV and SL. First, MC of the SV contained multiple
lipofuscin-like dark inclusions (Fig. 4D) that usually corre-
late positively with oxidative stress and mitochondrial
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damage (67). Second, the majority of mitochondria in MCs
showed different degrees of pathological changes such as
swelling, rounded shape, electron-lucent cytoplasm, as well
as partially or entirely disrupted cristae architecture. Many
mitochondria were drastically enlarged forming so-called
giant mitochondria indicative of defective fission (Fig. 4D).
Third, large mitochondria in KO SV were not surrounded by
double-layered membrane, characteristic of autophago-
somes, and therefore, not targeted for degradation via
autophagy-like mitochondria in WT SV (Fig. 4E). Fourth, the
SV appeared devoid of MC/IC interdigitations, possibly in-
dicating a reduction in IC number, which has been shown to
adversely affect EP production (24).

Another layer of pathological change was observed in the
SV capillary network. Many capillaries in Fus1KO SV were
occluded, filled with electron-dense material and dying blood
cells (Fig. 4F). Neither endothelial nor pericapillary cells of
KO vessels contained functional mitochondria (Fig. 4F), while
WT mitochondria were easily discernable in cells of the cap-
illary wall (data not shown). Moreover, while WT capillaries
in SV were surrounded by numerous morphologically normal
mitochondria, the KO capillary surroundings consisted of
mostly swollen dysfunctional mitochondria and vacuolar
structures (Fig. 4F). This suggests that occlusion and degen-
eration of capillaries in KO SV occur due to capillary cell
energy crisis. It is noteworthy that the basal lamina was ab-
normally thick in KO capillaries compared to WT mice
(Fig. 4F). Interestingly, these severe pathological changes
were characteristic only for the SV capillaries, while capil-
laries located in the spiral ganglion from the same cochlea
appeared normal reflecting a lower energy demand of this cell
type compared to the SV network (Supplementary Fig. S2B).

The KO SL also showed multiple signs of deterioration/
degradation. For example, the type IV fibrocyte area in the SL
contained only a few normal fibrocytes while most of them
had already been degenerated (Fig. 4G), which is consistent
with our light microscopy data. The same type IV fibrocyte
area in KO mice showed degenerating vessels, while WT
vessels had normal morphology (Fig. 4G).

Thus, based on TEM examination, we concluded that the
SV and SL, which showed signs of severe deterioration, are

most likely the primary cause of premature hearing loss in
Fus1 KO mice. However, pathological changes in IHCs and
SGNs may be contributing factors.

Reduced EP in young adult Fus1 KO mice

The SV and fibrocytes of the SL play major roles in the
generation and maintenance of the EP via constant ion
transport to the endolymphatic space of the cochlea. The EP
plays a critical role in maintaining normal hearing sensitivity
(4, 61). In view of our EM data showing severe pathology in
the SV of KO mice (Fig. 4), we hypothesized that premature
loss of hearing in Fus1 KO mice was linked to altered EP.
Thus, we measured EPs in 4–5-month-old WT and KO mice
(Fig. 5). Representative EP recordings from WT and KO
mice are shown in Figure 5B. EP measured in WT mice
averaged 101.8 – 2.1 mV (n = 3) (Fig. 5C), which is similar to
published values. In contrast, the average EP in KO mice was
59.9 – 7.6 mV (n = 3), 41.9% lower than in WT mice,
p = 0.026592 (Fig. 5C), which directly demonstrates the im-
portance of SV integrity/functionality for establishing the
high EP.

These data suggest that the major mechanism of premature
ARHL in Fus1 KO mice is an inability to maintain EP due to,
most likely, mitochondrial dysfunction-caused energy crisis
in cells of the SV and SL.

Cochlear tissues of 3-month-old Fus1 KO mice show
pathological molecular changes in aging-associated
pathways, antioxidant and autophagy machineries

To determine the molecular alterations in the KO mouse
cochlea that initiate progressive hearing loss, we performed
immunoblot analysis focusing on aging-associated pathways.
To capture the onset of pathological changes, we analyzed
proteins from cochleae of 1- and 3.5-month-old WT and KO
mice. Cochleae extracted from five mice per group were
pooled together to obtain sufficient protein amounts.

Starting from 1 month of age, we detected potentially
detrimental molecular alterations in Fus1 KO mice (Fig. 6
and Supplementary Figure S3A, B). Among proteins of AO
machinery, an increase in PRDX1 and a pathological

‰

FIG. 4. TEM analysis of cochlear tissue from 12-month-old Fus1 KO mice. (A) Mitochondria of WT and KO inner
and outer hair cells. The number and morphology of mitochondria in the IHCs and OHCs of the organ of Corti are similar in
WT and Fus1 KO mice. (B) Spiral ganglion cells in the Fus1 KO cochlea. Pathological signs of degeneration are observed in
some regions of the KO cochlea but not in the WT cochlea, such as myelin sheath splits (I, arrowhead), nerve fiber
degeneration (II, circled), and abnormal mitochondria in SGNs (III, arrows). KO mitochondria are considerably larger in
size, mostly round in shape, and have electron-lucent content and partially or fully disrupted cristae architecture. (C) Stria
vascularis of WT and Fus1 KO mice, low magnification. The stria vascularis of the KO cochlea is considerably atrophied
compared to that of the WT cochlea. The MC/IC interdigitations present in the WT are not apparent in the KO, possibly
indicating IC loss. (D) Comparison of WT and Fus1 KO marginal cells of the SV at higher magnification. Note the
mitochondrion-rich cytoplasm (arrowheads) in WT marginal cells, while in KO cells, there are fewer normal mitochondria
(arrowheads), presence of multiple swollen ‘‘giant’’ mitochondria (arrows), and numerous electron-dense lipofuscin-like
pigment inclusions (circled). (E) Mitochondria of WT and KO marginal cells, high magnification. Note that in the KO cell,
large abnormal mitochondria are not a part of autophagosomes (arrows). (F) Vascular pathology in Fus1 KO stria vas-
cularis. Strial capillaries (Cap) in the KO cochlea are occluded, filled with electron-dense gray material and dying RBC. The
BL is abnormally thick and there is a lack of functional mitochondria in the capillary wall. Moreover, the area surrounding
the blood vessels consists of many swollen and dysfunctional mitochondria (arrows) and vacuolar structures. (G) Inferior
region of the spiral ligament in the WT and Fus1 KO cochlea. There is a substantial loss of type IV fibrocytes (arrows) in
the KO spiral ligament, and BV also appears to be degenerated. RBC, red blood cell; BL, basal lamina; BV, blood vessels;
SGN, spiral ganglion neuron; TEM, transmission electron microscopy. To see this illustration in color, the reader is referred
to the online version of this article at www.liebertpub.com/ars
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decrease in mitochondrial Sod2 levels were observed (Fig. 6A).
Autophagy marker LC3-II showed a Fus1-dependent de-
crease pointing to an early onset of autophagy dysregulation
(Fig. 6D). The most dramatic and consistent changes were
found in the PTEN/AKT pathway where total PTEN levels
were decreased, while phosphorylation of AKT, a substrate
for PTEN phosphatase activity, was increased (Fig. 6B). The
level of the mitochondrial kinase PINK1, a mitochondrial
quality control protein and PTEN substrate, was also no-
ticeably downregulated (Fig. 6A).

In the adult KO mouse cochlea (3.5 months), we detected
escalation of molecular changes observed in younger mice as
well as new critical changes (Fig. 6 and Supplementary
Fig. S3A, B). The most unexpected change was a dramatic
decrease/loss in total AKT levels in 3.5-month-old KO mice in
contrast to 1-month-old KO mice that had increased AKT
phosphorylation but no changes in total level of AKT (Fig. 6B).
This suggests the existence of pathological factors other than
PTEN dysregulation that affect AKT translation/degradation in
adult KO cochleae. Along with dysregulation of AKT pathway,
we observed an apparent mTOR activation (ppS6) in KO co-
chleae (Fig. 6C). It is noteworthy that mTOR activation (pS6
increase) was observed at both total and phosphorylated levels
indicating that Fus1 affects different levels of protein regula-
tion. We also found a further decrease in the levels of AO
molecules and a decrease in the level of OxPhos I, a member of
mitochondrial respiratory complex I (Fig. 6A). Further de-
crease in LC3-II levels suggested accumulation of dysfunc-
tional mitochondria due to defective autophagy (Fig. 6D). The
PTEN and Pink1 levels in both KO age groups were consis-
tently lower than in WT mice (Fig. 6A, B).

Interestingly, some aging-associated signaling hubs, such
as MAPK42/44 and STAT3 (Fig. 6E), as well as apoptotic
proteins with the exception of Bax (Fig. 6D) showed no or
marginal changes between KO and WT mice in young or
adult mice, thus suggesting Fus1 deficiency specifically tar-
gets the PTEN/AKT and mTOR/autophagy axes.

Short-term AO supplementation alleviates/corrects
pathological molecular changes in cochlear tissues
of adult Fus1 KO mice

All molecular pathways analyzed in the present study are
mitochondria/energy dependent. In our earlier studies and here

(70, 71, 77) (Fig. 6 and Supplementary Fig. S3A, B), we
showed that Fus1-deficient tissues experience chronic oxida-
tive stress that may be detrimental for mitochondria and tissues
with high-energy demand such as the cochlea. We hypothe-
sized that relief of oxidative stress may improve mitochondrial
activities, alleviate molecular pathology, and slow down
hearing loss. To validate this hypothesis, 30 mM N-acetyl
cysteine (NAC), an AO compound, was provided in drinking
water to 3.5-month-old WT and KO mice for 30 days. Our
choice of AO was substantiated by several data sets. First, NAC
was one of the three AO supplements that was reported to
alleviate hearing pathology in B6 mice when provided for 11
months in a study that tested the long-term effect of 17 different
AO compounds (62). Second, NAC was shown to be able to
penetrate the blood–brain barrier (BBB) (13), and third, it was
shown to prevent mitochondria from oxidative injury, which is
critical for our model of mitochondrial dysfunction (29).

To confirm that NAC relieves oxidative stress in the co-
chleae of KO mice, we compared the levels of AO proteins
and found that PRDX1 and OxPhos I level 39 kDa were
completely rescued in the cochleae of NAC-treated KO mice
compared to WT mice (Fig. 6A). Remarkably, NAC treat-
ment normalized or alleviated Fus1-dependent pathological
changes in other aging-related proteins such as autophagy
marker LC3-II and proteins from the nutrient (mTOR) and
energy (PTEN/AKT) sensing pathways (Fig. 6, red arrows).
Interestingly, not all proteins in the analysis were equally
sensitive to NAC treatment. Thus, we did not observe sig-
nificant NAC effects on mitochondrial proteins SOD2 or
Pink1 (Fig. 6A), while levels of total and phosphorylated
AKT, S6, and PTEN were drastically improved (Fig. 6B, C).
This discordant response to AO intervention suggests that
NAC may not efficiently penetrate mitochondria, or that in
addition to oxidative stress, other pathological processes are
associated with Fus1 loss in the cochlea.

Short-term antioxidant (NAC) supplementation
prevents progression of hearing loss, improves ABR
wave amplitudes, restores EP levels, and improves
mitochondrial morphology in SV cells and SGNs
in Fus1 KO mice

To determine the effect of AO treatment on progression
of hearing loss in KO mice, we treated 4-month-old mice

‰

FIG. 5. Endocochlear potential (EP) measurements in WT and Fus1 KO mice. (A) (I) Drawing of cross section of a
cochlea showing the apical, middle and basal (circled) turn. (II) Schematic diagram of the cross section of the basal
cochlear turn illustrating the method of EP measurement. A 3 M KCl-filled microelectrode was inserted into the perilymph-
filled scala tympani (0 mV) from the round window and then advanced into the endolymph-filled scala media (100 mV in a
WT mouse) to record the EP. (III) Photograph of a surgically exposed cochlea before EP measurement showing the location
of the round window below the stapedial artery (black arrows) and the insertion site of the microelectrode (white arrow).
(B) Representative EP recordings from a 4–5-month-old WT and Fus1 KO mouse. The traces show the voltage (mV) of the
scala media as a function of time (s). The electrode was advanced into the scala media, withdrawn back into the scala
tympani, advanced again back into the scala media, and further into the scala vestibuli, and then retracted back into the scala
tympani, giving three peaks in the trace. (C) The graph illustrates a significant 41.9% reduction in the EP in 4–5-month-old
Fus1 KO mice (59.9 – 7.6 mV) compared with age-matched WT (101.8 – 1.7 mV) mice. (D) The graph illustrates a 1.5-fold
increase in EP in Fus1 KO mice treated with NAC for 3 months (90.6 – 9.6 mV) relative to non-NAC-treated Fus1 KO mice
(59.9 – 7.6 mV), which is almost a complete restoration of EP to that of WT mice. Data presented as mean – SEM (n = 3).
*p < 0.05 (Student’s t-test, unpaired). #p = 0.07 (Student’s t-test, unpaired). (Fig. A-I reproduced and modified from Drake
et al. (11a)). OC, organ of Corti; SG, spiral ganglion; SL, spiral ligament; SLm, spiral limbus; SM, scala media; ST, scala
tympani; SV, stria vascularis; SVb, scala vestibuli. To see this illustration in color, the reader is referred to the online
version of this article at www.liebertpub.com/ars
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with NAC for 3 months. NAC supplementation significantly
retarded hearing loss in KO mice making the ABR threshold
levels of 7-month-old KO mice comparable to WT mice,
while nontreated control KO mice of similar age had pro-
found hearing loss (Fig. 7A). Moreover, NAC prevented both
the reduction of wave I amplitudes (Fig. 7B) and the delay in
wave I latencies (Fig. 7C), and almost restored the EP in KO
mice to the level of 4–5-month-old WT mice (Fig. 5D).

In addition, the effect of NAC at the ultrastructural level in
the cochleae of KO mice was examined by TEM analysis
(Fig. 8). In nontreated 5–6-month-old Fus1 KO mice, SV
cells and SGNs had swollen mitochondria with disrupted
cristae architecture, similar to that observed in 12-month-old
KO mice, but not as severe. NAC supplementation of 4-
month-old KO mice for 2 months significantly improved the

morphology of mitochondria in SV cells and SGNs com-
pletely restoring cristae architecture. These results, therefore,
suggest that oxidative stress is one of the major causative
mechanisms of ARHL in Fus1 KO mice.

Discussion

Mitochondria present a unique and crucial set of key in-
tracellular functions (72). The critical role of mitochondria in
auditory function and ARHL began to emerge some time ago
but is still understudied and underestimated (5). With regard
to oxidative stress and mitochondrial function, only a few
genes and loci linked to ARHL have been proposed as a result
of candidate gene-based association human studies. Among
them are AO enzymes superoxide dismutases (SODs) and

FIG. 6. Dynamic changes in aging-related proteins in the cochleae of young and adult WT and Fus1 KO mice and
NAC-mediated changes in these pathways. The results of Western blot analysis are presented as a relative expression or
phosphorylation index of several aging-associated groups of proteins in Fus1 KO compared to WT cochleae. (A) Mi-
tochondrial proteins and antioxidant machinery, (B) PTEN/AKT pathway, (C) mTOR pathway, (D) autophagy and apo-
ptosis, and (E) STAT/MAPK signaling in WT and Fus1 KO mice at 1 month and 3 months of age were analyzed. The last
panel shows relative changes in the analyzed proteins induced by 30 days of NAC supplementation to 3-month-old mice.
The number below the bands represents the fold change in protein expression or phosphorylation index in the KO cochlea
relative to the WT cochlea. Phosphorylation index is the ratio of phosphorylated protein intensity over total protein band
intensity. Loading controls are shown in (F). Red arrows indicate correction of pathological changes in KO cochleae
induced by 30 days of NAC supplementation compared to nontreated 3-month-old KO mice. Triangle arrow in (D) points to
LC3-II isoform involved in autophagy. To see this illustration in color, the reader is referred to the online version of this
article at www.liebertpub.com/ars
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FIG. 7. Effect of NAC supplementation on hearing thresholds and ABR wave I amplitudes in WT and Fus1 KO
mice. (A) The graphs illustrate ABR thresholds in nontreated and NAC-treated WT and Fus1 KO mice. NAC supple-
mentation for 3 months (red circles) significantly improved the thresholds across all frequencies in Fus1 KO mice but not in
WT mice. (B, C) The graphs illustrate the amplitudes (lV) and latencies (ms) of ABR wave I as a function of sound
intensity (dB SPL) at 16 kHz in nontreated and NAC-treated WT and Fus1 KO mice. NAC prevented the reduction and
delay of wave I amplitudes and latencies, respectively. Data presented as mean – SEM. *p < 0.05 (Student’s t-test, unpaired).
To see this illustration in color, the reader is referred to the online version of this article at www.liebertpub.com/ars
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glutathione S-transferases (GSTs), and mitochondrial un-
coupling proteins (UCPs) that reduce the MMP in mamma-
lian cells (16). Deletions/mutations in mitochondrial DNA or
reduced expression of genes from mtDNA has also been as-
sociated with ARHL in humans (3, 35, 14). Animal studies
largely confirmed the conclusion that oxidative stress, altered
levels of AO enzymes, decreased activity of I, II, IV com-
plexes/altered respiration, and increased mtDNA mutation
rate lead to premature hearing loss (23, 37, 39, 48, 63, 69).

Types of mitochondrial dysfunction are defined by the
activities of the mitochondrial protein(s) or mitochondrial
hub(s) that are defective in a specific tissue. In addition to
ATP production, other mitochondrial functions may define
the type of dysfunction, such as maintaining calcium con-
centration within cellular compartments, calcium signaling
that mediate responses to outside signals, regulation of the

membrane potential, AO function, apoptosis, and regulation
of cellular metabolism (44). It would be logical to suggest
that mitochondrial impact on hearing is defined by the type of
mitochondrial dysfunction. Thus, additional models of pre-
mature hearing loss linked to various mitochondrial activities
are urgently needed to understand the basic mitochondrial
mechanisms of ARHL and counteract them.

In the current study, we characterized a novel model of
ARHL mediated by the loss of the mitochondrial protein Fus1
and determined its molecular mechanisms. In our earlier
studies, we established Fus1 as one of the few regulators of
mitochondrial calcium handling (71, 72). However, Fus1 KO
cells were presented with dysregulation not only in calcium
accumulation/distribution but also in calcium-coupled mito-
chondrial parameters (via so-called metabolic coupling),
such as ROS production, mitochondrial potential, GSH
content, mitochondrial fusion, and calcium signaling medi-
ated via NFkB/NFAT axis. We hypothesized then that dis-
ruption of metabolic coupling in mitochondria may result in
multiple cellular and systemic pathologies (71, 72).

Indeed, in this study, we provide multiple lines of evidence
that Fus1 KO mice are a mechanistically novel, convenient,
and clinically relevant model of premature ARHL. We found
that besides early and fast progressing hearing decline
(Fig. 1), young Fus1 KO animals have paradoxically in-
creased ABR wave amplitudes (Fig. 2). Higher amplitudes
normally reflect increased number of firing neurons or higher
synchrony of firing. We speculate that higher ABR wave
amplitudes in young KO mice may be a result of higher ROS
production or altered intracellular calcium/signaling.

In our early work, we established that immune cells from
young Fus1 KO mice are chronically activated, which could
benefit young mice by better protecting them from acute in-
fection, but may play a detrimental role during aging (20, 71).
Here we suggest that heightened ABR responses in the young
KO inform a higher metabolic demand, and may underlie the
drastic drop of amplitudes and hearing later in life as we
observed in aging KO mice (8–10 months) but not in age-
matched WT mice (Fig. 2). We did not find that this pheno-
type is gender specific.

FIG. 8. Transmission electron microscopy (TEM)
analysis of cochlear tissue from 5- to 6-month-old non-
treated and NAC-treated Fus1 KO mice. (A) Comparison
of mitochondria in stria vascularis cells between nontreated
and NAC-treated Fus1 KO mice. (B) Mitochondria of SGNs
from nontreated and NAC-treated WT mice. (C). Mi-
tochondria of two representative SGNs from nontreated and
NAC-treated Fus1 KO mice. NAC treatment of 4-month-old
Fus1 KO mice for 2 months significantly improved the
morphology of mitochondria (reduced size and improved
cristae architecture) in SV cells and SGNs. Clusters of re-
presentative mitochondria are circled in the micrographs.
(D) The graph illustrates the percentage of morphologically
normal mitochondria in SGNs of WT and Fus1 KO cochleae
before and after NAC treatment. The number of normal
and abnormal mitochondria was counted in each spiral
ganglion cell (6–10 microscope fields/cell) and the aver-
age percentage of normal mitochondria per SGN calcu-
lated. Scale bar = 1 lm. Data presented as mean – SEM.
***p = 0.00000474 (Student’s t-test, unpaired). To see this
illustration in color, the reader is referred to the online
version of this article at www.liebertpub.com/ars
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The patterns of ABR wave deterioration in adult KO mice
are very similar to the data obtained from studies on aging
individuals (25), suggesting that the Fus1 KO mouse is a clin-
ically relevant model of ARHL, and therefore studying the
molecular mechanisms of hearing loss in Fus1 KO mice as well
as approaches for its prevention could be applicable to humans.

We ruled out death of sensory cells as a primary cause that
often underlies age-related sensorineural hearing loss (75).
The absence of mitochondrial pathology in OHCs and IHCs
also suggests preservation of their bioenergetics levels in
Fus1 KO organ of Corti. Although based on the slight but
significant decrease in the number of SGNs and IHC synapses
as well as on prominent mitochondrial swelling and mor-
phological abnormalities in SGNs corrected by antioxidant
treatment, we cannot exclude neural cell involvement at
some stages of hearing pathology in KO mice.

However, the severe vascular and mitochondrial structural
changes in the SV and SL, with reduced MC/IC interdigita-
tions, strongly suggest that the basis of ARHL in Fus1 KO
mice is of metabolic nature. The significant pathological
changes of strial capillaries may cause a restrained cochlear
blood flow, which can lead to mitochondria-mediated insuffi-
ciency in energy production that is needed to maintain ion
pumping to the endolymph. The SV is critical for the genera-
tion and maintenance of the EP. Reduction in the EP results in
a loss of electrical driving force for hair cell transduction cur-
rent (4, 61). EP measurement in 4–5-month-old mice revealed a
significant 41.9% reduction in KO mice (59.9 – 7.6 mV) com-
pared with WT mice (101.8 – 2.1 mV) demonstrating that strial
dysfunction contributes to cochlear pathology underlying pro-
gressive hearing loss in Fus1 KO mice.

Metabolic (based on strial pathology) ARHL is the least
studied pathology (4, 64). No human genes that promote strial
presbycusis have been identified nor is its pathophysiology
well understood (45, 46). Although extensive strial degen-
eration coincides with hearing loss, EPs have never been
measured in humans due to the absence of technology for this
invasive measurement. In animal studies, until recently, only
two well-studied models, Mongolian gerbils and Tyrp1(B-lt)
mice (8), were known to undergo age-associated EP reduc-
tion. Recently, four other strains with modest to severe EP
reduction during aging (C57BL/6-Tyr(c-2J) (50), BALB/cJ
(47), CBA/CaJ, and NOD.NON-H2(nbl)/LtJ (49)) were de-
scribed. So far, only one individual gene Tyrp1, which codes
for tyrosinase-related protein (56), has been linked to age-
related EP decline in these strains, although several candidate
protein classes had been suggested such as AO machinery,
ion channels, exchangers and pumps, immune-related genes,
and cell repair genes (6, 46).

Therefore, our novel Fus1 KO model of mitochondrial dys-
function that affects the performance of AO machinery (76, 77),
intracellular calcium distribution (71), and immune response
(20, 70) may be of a great value for studying the etiology and
molecular mechanisms of age-related strial degeneration.

To pinpoint the molecular basis of strial degeneration, we
analyzed protein alterations in cochlear tissue of Fus1 KO
mice. We used a logical candidate-based approach when
choosing the proteins for analysis, including pathways and
processes linked to (i) nutrient sensing and energy expendi-
ture (PTEN/AKT and mTOR); (ii) mitochondrial activities;
(iii) oxidative stress; (iv) apoptosis and autophagy. Our main
quest was to identify primary Fus1-dependent molecular

changes that drive other molecular and pathological changes
later in life. Therefore, we compared protein levels and their
phosphorylation/activation in the cochleae of 1- and 3.5-
month-old animals. The most consistent and early alterations
were observed in the PTEN/AKT pathway as well as the
proteins of AO machinery, allowing us to consider them as
the primary molecular events. Phosphatase and tensin ho-
molog (PTEN) is involved in numerous important systemic
functions, including anti-aging activities. It was shown to
positively regulate longevity (51). Recently, a new metabolic
role of PTEN as a positive regulator of energy expenditure
through increased oxidative phosphorylation was revealed
(52). ROS have been shown to oxidize the active site cysteine
on PTEN (Cys124), resulting in inactivation of PTEN and
perpetual activation of the AKT pathway (30). Moreover,
mitochondrial ROS specifically were shown to inhibit PTEN
and activate AKT (9), which is consistent with the molecular
events we observed in young Fus1 KO mice.

Based on the ROS scavenging effects in Fus1 KO mice that
resulted in rescue of PTEN/AKT pathway, we believe that
consistently decreased PTEN levels and activation of AKT in
the Fus1 KO cochlea are due to pathologically high levels of
ROS. However, the exact nature of PTEN decrease in Fus1
KO cochleae is yet to be confirmed since PTEN is regulated
by multiple mechanisms, including but not limited to phos-
phorylation, oxidation, binding to different partners, and
transcriptional regulation (31). Considering the importance
of PTEN in aging and hearing, there is no doubt that PTEN
regulation is one of the key molecular mechanisms of Fus1
action in protection from premature hearing loss. It is worth
noting that in our earlier work we showed that Fus1 is also
involved in PTEN regulation in lungs during bacteria-
induced inflammatory response (20).

Another important alteration we observed in 3.5-month-
old KO mice is the decreased levels of OxPhos 39 kDa, a
subunit of mitochondrial respiratory Complex I, a component
of the oxidative phosphorylation chain. This decrease was
rescued by AO treatment. Low levels of Complex I indicate
low ATP levels in KO cochlear tissue since ATP is produced
during oxidative phosphorylation. ATP deficiency may lead
to an energy crisis and strial malfunction.

In line with PTEN inactivation/pAKT activation in young
KO mice, in adult mice we observed activation of the mTOR
pathway measured by ribosomal protein S6 phosphorylation, a
downstream target of mTOR. MTOR lies at the heart of a
nutrient-sensing signaling network that controls cellular me-
tabolism and, thus, aging (21). mTOR activation has been linked
to aging in multiple studies [(18), and reviewed in (53)]. It was
suggested that aberrant mTOR activation in aging is a response
to mitochondrial stress in cells (41), which is consistent with the
processes that may take place in the Fus1-deficient cochlea.

Interestingly, in 1- and 3.5-month-old KO cochleae, we
observed negative age-related dynamics in accumulation of
the autophagy marker LC3-II. Autophagy is an evolutionarily
conserved catabolic process that targets proteins and organ-
elles to lysosomes for degradation, followed by recycling of
free amino acids and ATP for biosynthesis (68). Autophagy
mediates cytoprotective effects (40). During autophagy a
cytosolic form of LC3 (LC3-I) is converted via conjugation
to phosphatidylethanolamine to LC3-II, which is recruited to
autophagosomes. High levels of LC3-II reflect a higher au-
tophagy rate and vice versa. In our study, based on LC3-II and
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Pink1 decrease and accumulation of large swollen mitochon-
dria, we concluded that Fus1 KO cochlear tissues are deficient
in autophagy/mitophagy. Moreover, in line with deficient au-
tophagy, we registered activation of mTOR in 3.5-month-old
KO mice, which has been shown to suppress autophagy and,
thus, promote aging [(43) and references therein]. Normal-
ization of LC3-II levels in Fus1 KO cochleae after AO treat-
ment confirms the link of oxidative stress and autophagy.

Finally, in line with all the data pointing to deficient au-
tophagy/mitophagy in KO cochleae, we showed down-
regulation of PINK1 (PTEN-induced putative kinase 1)
protein in 1- and 3-month-old KO mice. The mitochondrial
protein PINK1 is a PTEN-induced putative kinase regulating
mitochondrial quality control via activation of mitophagy
(36). It is a critical protector from age-related diseases linked
to dysfunctional mitochondria (7, 54). In the Fus1 KO setting,
decreased levels of PINK1 are in line with decreased levels of
its upstream regulator PTEN (Fig. 6). In terms of long-term
consequences for tissue integrity, PINK1 deficiency could be
detrimental for aging Fus1 KO tissues as it leads to inability
to withstand oxidative and environmental stress due to de-
fective mitochondrial quality control resulting in accumula-
tion of dysfunctional mitochondria and deterioration of
tissues due to energy crisis as we observed in the SV of aging
8–11-month-old Fus1 KO mice.

Apoptotic markers that we used to monitor cell death in
young Fus1 KO cochlear tissues showed little difference in
expression between KO and WT mice (Fig. 6D, Bcl-X, and
Bax), suggesting that deficiency in autophagy may result in
other types of cell death in the cochlea (55).

It was also interesting to find, in terms of Fus1 biology, that
crucial signaling hubs such as STAT3 (11) and MAPK42/44

(66) showed no major perturbations, suggesting that the an-
tiaging effect of Fus1 is promoted specifically through PTEN/
AKT/mTOR pathways partially mediated through control of
oxidative stress.

Simple supplementation of the AO NAC to Fus1 KO mice
for 1 month increased the level of AO enzymes, normalized
PTEN/AKT and mTOR pathways, and protected mitochon-
dria from dysfunction and degradation. Based on our early
studies of Fus1 protein biology (70–72), we suggest that
normalization of ROS levels in Fus1-deficient tissues helps in
recovering mitochondrial integrity, MMP and mitochondrial
calcium transport across the membrane and, thus, improve
mitochondrial activities, including ATP production and Ca2+

distribution, dynamics, and calcium signaling. These changes
in different mitochondrial processes could explain the mul-
titude of effects of NAC-mediated ROS scavenging in the
Fus1 KO cochlea.

Importantly, NAC supplementation for 3 months pro-
duced several highly beneficial changes in hearing of Fus1
KO mice, including prevention of age-related hearing de-
cline, normalization of ABR peak amplitudes, and rescue of
the EP. WT mice did not show significant auditory changes
in response to NAC treatment at this age, most likely due to
the absence of degenerative processes in auditory system at
the analyzed age. Short-term NAC treatment also signifi-
cantly improved the morphology of mitochondria in cells of
the SV and SGNs. These results strongly suggest that oxi-
dative stress is one of the major pathogenic factors in ARHL
in Fus1 KO mice. It is likely that more potent AOs that
specifically target mitochondrial ROS and have better ef-
ficacy would produce even more robust rescuing effects in
Fus1 KO mice.

FIG. 9. Hypothetical scheme
of molecular and cellular
events in the cochleae of
young (left) and old (right)
Fus1 KO mice leading to
premature hearing loss.
This model represents a hy-
pothetical pathological chain
of events in the cochleae of
young and old Fus1 KO mice
compared to age-matched WT
mice. This scheme was de-
duced from ABR, TEM, and
Western blot analysis of Fus1
KO mouse cochlear tissues.
To see this illustration in col-
or, the reader is referred to the
online version of this article
at www.liebertpub.com/ars
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A schematic illustration of our data presented in Figure 9
suggests how loss of Fus1 results in premature hearing loss
that begins with molecular changes in the cochleae of very
young Fus1 KO mice. Our data suggest that efficient target-
ing of mitochondrial dysfunction-mediated premature hear-
ing loss may require combinatorial approaches that will
include AO, anti-inflammatory, anti-TOR, calcium balanc-
ing, and other therapies.

Materials and Methods

Fus1 KO mouse model

Fus1 KO mice generated by Dr. A Ivanova (22) were
backcrossed to 129sv background in the laboratory of Dr. S
Anderson (NCI-Frederick). All animal experiments were
performed according to a protocol approved by the Yale
University Institutional Animal Care and Use Committee
(IACUC) and the animals were cared for according to the
recommendations in the ‘‘Guide for the Care and Use of
Laboratory Animals’’ (National Institutes of Health). The
mice were fed with a standard diet. housed in standard cages
(five per cage), and maintained in a 12-h light–12-h dark
cycle. They had ad libitum access to drinking water and
normal diet throughout the experiment. Mice of both genders
were used in the study.

NAC supplementation

In all experiments described (30 and 90 days of treatment),
N-acetyl cysteine (NAC) (Cat# A7250; Sigma-Aldrich, Inc.)
was dissolved in drinking water (30 mM) and supplied ad li-
bitum to the mice. For the first 2 days, mice were provided with
15 mM NAC water to acclimate them to the taste and then it
was replaced with 30 mM NAC for the remainder of the ex-
periment. NAC water was the only source of drinking water
during the experiments. NAC water was changed twice a week.

Auditory brainstem responses

ABR represents the activity of the auditory nerve and the
central auditory pathways in response to sounds. ABR mea-
surements were carried out within a sound attenuating booth
(Industrial Acoustics Corp.). Mice were first anesthetized
with chloral hydrate (480 mg/kg i.p) and then placed onto a
heating pad to maintain body temperature at 37�C. Sub-
dermal needle electrodes (Rochester Electro-Medical, Inc.)
were placed at the vertex (active, noninverting), the infra-
auricular mastoid region (reference, inverting), and the neck
region (ground). The acoustic stimuli for ABR were pro-
duced and the responses recorded using a customized TDT3
system (Tucker-Davis Technologies, Inc.) controlled by
BioSig (TDT), digital signal processing software. Differen-
tially recorded scalp potentials were bandpass filtered be-
tween 0.05 and 3 kHz over a 15-ms epoch. A total of 400
trials were averaged for each waveform for each stimulus
condition. ABRs were elicited with digitally generated
(SigGen; TDT, Inc.) pure tone pips presented free field via a
speaker (TDT, Inc.; Part FF1 2021) positioned 10 cm from
the vertex. Symmetrically shaped tone bursts were 3 ms long
(1 ms raised cosine on/off ramps and 1 ms plateau) and were
delivered at a rate of approximately 20 per second. Stimuli
were presented at frequencies between 2 and 32 kHz and in
5 dB decrements of sound intensity from 90 dB SPL (or

110 dB SPL if thresholds exceeded 90 dB SPL). The ABR
threshold was defined as the lowest intensity (to the nearest
5 dB) capable of evoking a reproducible, visually detectable
response.

Amplitudes (lV) and latencies (ms) of the initial four ABR
peaks (waves I, II, III, and IV) were then determined at 16 kHz.
The most sensitive frequency range of hearing in mice is 11.3–
22.6 kHz, and 16 kHz is half octave in-between, so was
therefore chosen for analysis. The analysis was carried out
offline in BioSig on traces with visible peaks by setting cursors
at the maxima and minima (trough) of the peaks. Latency was
determined as the time from the onset of the stimulus to the
peak, while amplitude was measured by taking the mean of the
DV of the upward and downward slopes of the peak.

EP measurement

EP was measured in nontreated and NAC-treated WT and
Fus1 KO mice. The method of EP measurement is illustrated
in Figure 5A. Mice were deeply anesthetized with sodium
pentobarbital (45 mg/kg, i.p.) and placed onto a heating pad
to maintain body temperature at 37�C. Animals were then
secured onto a stereotaxic mouse head holding adaptor (MA-
6 N; Narishige) mounted onto a ball-and-socket stage (Model
M-RN-50; Newport Corporation) and a magnetic base
(Model 100; Newport Corporation). A silver–silver chloride
reference electrode was placed under the skin of the chest. A
tracheotomy was first performed and then the round window
of the cochlea was exposed via a ventral approach by opening
the auditory bulla of the temporal bone. A microelectrode
(5–15 MO 1B150F-4; World Precision Instruments, Sarasota,
FL) filled with 3 M KCl was positioned in the round window
using a micromanipulator with a pulse motor driving unit
(PF5-1; Narishige). An Axon 200A patch clamp amplifier
was used for current clamp recording with an Axon Digidata
1321A and jClamp software version 22.8.4 (Scisoft, Inc.).
When the microelectrode was inserted into the perilymph of
the scala tympani, the voltage was balanced to 0 mV and then
the microelectrode was advanced in 5 lm steps through the
basilar membrane and into the endolymph of the scala media
to measure the EP. For confirmation of the EP recording, the
microelectrode was withdrawn back into the scala tympani,
advanced again into the scala media, and continued further
into the scala vestibuli, and then retracted back again into the
scala tympani. After the EP measurement, the animals were
euthanized with an overdose of sodium pentobarbital.

Confocal immunofluorescence

Cochleae were extracted from the temporal bones of 11-
month-old WT and Fus1 KO mice, perfused, fixed for 1 h in
4% paraformaldehyde (PFA) in phosphate-buffered saline
(PBS), then washed, and stored in PBS at +4�C. The bony
capsule, lateral wall, and modiolus were removed under a
dissection microscope using fine forceps. The cochleae were
incubated with 5% goat serum in 0.1% Triton/PBS for 30 min
at room temperature followed by incubation overnight with
mouse monoclonal CTBP2 primary antibody (Cat# 612044;
BD Biosciences, Inc.) diluted 1:500 in 2% goat serum/anti-
body diluent (Cat # S202230-2; Dako, Inc.). The next day, the
cochleae were washed thrice in 0.1% Triton X-100/PBS
followed by incubation with the secondary antibody Alexa
Fluor 568-conjugated rabbit (Cat # A-11011; Thermo Fisher
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Scientific, Inc.) at room temperature for 1 h. Mounting on
glass slide was done in the DAPI mounting solution (Cat# H-
1200; Vector Laboratories, Inc.). During mounting, SLs were
dissected away to allow good exposure of the organ of Corti,
and the cochleae were separated into three parts, the apical
turn (corresponding to frequencies between 200–1.5 kHz),
middle turn (1.5–16 kHz), and basal turn (>16 kHz). DAPI-
labeled IHCs, OHCs, and IHC synaptic ribbons were visu-
alized with a Zeiss LSM410 laser confocal microscope (Carl
Zeiss Microscopy). Sensory hair cell loss was quantitatively
evaluated by counting missing hair cells in the apical, middle,
and basal turns of the cochlea. Images were collected and
analyzed with a ZEN camera and ZEN software. CTBP2-
positive synaptic ribbons were counted per IHC (3–5 fields
per region, 10–12 IHC per field) and then averaged/region.

H&E staining and immunohistology

Cochleae were fixed in 4% PFA in PBS for 12–48 h, washed
in PBS, decalcified in 0.1 M EDTA for 3–4 days, dehydrated
through an ethanol gradient, and then embedded in paraffin.
Sections of 5 lm thick in the midmodiolar, vertical plane were
stained with H&E, then analyzed using a Nikon Eclipse 80i
Microscope (Nikon Instruments, Inc.). The SGN density (cells
in 3–5 areas were counted and averaged) in Rosenthal’s canal
of the basal turn was counted. Immunostaining with rabbit anti-
Iba1 antibodies (Wako Chemicals, Inc.) on thin sections was
performed using automatic Omni Multimer detection. Statis-
tical analysis was performed using the Student’s t-test to
compare KO genotype and WT groups.

Cochlear protein lysate preparation
and Western blot analysis

Both cochleae from each mouse were harvested, and one
was immersed in 4% PFA in 0.1 M phosphate buffer (PB;
fixative solution; pH 7.4) and used for immunohistochemical
staining. The contralateral cochlea was placed in lysis buffer
(RIPA plus protease inhibitor cocktail), perfused with the
lysis buffer through the oval and round windows, snap-
frozen, and kept at -80�C until required for lysate prepara-
tion. For protein lysate preparation, five cochleae from five
WT or KO animals were pooled into an Eppendorf tube,
100 lL of lysis buffer was added to the tube, and the cochlear
tissues were homogenized using a plastic mini-pestle. Ly-
sates were sonicated and cleared via 15 min of centrifugation
at 14,000 rpm in a microcentrifuge (Eppendorf). The super-
natants were then transferred to a fresh tube. Western blot
analysis of cochlear tissues was performed as described in our
previous articles (76, 77).

Antibodies for Western blot analysis

The following antibodies were used in the study: rabbit
anti-Sod2 (Cat# ab13533; Abcam), rabbit anti-PRDX1 (Cat#
HPA007730; Sigma-Aldrich, Inc.), mouse anti-OxPhos
39 kDa (Cat# 45-8199; Thermo Fisher Scientific, Inc.), and
mouse anti-Pink1 (Cat# NBP2-36488; Novus Biologicals).
The following antibodies were bought from Cell Signaling
Technology, Inc.: rabbit anti-AKT total and pAKT (Cat##
9272 and 3787), mouse anti-pS6 total (Cat# 2317), rabbit
anti-ppS6 (Cat# 2221), rabbit anti-pSTAT3 (Cat# 9131),
rabbit anti-pMAPK42/44 (Cat# 4695), rabbit anti-Bax (Cat#

5023), mouse anti-BclX (Cat# 2764), and mouse anti-PTEN
(Cat# 9552).

TEM analysis

Cochleae from 5-6 month-old and 12-month-old WT and
KO mice were extracted and deboned as described above and
fixed in 2.5% glutaraldehyde and 2% PFA in 0.1 M sodium
cacodylate buffer pH 7.4 for 1 h. After fixation, the cochleae
were rinsed in cacodylate buffer, then postfixed in 1% os-
mium tetroxide in cacodylate, and en bloc stained in 2%
aqueous uranyl acetate for a further hour each. The samples
were well rinsed, followed by dehydration in an ethanol se-
ries, infiltrated with epoxy resin Embed 812 (Electron Mi-
croscopy Sciences), and baked overnight at 60�C. Hardened
blocks were cut using a Leica UltraCut UC7. Sections
(60 nm) were collected on formvar/carbon-coated grids and
contrast stained using 2% uranyl acetate and lead citrate. The
sample sections were viewed using an FEI Tecnai Biotwin
Transmission Electron Microscope (FEI, Hillsboro, OR) at
80Kv. Images were taken using MORADA CCD and iTEM
(Olympus) software.
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a b s t r a c t

We present the first, fully integrated, two-channel implementation of a patch-clamp measurement sys-
tem. With this “PatchChip” two simultaneous whole-cell recordings can be obtained with rms noise of
eywords:
atch-clamp
mplifier
eries resistance
ntegrated circuit

8 pA in a 10 kHz bandwidth. The capacitance and series-resistance of the electrode can be compensated
up to 10 pF and 100 M� respectively under computer control. Recordings of hERG and Nav 1.7 currents
demonstrate the system’s capabilities, which are on par with large, commercial patch-clamp instrumen-
tation. By reducing patch-clamp amplifiers to a millimeter size micro-chip, this work paves the way
to the realization of massively parallel, high-throughput patch-clamp systems for drug screening and
ion-channel research. The PatchChip is implemented in a 0.5 �m silicon-on-sapphire process; its size is

cons
oltage clamp 3 × 3 mm2 and the power

. Introduction

The patch-clamp amplifier is a ubiquitous tool for character-
zing ion-channel activity. For the screening of pharmaceutical
ompounds or the characterization of expressed channels, high-
hroughput patch-clamp systems are being developed, where
ecordings are made from cells in each well of a 96- or 384-well
late. In these systems the recording is made not with a glass
ipette, but from a planar electrode at the bottom of each well
Fig. 1). An important part of such highly-parallel recording sys-
ems is a high-density array of patch-clamp amplifiers. We present
ere a highly miniaturized patch-clamp amplifier with complete
hole-cell measurement capabilities.

Important constraints in building massively parallel patch-
lamp systems have been the size and cost of the amplifiers,
eat dissipation – which restricts the proximity of the amplifiers

o the cells – and cross-talk between channels. The integrated
PatchChip” amplifier presented in this paper solves all of these
esign requirements, and is based on experience from our proto-
ypes (Weerakoon et al., 2009, 2007a,b; Laiwalla et al., 2006a,b,c).

∗ Corresponding author at: Yale University, Department of Cellular and Molecular
hysiology, 333 Cedar Street, New Haven, CT 06520, United States.
el.: +1 203 785 5773.

E-mail address: fred.sigworth@yale.edu (F.J. Sigworth).
1 Present address: Boston Scientific Neuromodulation Corp., 25155 Rye Canyon

oop, Valencia, CA 91355, United States.

165-0270/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jneumeth.2010.06.030
umption is 5 mW per channel with a 3.3 V power supply.
© 2010 Elsevier B.V. All rights reserved.

The dual-channel patch-clamp system occupies 3 × 3 mm2 of area
and consumes just 5 mW of power per channel. It is fabricated using
a standard silicon-on-sapphire fabrication process, which allows
parasitic capacitances and cross-talk effects to be minimized.

2. Materials and methods

Fig. 2 shows a block diagram of one channel of the PatchChip
system. The two channels of the system are identical. The main
signal path is from the electrode current Iin to the monitor voltage
output Vout = IinRf, through operational amplifiers A1, A2, and A3.

Cells are stimulated by controlling the voltage Vp = Vclamp at the
electrode and measuring the resultant ionic current Iin. The goal of
the compensation circuits is to allow step changes to be applied
to the cell membrane potential Vm while the ionic current Ii is
measured. The cell membrane can be modeled as a capacitance
Cm in parallel with the membrane resistance Rm. The headstage of
the patch-clamp recording system consists of a current-to-voltage
transimpedance amplifier A1. The feedback resistor Rf is selectable
in eight steps from 50 k� to 10 M�. Small shunt capacitors stabi-
lize the feedback loop while yielding a bandwidth of a minimum of
300 kHz (with Rf = 10 M�) when the total capacitance on the input

node is 30 pF. A difference amplifier A2 subtracts Vclamp from the
transimpedance output. The resultant output voltage Vout is pro-
portional to the input current, Iin.

The output filter A3 represents two poles of a three-pole, 20 kHz
anti-aliasing filter. The third pole is presented by an external capac-

dx.doi.org/10.1016/j.jneumeth.2010.06.030
http://www.sciencedirect.com/science/journal/01650270
http://www.elsevier.com/locate/jneumeth
mailto:fred.sigworth@yale.edu
dx.doi.org/10.1016/j.jneumeth.2010.06.030
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Fig. 1. (A) Patch-clamp amplifier performing whole-cell membrane current recording using a planar electrode. The planar electrode replaces the traditional glass micro-
pipette with a micron sized-aperture that is topologically equivalent to the glass tip of the pipette. Cells are introduced into a well, and when suction is applied, the cells
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eal into the aperture. Further suction is applied to rupture the cell so that a whol
ossible to design a high-throughput, automatic patch-clamp system that operates
he amplifier are millimeter-size dimensions and minimized heat dissipation, cross

tor and is the only “glue” component required for the analog
nterface between the PatchChip and the external A–D converter.
imilarly, the two-pole input reconstruction filter A6, critically

amped with a time constant of 2 �s, smooths the input command
ignal Vcom delivered directly from an external D–A converter and
revents rapid steps from causing nonlinearities and slew-limiting

n the other amplifiers of the system.

ig. 2. One channel of the two-channel integrated patch-clamp system and the electrica
urrent Iin to the monitor voltage output Vout = IinRf , through operational amplifiers A1,
apacitive compensation, mDAC2 provides leak subtraction, mDAC3 and the phase-lag co
utput anti-aliasing filters are also integrated. mDAC1 and mDAC2 are voltage-mode, R
espectively. mDAC3 is a 9-bit hybrid transconductance-mode DAC with a maximum t
prs =5 pF, RL = 100 M�, Rs = 10 M�, Cm = 30 pF, Rm = 100 M� and peak values of Ii are 1–10
configuration is established. (B) Using the amplifiers presented in this paper, it is
tire 384-well plates. The wells on B are identical to the one in (A). Requirements for
nd low fabrication cost.

2.1. Electrode compensation circuitry

The system compensates for the difference between the actual

membrane voltage Vm and the clamping voltage Vclamp due to the
voltage drop across the pipette electrode series resistance Rs. The
circuit also compensates for the current iprs drawn by the electrode
parasitic capacitance Cprs and by the seal leakage-resistance RL. Rs

l model of a cell and pipette electrode. The main signal path is from the electrode
A2 and A3. Multiplying digital to analog converter mDAC1 controls the parasitic
ntroller circuit provides series resistance compensation. Input reconstruction and

-2R DACs with R = 50 k�, minimum gains of 0.5, and resolutions of 8 and 10 bits,
ransconductance of 0.2 mS. Typical values of the electrode and cell elements are
nA.
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Fig. 3. The patch-clamp system was implemented using silicon-on-sapphire (SOS)
technology. The insulating substrate in SOS (top) reduces parasitic capacitance and
P. Weerakoon et al. / Journal of Neu

ompensation is necessary for two reasons. First, it allows accurate
oltage clamping of the membrane by reducing the errors from
he voltage drop across the series access resistance Rs. Second, the
ompensation reduces the time needed to charge Cm enabling the
ircuit to monitor ion-channel events occurring immediately after
hanges in Vcom is applied (Sigworth, 1995b). The drop across Rs

s predicted by adding a fraction of Vout to the applied membrane-
ommand potential Vcom by means of amplifier A5, to obtain Vclamp.
he fraction of compensated series-resistance is determined by
he 9-bit mDAC3, which at full-scale yields compensation for a
esistance of 10 × Rf. mDAC3 was designed as a hybrid weighted-
esistor and R-2R device to minimize the noise gain of the A5
tage. A passive phase-lag compensation circuit is included in the
ositive-feedback loop if desired, to improve stability when a high
ercentage of Rs, e.g. more than 90%, is compensated.

For effective Rs compensation the measured current must be
qual to the current Im flowing through Rs. The charging current of
he parasitic electrode capacitance Cprs and the current through the
eakage conductance RL therefore must first be subtracted from the

easurement of Iin. The capacitive-current subtraction is done by
njecting a current iinj through an integrated capacitor Cinj of 10 pF.
he gain ˛inj of the amplifier A7 is determined by the 8-bit mDAC1
o be between 1 and 2. The compensated capacitance is equal to
˛inj − 1)Cinj.

The differential amplifier A2 is unbalanced when the voltage-
utput mDAC2 is set to a gain different from its minimum value
f 0.5. As its gain increases, subtraction is provided for the excess

in on the input. The maximum gain of the 10-bit mDAC2 is unity,
llowing for compensation of a leakage resistance as high as Rf.
ll three compensation circuits are controlled using a serial digital
ontrol bus. A 64-bit shift register and buffer register store the bit
atterns for the mDACs and various switches in one patch-clamp
hannel.

.2. Voltage swings and Rf

Modern patch-clamp amplifiers contain an additional “C-Slow”
ompensation circuit to remove the large current transients due to
he charging of the membrane capacitance Cm, which is typically
n the range of 20–40 pF. These circuits have been implemented as
first-order state-variable filter (Sigworth, 1995a,b) in which the

ime constant is roughly 100 �s to 1 ms. Due to the limited capac-
tor sizes, and therefore short time constants, that can be realized
n a monolithic circuit, we decided not to provide this “slow capac-
tance” compensation. Instead, this compensation will be provided
n software. We rely on the use of a 16-bit or higher resolution A–D
onverter to digitize the current–monitor signal Vout so that the
arge charging transients can be subtracted digitally.

In the absence of slow-capacitance compensation, the entire
harging current of the membrane capacitance must be injected
hrough the feedback resistor Rf. Thus the voltage swing avail-
ble at the output of amplifier A1 becomes an important issue.
e have used a 3.3 V silicon-on-sapphire (SOS) process, so that

he analog power-supply voltages are ±1.6 V. Although the typi-
al membrane-potential excursions are only in the range ±150 mV,
hen Rs compensation is in use the excursions of Vp can be an order

f magnitude larger.
Consider the case in which a fraction k of the series resistance is

ompensated. When a voltage step of magnitude �Vcom is applied
o Vcom the effect of the Rs compensation feedback is to produce

n initial step �Vp = �Vcom / (1 − k). For example, a 150 mV step
ith k = 0.8 (80% compensation) yields an initial step of 750 mV.

ven ignoring the current through RL the initial current will be
in = �Vp / Rs and will have to be sourced through the feedback resis-
or Rf. Thus the initial voltage at the output of A1 (Vout,A1) will need
allows fabrication of large resistors to implement Rf with no degradation in fre-
quency response. The insulating substrate reduces cross-talk between channels and
allows devices to operate at faster speeds than conventional bulk CMOS technology
(bottom).

to be

Vout,A1 = �Vcom(Rs + Rf )
(1 − k)Rs

(1)

If Rf is chosen to be equal to Rs in this example, the initial value
of Vout,A1 must be 1.5 V, very close to the available supply voltage
of 1.6 V. To avoid amplifier saturation therefore, two steps must be
taken. First, Rf must be kept to a low value, typically 5–10 M� in
cases where Rs is in this resistance range. Second, amplifier A1 (and
also other amplifiers in the circuit) must have a rail-to-rail output
swing capability. The characteristics of the operational amplifiers
are described in Section 2.4.

The low value of the feedback resistor Rf means that the
current–monitor signal of the PatchChip will have a substantial
contribution from the resistor’s thermal noise; in a 10 kHz band-
width this noise is 4 pA rms when Rf = 10 M�. The thermal noise
arising in Rs is also large, and when its value is equal to Rf, its
noise is equal to that from Rf at high frequencies f > fc, where
fc = 1 / (2�RsCm). When Rs compensation is in use, which in effect
increases the recording bandwidth beyond fc, the two resistances Rf
and Rs make nearly equal contributions to the noise variance. Thus
the low value of Rf does result in increased noise, but the increase is
moderate, about a factor of

√
2 over the theoretical minimum noise

due to Rs alone.

2.3. Silicon-on-sapphire technology

The PatchChip was implemented using the silicon-on-sapphire
(SOS) technology. SOS offers several advantages over conventional
bulk CMOS technology, as is illustrated in Fig. 3. First, the absence

of a conducting substrate greatly reduces parasitic capacitance and
allows the fabrication of large, nearly ideal resistors. In conven-
tional bulk-CMOS processes the source and drain of each transistor
is isolated from the substrate by a reverse-biased diode; these
diodes contribute a considerable capacitance to each such node in
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Fig. 5. A die micrograph of the fabricated operational amplifier. The operational

the system. We applied a large voltage step (100 mV) to one channel
with a model cell connected to its input terminal. The cross-talk on
the adjacent non-measuring channel is 40 dB lower even with 80%
series resistance compensation in use.

Table 1
Measurement results for the operational amplifier designed for the patch-clamp
system. A load resistance of 15 k� and a 3.3 V power supply was used in the mea-
surements. The operational amplifier met all design specifications.

Die area 0.08 mm2

Open loop gain 75 dB
Gain-bandwidth product 12 MHz
Input-referred offset voltage 0.4 mV
Input common-mode range 0–3.3 V
ig. 4. A micrograph of the test circuit in silicon-on-sapphire technology. The fab-
icated die contained two channels and occupied just 3 × 3 mm2. Each channel has
eries resistance, parasitic capacitance and leak compensation capability. After ini-
ial setup expenditures, each amplifier costs just a few dollars to manufacture.

he circuit. Even resistor elements, which are isolated from the bulk
ilicon by oxide layers, show considerable parasitic capacitance
ecause the oxide layers are relatively thin. In SOS on the other
and, transistors and resistors are fabricated on top of the thick
apphire substrate (Fig. 3) and therefore experience vastly smaller
arasitic capacitances (Culurciello et al., 2007). Second, the non-
onducting substrate provides a better means of isolating devices
n the substrate, yielding better cross-talk performance between
atch-clamp channels. Third, the insulating substrate allows the
ower supplies for digital and analog parts of this mixed-signal cir-
uit to be separated to obtain better noise performance. Fourth, the
ower parasitic capacitance allows SOS devices to perform at faster
peeds and lower power than those made using conventional bulk
MOS technology (Culurciello, 2010). The final layout of the micro-
hip implementing the two-channel patch-clamp system is shown
n Fig. 4. This layout is the physical implementation of the circuits
eported in Fig. 2.

.4. High-performance operational amplifier design

A low-noise, rail-to-rail, constant-transconductance oper-
tional amplifier was designed specifically for this system
Weerakoon et al., 2010). SOS transistors have low output resis-
ance and therefore yield low voltage gains; we therefore made
xtensive use of cascode circuits, obtaining with this three-stage
esign a DC gain of 75 db and a gain-bandwidth product of 12 MHz
or unity-gain operation. Fig. 5 shows the fabricated operational
mplifier, which occupies an area of less than 0.1 mm2. Rail-to-rail

peration of the amplifier is needed to maximize voltage swings
ith the small power-supply voltages. The amplifier reported a
nV/

√
Hz of input-referred voltage noise in a bandwidth of 10 kHz,

nd <1 mV of input-referred offset, while consuming 1.4 mW of
ower. Table 1 reports a summary of the amplifier characteristics.
amplifier occupies an area of 0.08 mm2 providing rail-to-rail output voltage and
constant gain-bandwidth product over the entire rail-to-rail common-mode range.
The capacitor Cc is the frequency-compensation capacitor.

3. Results

We have extensively tested the electrical properties of the two-
channel patch-clamp system, and its functionality in patch-clamp
recordings from cells. In these tests the system was controlled
and data were acquired using the JClamp patch-clamp software
(www.scisoftco.com). The results are comparable to those from
commercial non-integrated patch clamp amplifiers.

Fig. 6 shows the measured step responses of the series resis-
tance compensation circuit. The time constant � associated with
charging the membrane capacitance Cm through a compensated
resistance (RS − Rcomp) when a step Vcom is applied (inset), is given
by � = Cm(RS − Rcomp). Increasing compensation, Rcomp approaches
RS and � decreases, increasing recording bandwidth. Using the
series resistance compensation circuit, we compensated 3–4 M� of
the 4 M� electrode series resistance, decreasing the time needed
to charge Cm from � = 200 to 50 �s (75% compensation) and about
120 �s (100% compensation). Full resistance compensation can
only be obtained with the phase-lag compensation circuit, which
yields complete compensation at low frequencies but slows the
settling time of the system.

Fig. 6 shows the measured step response of the electrode capac-
itive compensation circuit. When uncompensated, the headstage
provides the current iprs needed to charge the parasitic capacitance.
This current appears as spikes in the current–monitor signal with
the same polarity as Vcom. When properly compensated, the spikes
are greatly reduced in size.

Fig. 7 shows measured simultaneous data from both channels of
Output swing 0–3.3 V
Slew rate 10 V/�s
Input-referred voltage noise at 10 kHz 3 × 10−9 V/

√
Hz

Quiescent current 430 �A
Input capacitance 2.6 pF

http://www.scisoftco.com
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Fig. 6. (A) Measured response of the series resistance compensation circuit when
compensating a 4 M� electrode series resistance. The time needed to charge Cm

was reduced from � = 200 to 50 �s (75% compensation) and 120 �s (100% com-
pensation with phase-lag). (B) Measured step response of the electrode capacitive
compensation circuit when compensating 5 pF at the input. When uncompensated,
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Fig. 8. (A) Single-sweep responses from an HEK 293 cell expressing hERG channels.
Rs was 4.2 M� of which 80% was compensated. Cprs of 6.5 pF was fully compensated.
Cm was 40 pF. (B) The cells were held at 20 mV and stepped to potentials of −130 mV
to 50 mV in 10 mV increments for 200 ms. (C) The tail currents at +20 mV are plot-

ing a faithful current time course. The peak current–voltage curve
(Fig. 9) shows steep activation of the channel currents with no
evidence of series-resistance error (Estacion et al., 2008).
he headstage provides the current iprs needed to charge the parasitic capacitance.
his current appears as spikes in the current–monitor signal. When properly com-
ensated, iprs = iinj and the spikes do not appear. When overcompensated, iinj > iprs

nd the spikes reverse polarity.

Fig. 8 shows a whole-cell recording from an HEK293 cell
xpressing hERG channels. We compensated the 6.5 pF parasitic
apacitance, and 80% of the 4.2 M� series resistance present at the
nput. Rf was set to 5 M�. The peak tail current curve in (C) shows
he standard voltage dependence of inactivation and activation in
he channels.
Sodium-channel currents present a particularly demanding
est for a whole-cell recording system. The rapid kinetics and
egative-resistance characteristic of these currents requires good
s compensation. Fig. 9 shows single-sweep recordings from an

ig. 7. Measured cross-talk between channels. A voltage step of 100 mV was applied
o one channel, which was driving a model circuit with 80% series-resistance com-
ensation. The current–monitor signal in the adjacent non-measuring channel is at

east 40 dB lower.
ted vs. Vcom from A. The extracellular solution contained (mM) 117 NaCl, 13 KCl, 10
HEPES, and 5 EGTA. The pipette solution contained 160 KCl, 1 EGTA, and 10 HEPES.
Currents were sampled at 100 kHz and filtered at 10 kHz.

HEK293 cell expressing Nav 1.7 channels. Linear leak and residual
capacitance artifacts were subtracted using the −P / 6 method. This
protocol (using six inverted pulse sequences scaled down by a fac-
tor of 6, delivered at negative membrane potentials) increases the
net rms noise in the traces about threefold. Despite the large cell
capacitance (Cm = 40 pF) the clamp time constant was 40 �s, giv-
Fig. 9. (A) Single-sweep responses of HEK 293 cells expressing Nav 1.7 sodium chan-
nels, after linear leak subtraction using the −P / 6 protocol. The leak subtraction
increases the net rms noise in the traces about threefold. RS was 4.5 M� of which
80% was compensated. Cprs of 7 pF was fully compensated. Cm was 40 pF. (B) To gen-
erate activation curves, the cells were held at −100 mV and stepped to potentials of
−75 to 30 mV in 5 mV increments for 35 ms. (C) The peak currents vs. Vcom from (A).
The current–monitor signal was filtered at 10 kHz and sampled at a 100 kHz rate.
The recording was made at room temperature. The extracellular solution contained
(in mM) 127 NaCl, 13 KCl, and 10 HEPES. The pipette solution contained 10 NaCl,
140 CsF, 10 HEPES, and 1 EGTA.
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Table 2
Key features of the two-channel patch-clamp system.

Technology 0.5 �m silicon-on-sapphire
Number of channels 2 per die
Silicon area 3 × 3 mm2 per die

1.5 × 3 mm2 per channel
Power consumption 5 mW per channel at 3.3 V
Capacitive compensation 10 pF max
Series resistance compensation 80% up to 10 × Rf , or 100% with

phase-lag compensation
Leak compensation Conductance up to 1/Rf

Current noise 8 pA rms input-referred in a 10 kHz
bandwidth (Rf = 10 M�)

Variable feedback resistor Rf 50, 100, 250, 500 k�
1, 2.5, 5, 10 M�

Dynamic range ± 20 �A
Reconstruction filter 2 poles, 60 kHz cutoff
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Anti-aliasing filter 3 poles, 20 kHz cutoff
Nonlinearity <0.1%
Cross-talk between adjacent channels −40 dB (at 80% series resistance

channels compensation)

Table 2 summarizes the key features of the PatchChip. The two-
hannel system occupies 3 × 3 mm2 of area and consumes 5 mW of
ower per channel. The low power consumption allows the ampli-
ers to be placed in close proximity to the cells under test. The

nput-referred noise is 8 pA rms at 10 kHz bandwidth.

. Discussion

We have implemented a two-channel patch-clamp system in
ilicon-on-sapphire on a 3 × 3 mm2 chip area. The system reports
elow −40 dB of cross-talk between adjacent channels and the

nput-referred current noise of the system is 8 pA rms in a
0 kHz bandwidth. The appropriate setting of the feedback resis-
or, 5–10 M� for typical whole-cell recordings, means that the
esistor’s thermal noise makes a contribution; however this con-
ribution is moderate in comparison to the thermal noise from the
eries resistance of the electrode-and-cell combination. The system
s able to compensate series resistances and parasitic capacitances

p to 100 M� and 10 pF respectively. The power consumption of
he device is 5 mW per channel at 3.3 V. This accurate, low-noise
ystem with electrode compensation can replace a commercial
ack-mounted patch-clamp system; more importantly it can also be
ntegrated into a massively parallel, high-throughput, patch-clamp
nce Methods 192 (2010) 187–192

system that can significantly advance the state-of-the-art in drug
screening and ion-channel research.
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Abstract. The outer hair cell (OHC) from the mamma-
lian organ of Corti possesses a bell-shaped voltage-
dependent capacitance function. The nonlinear capaci-
tance reflects the activity of membrane bound voltage
sensors associated with membrane motors that control
OHC length. We have studied the effects of the lipo-
philic ions, tetraphenylborate (TPB−) and tetra-
phenylphosphonium (TPP+), on nonlinear capacitance
and motility of isolated guinea-pig OHCs. Effects on
supporting cells were also investigated. TPB− produced
an increase in the peak capacitance (Cmpk) and shifted
the voltage at peak capacitance (VpkCm) to hyperpolarized
levels. Washout reversed the effects. Perfusion of 0.4
mM TPB− caused an average increase inCmpk of 16.3 pF
and VpkCm shift of 13.6 mV. TPP+, on the other hand,
only shifted VpkCm in the positive direction, with no
change inCmpk. The contributions from native OHC and
TPB−-induced capacitance were dissected by a double
Boltzmann fitting paradigm, and by blocking native
OHC capacitance. While mechanical response studies
indicate little effect of TPB− on the motility of OHCs
which were in normal condition or treated with salicylate
or gadolinium, the voltage at maximum mechanical
gain (VdLmax) was shifted in correspondence with native
VpkCm, and both changed in a concentration-dependent
manner. Both TPB−-induced changes inCmpk andVpkCm

were affected by voltage prepulses and intracellular tur-
gor pressure. TPB− induced a voltage-dependent capaci-
tance in supporting cells whose characteristics were
similar to those of the OHC, but no indication of me-
chanical responses was noted. Our results indicate that
OHC mechanical responses are not simply related to
quantity of nonspecific nonlinear charge moved within
the membrane, but to the effects of motility voltage-

sensor charge movement functionally coupled to a me-
chanical effector.

Key words: Cochlea — Gating current — Tetraphenyl-
borate — Motility — Capacitance

Introduction

Acoustic signal processing by the mammalian cochlea
is accomplished by two classes of sensory hair cells: the
inner hair cells (IHCs) and outer hair cells (OHCs).
IHCs are solely mechano-electrical transducers, while
OHCs function, in addition, as mechanical effectors. It
is believed that the unique voltage-dependent mechanical
response of the OHC provides feedback into the basilar
membrane, thereby sharpening the passive mechanical
vibration of the cochlear partition (Brownell et al., 1985;
Ashmore, 1987; Santos-Sacchi & Dilger, 1988; Ruggero,
1992). The OHC demonstrates a nonlinear gating charge
movement or, correspondingly, a voltage-dependent ca-
pacitance that has characteristics similar to those of OHC
motility, indicating that membrane-bound voltage sen-
sor/motor elements control OHC length (Santos-Sacchi,
1990, 1991, 1993; Ashmore, 1989, 1992; Dallos et al.,
1991; Iwasa, 1994).

The causal relation between OHC nonlinear charge
movement and mechanical response is an important fea-
ture in theories of OHC motility where voltage-
dependent conformational changes in putative lateral
membrane molecular motors fluctuate between two areal
states (Santos-Sacchi, 1993; Huang & Santos-Sacchi,
1994; Iwasa, 1994). Accordingly, intrinsic gating charge
movement represents the reorientation of charged moi-
eties within a membrane-bound, protein motor molecule.
Only this charge movement should be coupled to OHC
mechanical activity. Membrane bound charge move-
ment associated with extraneous sources, e.g., the cell’sCorrespondence to:J. Santos-Sacchi

J. Membrane Biol. 166, 111–118 (1998) The Journal of

Membrane
Biology
© Springer-Verlag New York Inc. 1998



normal complement of voltage-gated ionic channels or
exogenous membrane bound charge, should neither ef-
fect nor directly affect OHC motility. Furthermore,
blockade of motility-related gating charge should be suf-
ficient to block motility.

To evaluate these predictions, we attempted to in-
duce additional nonlinear charge movement within the
OHC plasma membrane with the exogenous hydropho-
bic ions, tetraphenylborate (TPB−) and tetraphenylphos-
phonium (TPP+). Furthermore, salicylate and Gd+3,
known blockers of OHC motility and charge movement
(Santos-Sacchi, 1991; Shehata, Brownell & Dieler, 1991;
Tunstall, Gale & Ashmore, 1995; Kakehata & Santos-
Sacchi, 1996), were evaluated to dissect out contribu-
tions of native nonlinear charge movement during hy-
drophobic ion treatment. Hydrophobic ions such as
TPB− or dipicrylamine have been used to amplify small
capacitive signals of secretory vesicle release (Ober-
hauser & Fernandez, 1995). The ions have also been
used as probes of tight junctions (Turin et al., 1991), and
membrane structure (Benz & Läuger, 1977; Benz &
Nonner, 1981; Dilger & Benz, 1985; Smejtek & Wang,
1991) and function (Reyes & Latorre, 1979; Fernandez,
Bezanilla & Tayor, 1982). The TPB−-induced current is
similar, in some ways, to that which arises from voltage-
dependent ionic channel gating (Benz & Nonner, 1981).

We report here that TPB− augments native OHC
nonlinear capacitance and produces a negative shift of
the equivalent voltages at peak capacitance (VpkCm) and
maximal mechanical gain (VdLmax), but does not enhance
the mechanical response. TPP+ only causes a shift in the
voltage dependencies. Such results might be expected
from simple charge screening. These data highlight the
specific and causal relationship between the native non-
linear capacitance and the mechanical activity of the
OHC.

Materials and Methods

METHODS

Guinea pigs were anesthetized with halothane and killed by cervical
dislocation. OHCs and supporting cells were isolated enzymatically
with dispase I (0.5 mg/ml for 10 min followed by gentle trituration
through a polyethylene pipette) in a modified Leibovitz medium which
contained (in mM): NaCl 142, KCl 5.37, MgCl2 1.47, HEPES 5, CaCl2

2 and dextrose 5; 300 mOsm, pH 7.2. The cells were then transferred
to a 700-ml perfusion chamber. All experiments were conducted at
room temperature (∼23°C). A Nikon Diaphot inverted microscope
with Hoffmann optics was used to observe the cells during electrical
recording. All experiments were videotaped.

Single OHCs and supporting cells were studied under whole cell
voltage-clamp conditions using an Axon 200A amplifier at a holding
potential of −80mV. Initial resistances of patch pipettes were 2–3MV,
corresponding to tip sizes of 1–2mm (Hamill et al., 1981). Residual
series resistance ranged from 3 to 7MV. All data collection and analy-
sis were performed with an in-house developed Windows-based pro-

gram,jClamp (www.med.yale.edu/surgery/otolar/santos/jclamp.html).
Ionic blocking solutions were used to remove voltage-dependent ionic
conductances so that capacitive currents could be analyzed in isolation
(Santos-Sacchi, 1991; Huang & Santos-Sacchi, 1993). The patch pi-
pette solution contained (in mM): CsCl 140, MgCl2 2, EGTA 10,
HEPES 5, with pH 7.2 and osmolarity 300 mOsm (adjusted with dex-
trose). The external ionic blocking solution contained (in mM): BaCl2
10, CoCl2 2, MgCl2 1.47, NaCl 100, CaCl2 2, HEPES 5, with pH 7.2
and osmolarity 300 mOsm (adjusted with dextrose). In this solution
BaCl2 replaced the usually employed blockers, CsCl and TEA (Huang
& Santos-Sacchi, 1993), because both caused precipitation with sodium
tetraphenylboron. The reagents (Na+ TPB− and TPP+ Cl−) were freshly
prepared and applied using the Y-tube method (Murase et al. 1990) at
a rate of 0.3 to 0.65 ml/min. These two hydrophobic ions were chosen
for their opposite charges, which we presumed might provide for dif-
fering effects. We reasoned that the effectiveness in influencing ca-
pacitance and motility might depend on the sign of the hydrophobic ion
relative to that of the native charge. Whole chamber perfusion was
continuous.

A tracking procedure was used to continuously monitor the volt-
age at peak capacitance (VpkCm) after obtaining whole-cell configura-
tion (Kakehata & Santos-Sacchi, 1995). Membrane potential was cor-
rected for the effects of residual series resistance. Peak capacitance
(Cmpk) values were also monitored during the tracking procedure using
transient analysis of capacitive currents induced by a −10 mV step.
Detailed evaluation of total membrane capacitance was made at differ-
ent potentials by transient analysis of currents induced by a voltage
stair step stimulus, and the capacitance function was fit to the first
derivative of a two state Boltzmann function relating nonlinear charge
to membrane voltage (dQ/dV; Santos-Sacchi, 1991; Huang & Santos-
Sacchi, 1993)

Cm = Qmax

ze

kT

b

~1 + b!2
+ Clin

where

b = expS−ze~V − Vpkcm!

kT D
Qmax is the maximum nonlinear charge moved,VpkCm is voltage at
peak capacitance or equivalently, at half-maximal nonlinear charge
transfer,Vm is membrane potential,z is valence,Clin is linear membrane
capacitance,e is electron charge,k is Boltzmann’s constant, andT is
absolute temperature.

Pipette pressure was monitored via a T-connector to a pressure
monitor (WPI, Sarasota, FL), and modified when required with a sy-
ringe connected to the Teflon tubing attached to the patch pipette
holder (Kakehata & Santos-Sacchi, 1995). The cylindrical shape of
OHCs was maintained during data collection. Measures of voltage-
induced (−160 to 40 mV, 20 mV increment) mechanical responses were
made off the video monitor during playback with a differential opto-
resistor technique (Santos-Sacchi, 1989; 1991). Mechanical data were
fit to a two state Boltzmann function to determine the voltage at maxi-
mum mechanical gain (VdLmax).

Dose-response data (chargevs. hydrophobic ion concentration)
were averaged and are given as mean ±SE. A fit was made according
to a modified Michaelis-Menten equation with the use of a least-
squares routine (Sigma Plot, CA),

Q 4 Qmax (Cn/(Cn + KD
n ))

whereQ is the charge induced by the hydrophobic ion,C is hydropho-
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bic ion concentration,KD is the dissociation constant, andn is the Hill
coefficient.

Results

OHCs possess a capacitance that depends upon trans-
membrane voltage, and which derives from motility-
related gating currents (Fig. 1). Membrane-bound,
charged molecules from external sources can also con-
tribute to membrane capacitance. This is illustrated in
Fig. 1 where the effects of TPB− and TPP+ on Cmpk and
VpkCm are monitored with the tracking technique de-
scribed in the methods (Fig. 1A); in addition, a more
detailed analysis of membrane capacitance is provided
by the stair step protocol (Fig. 1B). Under our experi-

mental conditions, TPP+ had no effect onCmpk, but
shifted VpkCm to depolarized levels. In contrast, TPB−

increasedCmpk and shiftedVpkCm to hyperpolarized lev-
els. Washout reversed the effects (Fig. 1A). The average
onset and recovery time constant for 0.4mM TPB− was
102.2 ± 25.91 sec (n4 5) and 184 ± 60.74 sec (n4 4),
respectively.

The average steady state shift ofVpkCminduced by 1
mM TPP+ was 33.9 ± 1.7 mV (mean ±SE; n 4 10; stair
analysis). The difference inCmpk before and during
TPP+ treatment was 0.57 ± 0.3 pF. Higher concentra-
tions of TPP+, up to 10 mM, were equally ineffective in
alteringCmpk. On the other hand, the average elevation
of Cmpk and shift ofVpkCminduced by 0.4mM TPB− were
16.3 ± 2.7 pF and −13.6 ± 3.04 mV (n4 15), respec-
tively.

To study the concentration effects of TPB− on OHC
nonlinear capacitance, TPB− was applied by ‘Y-tube’ in
increasing concentrations ranging from 0.2mM to 1 mM,
without intermittent washing. Tracking commenced im-
mediately after whole cell configuration, and stair step
analysis was performed afterVpkCm reached steady state
at each concentration. Figure 2A illustrates the TPB−

concentration dependence of OHCCmpk andVpkCm. By
gradually increasing the concentration of TPB−, corre-
spondingly larger increases inCmpk and VpkCm shifts
were elicited. Concentrations greater than 1mM could
induce very large capacitances, which compromised the
effectiveness of our voltage clamp.

Contributions to the voltage-dependent capacitance
observed in Fig. 2Aare derived from two distinct sources
of nonlinear charge movement (native and TPB−-
induced), which theoretically should be separable ana-
lytically. Unfortunately, it is clear from the data that the
characteristics of native and TPB−-induced charge move-
ment are not disparate enough to produce a bimodal ca-
pacitance function, which could easily be fit by the sum
of two Boltzmann functions. Nevertheless, we have de-
vised a procedure which estimates the TPB− contribution
assuming that in addition to augmenting charge, TPB−

causes a shift in the voltage dependence of OHC native
charge movement, as occurred in the presence of TPP+.
Thus, we first obtained fits (single Boltzmann) of OHC
native capacitance prior to TPB− treatment and used
these parameters (all fixed except forVpkcm which was
permitted to vary) in subsequent fits (sum of two Boltz-
manns) of capacitance in the presence of TPB−. Figure
2B illustrates the result, and indicates that, opposite to
the effects TPP+, the native OHC capacitance function is
shifted in the negative direction by the negatively
charged TPB−.

This shift inVpkcmwas independently confirmed in a
group of OHCs where the effects of TPB− on OHC mo-
tility and capacitance were studied in concert. Before
and during TPB− treatment, voltage-induced OHC move-

Fig. 1. Effects of TPP+ and TPB− on Cmpk and VpkCm of an OHC
obtained by the tracking technique (A) and the voltage stair step tech-
nique (B). (A) AfterCmpk and VpkCm stabilized, TPP+ (1 mM) was
applied extracellularly at the first dotted line.VpkCm shifted to depo-
larized levels with no change inCmpk. Washout at the second dotted
line caused recovery. TPB− (0.4 mM) was applied extracellularly at the
third dotted line.VpkCmshifted slightly to hyperpolarized levels with a
increase inCmpk. Washout following TPB− treatment started from the
4th line. Arrows indicate points at which capacitance functions were
determined by the voltage stair step technique for the same cell. (B) Fits
(solid lines) for the capacitance data indicateCmpk, VpkCm, Qmax andz
of 42.1 pF, −40.2 mV, 3.26 pC and 0.75 (closed circles, control); 40.6
pF, −4.4 mV, 2.69 pC and 0.79 (opened circles, TPP+ treatment); 55.7
pF, −47.4 mV, 5.08 pC and 0.73 (closed triangles, TPB− treatment).
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ment and voltage-dependent capacitance were obtained
by voltage steps (−160 to 40 mV, 20 mV increment) and
stair step analysis, respectively. As shown in Fig. 3A and
B, TPB− had a significant effect on the magnitude of
Cmpk but little effect on the magnitude of voltage-
dependent movement. The ratio of totalQmax in the
presence of TPB− to Qmax in its absence was 1.71,
whereas the corresponding ratio ofdLmaxwas 1.06 (n4
7). These results indicate that an increase in OHC non-
linear capacitance by an external source does not result
in significant enhancement of cell movement. Although
TPB− does not alter the magnitude of OHC motility, its
voltage dependence is susceptible. In fact, the effect on
VdLmaxcorresponds to the effect on the extracted value of
native OHCVpkcm (Fig. 3C); both shift in the hyperpo-
larizing direction in a concentration-dependent manner.
This is expected since the voltage dependencies of OHC
motility and nonlinear capacitance are known to coincide
(Kakehata & Santos-Sacchi, 1995). Within a limited
concentration range of TPB− (0.2–1.0mM), the response
slope is −32 mV/mM (n 4 3). The dose-response data

indicate a Hill coefficient of 1.85 ± 0.10,Qmaxof 5.38 ±
0.23 pC, andKd of 0.50 ± 0.03mM.

Other ways to dissociate the two components of
nonlinear charge movement may include delivery of pre-
pulse voltages (Santos-Sacchi, Kakehata & Takahashi,
1997, 1998; Santos-Sacchi, 1997), alterations of lateral
membrane tension (Iwasa, 1993; Gale & Ashmore, 1994;
Kakehata & Santos-Sacchi, 1995), and treatments with
salicylate (Tunstall et al., 1995; Kakehata & Santos-
Sacchi, 1996) or Gd+3 (Santos-Sacchi, 1991), since these
manipulations may selectively influence native OHC
charge movement.

Fig. 2. (A) Concentration dependence of TPB− effects onCmpk and
VpkCmof an OHC.Cmpk increased andVpkCmshifted to hyperpolarized
levels in a concentration-dependent manner. Fits (solid lines) for ca-
pacitance indicateCmpk, VpkCm, Qmaxandzof 42.5 pF, 6.5 mV, 2.89 pC
and 0.72 (closed circles, control), 49.4 pF, −15.3 mV, 3.61 pC and 0.77
(open circles, 0.2mM TPB); 58.8 pF, −26.8 mV, 4.81 pC and 0.78
(closed triangles, 0.4mM TPB); 64.4 pF, −33.4 mV, 5.48 pC and 0.79
(open triangles, 0.6mM TPB); 67.2 pF, −43.1 mV, 5.85 pC and 0.79
(closed squares, 0.8mM TPB) and 71.6 pF, −46.1 mV, 6.26 pC and 0.81
(open squares, 1mM TPB). (B) Example of extraction technique used to
assess the individual contributions of TPB−-induced and native OHC
capacitance to the overall capacitance function.A, native capacitance of
OHC; B, TPB−-induced capacitance;A + B, total capacitance with 0.8
TPB− treatment.Seetext for details.

Fig. 3. (A) Voltage-dependent capacitance and (B) voltage-induced
length change of seven OHCs measured before and during TPB− treat-
ment. Length changes induced by 20 mV steps from −160 to 40 mV,
but corrected for series resistance. Fits for average overall capacitance
data indicateCmpk, VpkCm, Qmax andz of 44.8 pF, −21.9 mV, 3.69 pC
and 0.67 (closed circles, control); 63.9 pF, −32.3 mV, 6.3 pC and 0.72
(open circles, 0.4mM TPB). Fits for average mechanical data indicate
VdLmax andz of −14.9 mV and 0.9 (closed circles, control); −28.5 mV
and 0.81 (open circles, 0.4mM TPB). Cell length was 64.29 ± 1.44mm
(mean ±SE; n 4 7). (C) Correspondence between shifts in extracted
OHC VpkCm (determined as in text) andVdLmax of OHCs treated with
TPB− as a function of concentration. Each point is the mean ±SE

(n 4 3).
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In the untreated OHC, negative prepulse voltages
shift VpkCm in the positive direction and visa versa, with
little effect onCmpk (Santos-Sacchi et al., 1997, 1998).
In the TPB− treated OHC, changes inVpkCm and Cmpk

were found (data not shown) and could not be accounted
for by effects on native charge alone; indeed, these data
suggested that TPB− induced charge movement was sus-
ceptible to prepulse effects, as well. To confirm this,
gadolinium (3 mM) was first used to block intrinsic OHC
nonlinear capacitance, so that TPB− charge movement
could be studied in isolation. Figure 4 illustrates the ef-
fects of prepulses on the voltage dependence of the iso-
lated TPB−-induced nonlinear capacitance. As the pre-
pulse potential decreased from 100 to −180 mV, TPB−-
induced nonlinear capacitance progressively increased in
magnitude andVpkCmbecame more negative. This is dis-
tinctly different from prepulse effects on the intrinsic
nonlinear capacitance of the OHC (Santos-Sacchi et al.,
1997, 1998).

Positive turgor pressure shifts OHCVpkCm to depo-
larized levels and reducesCmpk (Iwasa, 1993; Gale &
Ashmore, 1994; Kakehata & Santos-Sacchi ,
1995). However, in OHCs treated with TPB−, whereas
positive intracellular pressure also shiftsVpkCm to depo-
larized levels,Cmpk increases (Fig. 5). With 0.4mM TPB
treatment,Cmpk andVpkCmof the cell shown in Fig. 5A
were 53.3 pF and −27.2 mV at steady state. Positive
intracellular pressure (1.35 kPa pipette pressure) in-
creasedCmpk by 6.1 pF and shiftedVpkCm in the depo-
larized direction by 17.6 mV. The average elevation of

Cmpk and shift ofVpkCminduced by positive pipette pres-
sure (0.95 ± 0.14 kPa) was 6.1 ± 1.35 pF (n 4 4) and
15.5 ± 3.66 mV (n4 4), respectively. After intrinsic
OHC nonlinear capacitance was blocked by gadolinium
(3 mM), positive intracellular pressure still increased
TPB−-induced capacitance and shiftedVpkCm in the de-
polarized direction (Fig. 5B). However, there was a
greater increase inCmpk and smaller shift inVpkCm. Un-
der this condition, the average elevation of capacitance
and shift ofVpkCm caused by positive pressure (1.23 ±
0.16 kPa) was 14.8 ± 3.74 pF and 5.35 ± 1.97 mV (n4
4), respectively. Positive intracellular pressure affected
supporting cells in a similar way (Fig. 5C). The average
increase in capacitance was 5.5 ± 0.83 pF (n 4 4) by
positive pressure (1.37 ± 0.26 kPa). Similar results were
obtained by changing intracellular pressure with hypo-
tonic solutions (data not shown).

Salicylate blocks OHC voltage-dependent capaci-
tance and decreases the cell’s mechanical response (Kak-
ehata & Santos-Sacchi, 1996). We found that the pres-

Fig. 4. Effects of 1-sec voltage prepulse onCmpk andVpkCmof an OHC
treated with gadolinium and TPB−. Once reduction of OHC nonlinear
capacitance by Gd+3 (3 mM) reached steady state (reduction ofCmpk

from 41.2 to 28.2 pF), TPB− (0.4 mM) was added to the solution.
Control capacitance function (open triangles, 3 mM Gd+3, no prepulse)
could not be reliably fit. After the appearance of TPB+-induced capaci-
tance, prepulse effects were studied.Cmpk, VpkCm, Qmaxandzwere 63.7
pF, 2.8 mV, 6.28 pC and 0.60 (closed circles, −180 mV prepulse); 59.2
pF, 5.3 mV, 4.86 pC and 0.68 (open circles, −60 mV prepulse); 51.6
pF, 10.3 mV, 3.46 pC and 0.73 (closed squares, −20 mV prepulse); 48.3
pF, 12.5 mV, 2.57 pC and 0.85 (open square, 20 mV prepulse) and 44.9
pF, 22.1 mV, 2.42 pC and 0.76 (closed triangles, 100 mV prepulse).

Fig. 5. Effects of positive intracellular pressure onCm of OHCs (A, B)
and Deiters cells (C). (A) After OHCCm was increased by 0.4mM TPB
and reached steady state, positive intracellular pressure caused a posi-
tive shift in overallVpkCm and increase inCmpk. (B) OHC nonlinear
capacitance was blocked with Gd+3, and followed by treatment with
TPB−. After Cmpk reached steady state, increased intracellular pressure
caused a positive shift inVpkCmand an increase inCmpk. (C) TPB− (0.4
mM) induced a nonlinear capacitance in Deiters cells. In this case, after
reaching steady state, positive pressure caused a negative shift inVpkCm

and an increase inCmpk
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ence of TPB− molecules does not affect the reduction of
OHC nonlinear capacitance caused by salicylate. In Fig.
6, Cmpk of an OHC and supporting cell were monitored.
TPB− (0.4mM) increasedCmpk of the OHC (top trace) to
a steady-state value of 63.8 pF. Subsequent treatment
with salicylate (10 mM), reducedCmpk to 45.6 pF, with a
time constant of 1.69 sec. The average time constant
was 3.79 ± 0.94 sec (mean ±SE, n 4 8). This rate is
faster than that observed by Kakehata and Santos-Sacchi
(1996), and may be due to the presence of TPB− or the
higher perfusion rate used here. AlthoughCmpk recov-
ered partially over the course of salicylate perfusion,
reaching 52 pF, no recovery of mechanical response was
noted. After removal of salicylate,Cmpk increased again
due to the reversible effect of salicylate on OHC nonlin-
ear capacitance. The same treatment used for OHCs was
applied to supporting cells (Fig. 6, bottom). TPB− also
increasedCmpk of Deiters cells, but to a lesser and more
variable degree. The average elevation ofCmpk by 0.4
mM TPB− was 9.5 ± 1.2 pF for OHCs (n4 15) and 5.5
± 1.0 pF for Deiters cells (n4 11). The latter figure
does not include another 11 Deiters cells whose capaci-
tance did not show an increase by at least 5 min after
onset of TPB− treatment. No effect of salicylate onCmpk

was found and no mechanical response was detected for
TPB−-treated Deiters cells.

The effects of salicylate (or gadolinium) on OHC
motility are not alleviated by TPB− treatment (Fig. 7).
The figure illustrates the effects of TPB− on Cm and
movement of an OHC whose nonlinear capacitance was
blocked by intracellular salicylate. Simultaneous mea-

sures of capacitance and voltage dependent movement
were made before and during extracellular application of
0.4 mM TPB−. For this cell, Cmpk was reduced to a
steady-state level of 32.1 pF by 10 mM salicylate, which
is consistent with the results of Kakehata and Santos-
Sacchi (1996). During TPB− treatment, peak capaci-
tance increased to 51.7 pF. Although TPB−-induced an
additional nonlinear capacitance of 19.64 pF and shifted
overallVpkCmfrom −31.83 to −16.28 mV, the difference
in maximum length change was only 0.09mm. The av-
erage difference in maximum length change for 3 cells
was 0.03 ± 0.02mm.

Discussion

The present results show that the hydrophobic ion, TPB−,
but not TPP+, increases nonlinear charge movement, as
evidenced through capacitance measures, in OHCs and
supporting cells from the organ of Corti. The enhance-
ment of nonlinear charge movement, which is accompa-
nied by a concentration-dependent shift in the voltage at
peak capacitance, is greater for OHCs than for support-
ing cells. This suggests that membrane structural param-
eters such as thickness, dielectric constant, dipole poten-

Fig. 6. Effects of salicylate on intrinsic and TBP− induced nonlinear
capacitance.Cmpk of (A) an OHC and (B) a Deiters cell monitored by
theVpkCmtracking technique. Same treatments were used for both cells.
Salicylate specifically blocks intrinsic OHC nonlinear capacitance. Sa-
licylate (10 mM) had no effect onCmpk of the Deiters cell.

Fig. 7. Effects of TPB− on (A) capacitance and (B) movement of OHCs
whose nonlinear capacitance was blocked by salicylate. Length
changes wree induced by 20-mV steps from −160 to 40 mV and series
resistance was corrected. Capacitance was evaluated with the stair step
protocol. Fits (solid lines) for capacitance data indicateCmpk, VpkCm,
Qmaxandzof 32.1 pF, −31.8 mV, 0.82 pC and 0.59 (closed circles, w/o
TPB); 51.4 pF, −16.9 mV, 2.43 pC and 0.72 (open circles, w/ 0.4mM

TPB). Fits for mechanical data indicateVdLmax andz of 119 mV and
0.091 (closed circles, w/o TPB−); −9.1 mV and 0.1213 (open circles, w/
0.4 mM TPB). Despite the induction of a prominent nonlinear capaci-
tance by TPB−, no recovery of the mechanical response was observed.
Cell length: 71mm.
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tial, or the degree of the lipid hydrocarbon chain order
(Ketterer, Randic & Läuger, 1971; Benz & Läuger, 1977;
Reyes & Latorre, 1979; Fernandez et al., 1982) may be
different between the two types of cells; another clear
difference between the cells is the existence of intrinsic
voltage-sensor/motor elements in OHCs. The latter dif-
ference is exemplified by the results from salicylate
treatments. Salicylate reduced OHC membrane capaci-
tance attributable to intrinsic lateral membrane sensor/
motors, which is in agreement with earlier studies (Tun-
stall et al., 1995; Kakehata & Santos-Sacchi, 1996), but
did not reduce the TPB−-induced capacitance of support-
ing cells or OHCs. This evidence further supports the
notion that salicylate directly and specifically acts on the
sensor/motor of the OHC (Kakehata & Santos-Sacchi,
1996), and not via some nonselective mechanism to im-
pede all charge movement within the membrane.

The characteristics of TPB−-induced nonlinear ca-
pacitance are similar in some ways to those of the OHC
intrinsic capacitance, namely, each has a shallow voltage
dependence and is affected by voltage prepulse and
membrane tension. However, there are obvious differ-
ences which are readily revealed when the OHC’s intrin-
sic nonlinear capacitance is blocked. Whereas the OHC
nonlinear capacitance shifts its voltage dependence in the
negative direction with positive prepulse (Santos-Sacchi,
Kakehata & Takahashi, 1998), the voltage dependence of
TPB−-induced capacitance does the opposite. Also,
whereas positive intracellular pressure decreases OHC
peak capacitance (Gale & Ashmore, 1994; Kakehata &
Santos-Sacchi, 1995), TPB−-induced peak capacitance
increases. The reasons for these differences are not ob-
vious, but may possibly relate to differences in sign of
the mobile charged species.

Despite some similarities between TPB−-induced
nonlinear charge movement and OHC intrinsic nonlinear
charge movement, the former cannot effect mechanical
responses, indicating that TPB− charge movement does
not alter lateral membrane motor conformation. Simi-
larly, in frog myelinated nerve, lipophilic dipicrylamine
ions did not interact with Na channels (Benz & Nonner,
1981). However, we found that TPB−-induced shifts in
OHC intrinsicVpkCmwhich are mirrored by similar shifts
in VdLmax. Since TPB− does not directly alter the mag-
nitude of OHC motility, it is probable that the ion’s ef-
fects on motility are via electrostatic interactions with the
motility voltage sensor; that is, the voltage dependence
of intrinsic OHC capacitance is likely shifted by TPB−,
just as it is by TPP+.

A variety of evidence indicates that the OHC’s na-
tive nonlinear charge movement is causally related to the
cell’s mechanical response. First, blockers of OHC non-
linear capacitance cause reductions in OHC motility
(Santos-Sacchi, 1991; Tunstall et al., 1995; Kakehata &
Santos-Sacchi, 1996). Second, the kinetics of charge

movement and mechanical response coincide (Santos-
Sacchi, 1990, 1991; Gale & Ashmore, 1997). Third,
treatments which induce shifts in the voltage dependence
of nonlinear charge movement or capacitance similarly
shift that of the mechanical response (Fig. 3C; Kakehata
& Santos-Sacchi, 1995). Fourth, mechanical stimulation
of the lateral membrane elicits the salicylate blockable
motility-related gating charge movement (Gale & Ash-
more, 1994; Takahashi & Santos-Sacchi, 1997). Finally,
the present data indicate that induced nonspecific charge
movement cannot evoke or recover blocked mechanical
responses.

The apparent discrepancy between the degree of sa-
licylate-induced reduction in capacitance and mechanical
response indicated by the closed symbols in Fig. 7, and
noted previously (Kakehata & Santos-Sacchi, 1996) may
be readily accounted for. First, the relative decrease in
capacitance and motility is not known since the pipette
contained the drug and the effect is near immediate
(Kakehata & Santos-Sacchi, 1996); no pre-drug mea-
sures are available. Second, the native nonlinear charge
movement is not completely abolished, and in fact may
be extended over a wider voltage range than under nor-
mal conditions (reducedz), so that measurement could be
limited by our ability to deliver extreme voltages. Fu-
thermore, we have previously shown that when the non-
linear capacitance remaining after salicylate treatment
is blocked by Gd+3, the mechanical response is fully
abolished (Kakehata & Santos-Sacchi, 1996). Third, the
whole-cell mechanical response magnitude may be de-
pendent upon many physical criteria, including turgor
pressure (Shehata et al., 1991; Santos-Sacchi, 1991),
whole-cell stiffness (Dallos et al., 1997), and possibly
membrane visco-elasticity (Santos-Sacchi et al., 1997,
1998). The linearity of the residual mechanical response
may be an expression of a reduction inz which would
necessarily provide an apparent linearization within a
restricted voltage range.

In summary, TPB− ions increase the magnitude of
nonlinear capacitance and modifyVpkCm and VdLmax of
OHCs. TPB−-induced nonlinear capacitance is indepen-
dent of OHC intrinsic nonlinear capacitance. We con-
clude that the OHC mechanical response is not simply
related to quantity of nonspecific nonlinear charge
moved within the membrane, but to the effects of motil-
ity voltage-sensor charge movement functionally
coupled to a mechanical effector.

This work was supported by NIH-NIDCD grant DC00273 to JSS.
We thank Margaret Mazzucco for technical help.
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Capsaicin, the classic activator of TRPV-1 channels in primary sensory neurons, evokes nociception.
Interestingly, auditory reception is also modulated by this chemical, possibly by direct actions on outer
hair cells (OHCs). Surprisingly, we find two novel actions of capsaicin unrelated to TRPV-1 channels,
which likely contribute to its auditory effects in vivo. First, capsaicin is a potent blocker of OHC K
conductances (IK and IK,n). Second, capsaicin substantially alters OHC nonlinear capacitance, the signature
of electromotility e a basis of cochlear amplification. These new findings of capsaicin have ramifications
for our understanding of the pharmacological properties of OHC IK, IK,n and electromotility and for
interpretation of capsaicin pharmacological actions.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The mammalian cochlea contains two types of hair cells with
distinct functions. Inner hair cells (IHCs) are responsible for sound
detectionand its conversion toelectrical signals.Whereas, outerhair
cells (OHCs) additionally amplify sound stimulus by increasing both
the amplitude and frequency selectivity of basilar membrane (BM)
vibration. Electrically evoked OHC mechanical activity, whose
electrical signature is a nonlinear capacitance (NLC), is a basis of this
cochlear amplification (Dallos et al., 2008; He et al., 2006; Santos-
Sacchi, 2003; Santos-Sacchi et al., 2006; Zheng et al., 2003). IK and
IK,n are the two major K conductances in OHCs (Housley and
Ashmore, 1992, 2006; Mammano and Ashmore, 1996; Santos-
Sacchi and Dilger, 1988). IK activates at potentials more positive
than �35 mV and its identity and role is still unclear. IK,n, which
activates at hyperpolarized potentials, is carried by KCNQ4 channels
and controls the resting potential of OHCs (Chambard and Ashmore,
2005;Holt et al., 2007;Kharkovets et al., 2000, 2006;Wuet al., 2010;
enter, NRC04, Department of
& Science University, 3181

States. Tel.: þ1 503 4948032.
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Xu et al., 2007). The resting potential is an important component of
the driving force for OHC electromotility.

Capsaicin, the natural product of capsicum pepper, is an active
ingredient of many spicy foods. Capsaicin selectively activates
TRPV-1, a non-selective cation channel (NSCC) in primary sensory
neurons, initiating nociception through its depolarizing effects.
This is the classical action of capsaicin (Caterina et al., 1997; Szallasi
and Blumberg, 1999). Interestingly, we showed that capsaicin
reduced cochlear amplification, resulting in an elevation in the
threshold of the auditory nerve compound action potential in an in
vivo study (Zheng et al., 2003). Furthermore, we and others have
observed TRPV-1 immunolabeling in OHCs (Ishibashi et al., 2008;
Mukherjea et al., 2008; Zheng et al., 2003). From these data, we
hypothesized that OHCs were the major target of capsaicin, and
activation of TRPV-1 would result in OHC depolarization leading to
a reduction in both receptor potential and evoked OHC motility.
Therefore, it is of particular interest to understand the action of
capsaicin on OHCs at the cellular level.

In this study, we whole-cell voltage clamped isolated OHCs.
Surprisingly, capsaicin did not elicit characteristic TRPV-1 currents
in the OHCs. Unexpectedly, we found that capsaicin is a potent
blocker of OHC K conductances (IK and IK,n) and alters NLC
substantially. These novel pharmacological effects of capsaicin have
never been reported before and likely contribute to the drug’s
detrimental action on cochlear amplification in vivo.

mailto:nuttall@ohsu.edu
www.sciencedirect.com/science/journal/03785955
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http://dx.doi.org/10.1016/j.heares.2010.10.010
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http://dx.doi.org/10.1016/j.heares.2010.10.010


T. Wu et al. / Hearing Research 272 (2011) 117e124118
2. Materials and methods

2.1. OHC preparation

Adult guinea pigs (250e350 g) with positive Preyer’s reflexwere
anesthetized by intramuscular injection of an anesthetic mixture
(60 mg/ml ketamine, 2.4 mg/ml xylazine, and 1.2 mg/ml acepro-
mazine in saline) at a dose of 1 ml kg�1 and were then killed by
decapitation. The cochleae were rapidly removed from the bulla
and dissected in a Petri dish filled with a standard artificial peri-
lymph composed of (mM): NaCl 144, KCl 4, CaCl2 1.3, MgCl2 0.9,
Na2HPO4 0.7, HEPES 10 and glucose 5.6. The osmolarity of the
solution was adjusted to 304 mosmol/l with glucose and the pH
was adjusted to 7.40 with NaOH. All procedures were performed at
room temperature. The organ of Corti dissected from the apical two
cochlear turns was digested with dispase I (1.0 mg/ml) for 12 min.
Dissociated OHCs, obtained by gentle titration, were placed in
a Petri dish and allowed to settle onto the glass bottom. They were
continuously perfused with the artificial perilymph. OHCs with
lengths ranging from 72 to 75 mm (the upper 3rd turn, used in most
of experiments unless otherwise specified) and 48e55 mm (the
lower 2nd turn) were chosen for patch recordings. All procedures in
this study were approved by the Institutional Animal Care and Use
Committee of Oregon Health & Science University.

2.2. Solutions for OHC recordings

All reagents were from SigmaeAldrich. In the bath solutions,
agents were added as 1000 X concentrates. Capsaicin was pre-
dissolved in dimethylsulfoxide (DMSO), which was used at a final
concentration of 0.1% DMSO. BaCl2 and 4-AP were pre-dissolved in
water. The drugs were gravity delivered at a rate of (0.35 ml min�1)
through an array of parallel polyethylene tubes with an inner
diameter of w280 mm at the distal end, which was positioned
w350 mm next to the OHCs. Rapid switching of two different
solutions was performed by shifting loaded tubes.

a) Solutions forcurrent recordings: Bathsolutioncontained (inmM):
NaCl 142, KCl 5, CaCl21.5,MgCl2 2, Hepes 10 and D-glucose 5.6. The pH
was adjusted to 7.40 with NaOH and the osmolarity to 304 mosmol/l
with D-glucose. Pipette solution (mM) contained (in mM): KCl 148,
CaCl2 0.5, MgCl2 2, Hepes 10 and EGTA 1. The pHwas adjusted to 7.40
with KOH and the osmolarity to 298 mosmol/l with D-glucose.

b) Solutions for NLC recordings: Bath solution (mM)was NaCl 132,
CaCl2 2, MgCl2 2, and Hepes 10. Pipette solution was the same
except with EGTA 10. In a subset of experiments, Ca was removed
from both intracellular and extracellular solutions by substituting
NaCl. The extracellular solution contained 3, 10, 30, 100, 300 and
1000 mM capsaicin. The pHwas adjusted to 7.20 with NaOH and the
osmolarity to 300 mosmol/l with D-glucose. We have previously
shown that DMSO and ethanol at the concentrations used in this
report do not affect measures of NLC (Rybalchenko and Santos-
Sacchi, 2003; Song et al., 2005).

2.3. Whole-cell recordings of OHCs

In regularcurrentdetectionprocedures, anAxopatch1-Damplifier
(Axon Instruments)wasusedwith its low-passfilter bandwidth set to
1 kHz (four-pole Bessel). Membrane currents were recorded with
a Digidata 1322A (Axon Instruments) interface and pCLAMP 8 soft-
ware (Axon Instruments) at a sampling rate of 10 kHz for episodic IeV
commands and with Minidigi digitizer and Axoscope 9.2 software
(Axon Instruments) for simultaneousgap-freerecordingata sampling
rate of 50Hz. Thewhole-cell configurationwas achievedby rupturing
the cellmembranewith suction after achieving a high-resistance seal
(>1.5 gigohm). Stability of the patch was ascertained by monitoring
gap-free recording and cell parameters (cell capacitance (Ccell),
membrane resistance (Rm) and series resistance (Rs)) during the
recordings. The patch pipettes were pulled in four steps from boro-
silicate capillaries (WPI, 1B150F-4) using a puller (P80/PC Sutter
Instrument). In a regular Naþ rich bath and Kþ rich pipette solution,
the initial pipette resistance was 6e7 MU. The uncompensated Rs
(MU) were off-line corrected with the equation Vc ¼ Vu � I � Rs (Vc,
corrected clamping voltage; Vu, uncorrected clamping voltage; I,
current) in Excel sheets and Origin 7.5 (OriginLab Technical) files. In
order to stabilize the liquid junction potential (LJP), a salt bridge (3M
NaCl) with a ceramic tip was used as a reference electrode. The LJP
(actual measurement) was 3 mV in the regular Naþ rich bath and Kþ

rich pipette solutions. Th LJP was corrected in the Excel sheets and
Origin 7.5 (OriginLab Technical) files. Data were analyzed by clampfit
9.0 (Axon Instruments) and Origin 7.5 (OriginLab Technical).

2.4. Nonlinear capacitance measurements

OHC capacitance was measured with a continuous high-reso-
lution (2.56 ms) two-sine voltage stimulus protocol (10 mV peak at
both 390.6 and 781.2 Hz), and subsequent FFT based admittance
analysis as fully described previously (Santos-Sacchi et al., 1998).
These small, high frequency sinusoids were superimposed on
voltage ramps that spanned �180 mV. All data collection and most
analyses were performed with an in-house developed Window’s
based whole-cell voltage clamp program, jClamp (www.scisoft.
com), utilizing a Digidata 1320 board (Axon, CA). Matlab (Natick,
MA) or SigmaPlot was used for fitting the Cm data.

CeV data were fit with the first derivative of a two-state
Boltzmann function and a constant representing the linear capac-
itance (Santos-Sacchi, 1991),

Cm ¼ Qmax
ze
kT

b

ð1þ bÞ2
þ Clin (1)

b ¼ exp
��ze

�
Vm � Vpkcm

�

kT

�

where Qmax is the maximum nonlinear charge moved, Vpkcm is
voltage at peak capacitance or half-maximal nonlinear charge
transfer, Vm is membrane potential, Clin is linear capacitance, z is
apparent valence, e is electron charge, k is Boltzmann’s constant,
and T is absolute temperature.

2.5. TRPV1 immunofluorescence labeling in OHCs of guinea pigs
and Trpv1�/� mice

The cochleae of guinea pigs, Trpv1�/� mice, and the wild type
control mice with the same background (Jackson Lab) were
dissected and fixed in 4% paraformaldehyde solution overnight.
After being washed in 0.02 M phosphate-buffered saline (PBS) for
30 min, the tissues were permeabilized in 0.5% Triton X-100
(Sigma) for 1 h (h) and incubated in 10% goat serum and 1% bovine
serum in 0.02 M PBS for 1 h. The tissues were incubated overnight
in primary anti-TRPV1 (rabbit polyclonal, RA10110, Neuromics,
Edina, MN, USA) diluted to 1:500 with 1% BSA-PBS. After being
washed in 1% BSA-PBS for 30 min, the tissues were incubated in
Alexa fluor 488 anti-rabbit IgG (diluted to 1:100) and Alexa fluor
568 phalloidin (diluted to 1:50, Invitrogen, Eugene, OR, USA) for 1 h
and Hoechst (1 mg/ml, Invitrogen, Eugene, OR, USA) for 15 min.
After being washed in 0.02 M PBS for 30 min, the tissues were
mounted and observed on a Nikon Eclipse TE 300 inverted micro-
scope fitted with an Olympus Fluview confocal laser microscope
system. Negative controls were 1) tissue incubated with 1% BSA-

http://www.scisoft.com
http://www.scisoft.com


Fig. 1. Capsaicin blocks IK and IK,n of OHCs from the upper third turn. A. Representative currents (of 72 mM OHC) induced by step voltage commands following application of
capsaicin (cap), 4-AP and BaCl2. Net currents (cap, 4-AP and Ba2þ sensitive current) are after subtraction from control (ctrl) currents in bath. The ctrl current in the figure is for
capsaicin and the ctrl for 4-AP and BaCl2 are not shown here. The zero current is shown as a solid horizontal bar preceding the step currents. Representative IeV plots were
produced for each original recordings B. Representative IeV plots of net currents in A. The current for each voltage (V) is the 100 ms average bounded by the arrows. C. Bar graph
summary: 300 mM capsaicin, 300 mM 4-AP and 10 mM BaCl2 blocked outward currents at 0 mV and inward currents at �100 mV. Currents were normalized by the currents in ctrl
bath. *P < 0.05. D. Dose response curve of capsaicin-sensitive current at 0 mV (n ¼ 5). Current (ratio): currents normalized by the current at 600 mM capsaicin. E. Representative
recording of membrane potential with 300 mM capsaicin.
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Fig. 2. Capsaicin blocks IK,n of OHCs from the lower 2nd turn. A. Representative currents in control (ctrl) bath and following application of 300 mM capsaicin (cap). Net currents (ctrl-
cap) are after subtraction from control (ctrl) currents in bath. B. Representative IeV plots of the currents in A. C. Bar graph summary: 300 mM cap blocked outward currents at 0 mV
and inward currents at �100 mV. Currents were normalized by the currents in ctrl. *P < 0.05. D. Effect of cap (0.1 mM) on steady state activation curve of IK,n. Normalized tail-
current amplitudes versus prepulse potentials were fitted with a first-order Boltzmann function (n ¼ 6): I ¼ Imax/(1 þ exp ((V � Vhalf)/S)), where Imax is the fully activated current
amplitude at the tail-current potential, Vhalf is the potential at half-maximal activation, V is prepulse potentials and S is the slope factors.
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PBS to replace the primary antibody, 2) tissue with the primary
antibody (TRPV-1) and its blocking peptide (104 M) (Neuromics,
Edina, MN, USA), and 3) tissues from the Trpv1�/� mice.

2.6. Statistics

Dataarepresented asmeans� SE fromnobservations. Student’s t-
test (paired or non-paired as appropriate) was performed using
Microsoft Excel software; p� 0.05 represents a significant difference.

3. Results

3.1. Capsaicin blocks two types of potassium currents in OHCs, IK
and IK,n

In our standardNaþ richbath andKþ richpipette solutions, upper
3rd turn OHCs presented two previously described Kþ currents
(Fig. 1A) (Housley and Ashmore, 1992); IK, a slowly developing
outward current showing slight inactivation (activated above
�40 mV), and IK,n, an inward current which relaxes during large
hyperpolarizing steps (�120 mV). Capsaicin (300 mM) reversibly
abolished IK and slightly reduced IK,n. The effects are analogous to the
previously observed actions of 4-AP (300 mM) (Mammano and
Ashmore, 1996) (Fig. 1A). In comparison, Ba2þ (10 mM) blocked
most of IK,n, without a significant block of IK. The reversal potential
(Vr) of the capsaicin-sensitive currentwas�83.6� 4.3 (n¼7),which
is comparable to that of the 4-AP and barium-sensitive current
(�70.5 � 0.5 (n ¼ 3) and �82.5 � 0.8 (n ¼ 4), respectively), sug-
gestingahigh selectivity toKþ (Fig.1B) (TheKþequilibriumpotential
(EK) was�88mV). From step protocols, average reductions in steady
state outward currents at 0 mV for capsaicin, 4-AP, and Ba2þ were
62.1%, 75.2%, and 59.9%, respectively (n ¼ 4e7; p < 0.05; Fig. 1C).
Average reductions in steady state inward currents at �100 mV for
capsaicin, 4-AP, and Ba2þ were 10.1%, 12.2%, and 31.2%, respectively
(n ¼ 3e7; p < 0.05; Fig. 1C). The capsaicin elicited reduction in the
outward current was concentration-dependent with
EC50¼ 103.1 mMwhen held at 0 mV (Fig. 1D). Capsaicin depolarized
OHCs by 4.00.5 mV (Fig. 1E), shifting the resting potential, which is
driven by IK,n (Housley and Ashmore, 1992), from �67.9 � 1.5 to
�63.9�1.8mV (n¼ 7, p< 0.05),which is consistentwith a small but
significant inhibition of IK,n by capsaicin.

To further study the effect of capsaicin on IK,n, we used lower
2nd turn OHCs, which presented much larger IK,n, but little IK
(Fig. 2A). We found that Capsaicin (300 mM) partially inhibited IK,n
(Fig. 2A). The IV plot showed that capsaicin caused a current
reduction in the whole range of voltage commands with Vr of
capsaicin-sensitive current at w�80 mV (Fig. 2B). Average reduc-
tions in steady state inward currents for capsaicin are 25.1% (at
0 mV) and 20.9% (at �100 mV) (Fig. 2C). Fig. 2D shows the effect of
capsaicin (300 mM) on the steady state activation curve of IK,n,



Fig. 3. 4-AP blocks the net capsaicin currents. A. Representative currents in ctrl bath and following application of 300 mM capsaicin (cap). Net currents (ctrl-cap) are after
subtraction from ctrl currents in bath. B. Representative currents in 4-AP (300 mM) bath and following application of 300 mM cap. Net currents (cap-sensitive currents) are after
subtraction from the currents in 4-AP bath. C. Representative IeV curves of net currents in A and B. The current for each V is the 100 ms average bounded by the arrows.
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which was determined from tail currents with the voltage protocol
in Fig. 2A. Capsaicin did not significantly shift the Vhalf. The Vhalf
(mV) and slope factor (S) (mV) are�91.2� 2.3 (n¼ 6) and 20.8� 2.1
(n ¼ 8), respectively for capsaicin treatment, versus �88.9 � 2.1
(Vhalf) and 19.7 � 1.9 (S) for control. The Vhalf of IK,n was consistent
with previous findings (Housley and Ashmore, 1992; Jagger and
Ashmore, 1999b).

Consistent with the above findings, capsaicin-sensitive currents
(the upper 3rd turn OHCs) were blocked by 4-AP (300 mM) and
BaCl2 (10 mM). 4-AP (300 mM) blocked all capsaicin-sensitive
outward currents in step protocols (n ¼ 3) (Fig. 3). In Fig. 4A, when
held at �44 mV (where IK,n is predominantly activated), OHCs
presented a net outward current, i.e. a positive current above zero,
in continuous gap-free recordings. Capsaicin (300 mM) reversibly
inhibited the outward current by shifting it negatively. The shift
was reduced in the presence of BaCl2 (10 mM). In step protocols
(Fig. 4. B, C, D, E), BaCl2 (10 mM) reduced the capsaicin-sensitive
current at �40 mV by 89.6% (n ¼ 3, p < 0.05) and at 0 mV by 55.7%
(n ¼ 3, p < 0.05).

We also tested the effect of capsaicin on IK and IK,n at the
concentration used in our previous in vivo study (Zheng et al.,
2003). Consistent with that study, 20 mM capsaicin produced
a small but significant reduction of IK and IK,n. From step protocols
(shown in Fig. 1), average reductions in steady state outward
currents for capsaicin (20 mM) were 8.4% at 0 mV (p < 0.05, n ¼ 10)
and 6.5% at �100 mV (p < 0.05, n ¼ 10) (Fig. 5).

3.2. Capsaicin alters electromotility

Application of extracellular capsaicin altered OHC nonlinear
capacitance, the electrical signature of electromotility. Fig. 6A
shows the effects of increasing concentrations on the CeV function.
The drug shifted Vpkcm to the left and reduced peak capacitance for
concentrations over 30 mM. The shifts of Vpkcm for concentrations
30, 100, 300 and 1000 mM capsaicin perfusions were 1.67 � 0.34,
4.98 � 1.01, 25.03 � 1.34 and 29.94 � 1.16 mV, respectively (se,
n ¼ 5, p < 0.05). Reductions in nonlinear peak capacitance for
concentrations 30,100, 300 and 1000 mMcapsaicin perfusions were
1.21�0.35, 2.03� 0.49, 3.81�0.58 and 3.39� 0.55 pF, respectively
(se, n ¼ 5, p < 0.05). No significant differences were found when
cells were held at 0 or �70 mV. The concentration dependence of
the Vpkcm shift is shown in Fig. 6B. A Hill fit gives a half maximal
shift (EC50) at 158 mM (n ¼ 8). Removing Ca2þ, both extracellular
and intracellular, reduced the Vpkcm shift at the two highest
concentrations, namely �17.3 mV at 300 mM (p ¼ 0.04) and
�22.3 mV at 1000 mM (p ¼ 0.07). This resulted in an increase in the
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EC50 to 204 mM. Reducing intracellular and extracellular chloride
levels to 1 mM did not alter the ability of capsaicin to shift the
Vpkcm.
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Fig. 5. Capsaicin blocks IK and IK,n at the concentration (20 mM) used in previous in vivo
studies. Bar graph summary: 20 mM capsaicin (cap) (n ¼ 10) significantly blocked
outward currents at 0 mV and inward currents at �100 mV with step protocols (shown
in Fig. 1). Currents were normalized by the currents in ctrl bath. *P < 0.05.

Fig. 4. BaCl2 partially blocks the net capsaicin currents. A. Representative current in
gap-free mode at holding voltage of �44 mV. The vertical spike currents, such as a, b, c
and d, were caused by the IeV step voltage commands as shown in B. B. Net capsaicin
(300 mM) currents (aeb) in control bath. The zero current was shown as a solid
horizontal bar preceding the step currents in B and C. C. Net capsaicin (300 mM)
currents (ced) in the bath with 10 mM BaCl2. D. Representative IeV curves of net
currents in B and C. The current for each V is the 100 ms average bounded by the
arrows. E. Bar graph summary: the net capsaicin currents at Vh of �40 mV in the
control (ctrl) and BaCl2 (10 mM) bath. The currents were normalized by the currents of
ctrl. *P < 0.05, n ¼ 3.
3.3. TRPV1 immunofluorescence labeling in OHCs of guinea pigs
and Trpv1�/� mice

TRPV-1 labeling was found in the basolateral membrane of the
OHCs and IHCs of the guinea pigs (Fig. 7A) and Trpv1þ/þ mice
Control
3 uM Capsaicin
10 uM Capsaicin
30 uM Capsaicin
100 uM Capsaicin
300 uM Capsaicin
1000 uM Capsaicin

A

B

Fig. 6. Representative effects of capsaicin on OHC NLC. A. CmeVm plots for increasing
concentrations of capsaicin. Both a decrease in peak capacitance and shift in voltage at
peak capacitance result from drug exposure. B. Dose response function with standard
errors, showing an IC50 of 158 mM (n ¼ 8). The data are statistically significant at 10uM
and above (p < 0.013), showing a biphasic response shift at low concentrations. Peak
NLC reduction is significant at 30 mM and above (p < 0.05).



Fig. 7. TRPV1 immunofluorescence labeling of guinea pig and Trpv1�/�mice. A, a representative confocal projection image showing TRPV1 immunolabelling in OHCs, IHCs and pillar
cells of guinea pigs. The insert shows that TRPV1 is expressed in the basolateral membrane of OHCs. No significant labeling was found in OHCs, IHCs and PCs of negative controls
including 1) primary antibody only (B), 2) with control peptide (C) and 3) Trpv1�/� mice (D). TRPV1 labeling of Trpv1þ/þ mice is similar to guinea pigs (data not shown).
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(similar to guinea pigs, data not shown). No significant TRPV-1
labeling was found in the OHCs and IHCs in the negative controls
including 1) primary antibody only (Fig. 7B), 2) with control
peptide (Fig. 7C), and 3) the Trpv1�/� mice (Fig. 7D). TRPV-1
labeling was also found in supporting cells including pillar cells and
Hensen’s cells (Fig. 7A).

4. Discussion

4.1. Capsaicin blocks IK and IK,n

There are several types of K currents expressed in adult guinea
pig OHCs, IK and IK,n being the two major ones (Housley and
Ashmore, 1992, 2006; Mammano and Ashmore, 1996; Santos-
Sacchi and Dilger, 1988). IK, which activates at potentials more
positive than �35 mV, is most prominent in the apical turn
(Housley and Ashmore, 1992) and is specifically blocked by 4-AP
(Mammano and Ashmore, 1996). IK,n, which activates at hyper-
polarized potentials more negative than �40 mV, is most prom-
inent in the basal turn and is more susceptible to barium (10 mM)
(Mammano and Ashmore, 1996). IK,n is carried by KCNQ4 channels
(Chambard and Ashmore, 2005; Holt et al., 2007; Kharkovets et al.,
2000, 2006) and dominates the OHCmembrane conductance at the
resting potential. These conductances are restricted to the basal
pole of the OHC (Santos-Sacchi et al., 1997).

Our findings indicate that capsaicin is a potent IK blocker;
300 mM capsaicin, similar to 300 mM 4-AP, abolished most of the
current (Fig. 1). The reversal potential (Vr) of the capsaicin-sensi-
tive current (�83.6 mV) was close to that expected for a K
conductance (�88mV), suggesting most of the capsaicin-sensitive
current under these conditions was carried by potassium. That 4-
AP completely blocked the outward capsaicin-sensitive current in
step protocols is another piece of evidence that capsaicin and 4-AP
work similarly (Fig. 3). The potency of capsaicin was slightly less
than 4-AP; the outward current at 0 mV was reduced by 62.1% for
capsaicin (300 mM) and by 75.2% for 4-AP (300 mM). Unlike IK,n
(KCNQ4), the molecular identity of IK has not been successfully
discovered, although some candidates have been proposed and
some efforts have been made (Ashmore and Meech, 1986; Jagger
and Ashmore, 1999a).

Capsaicin also reduced IK,n. This conclusion is supported by the
following findings in the upper 3rd turn OHCs. 1) Capsaicin slightly
depolarized OHCs by 4 mV. 2) At �44 mV, where IK,n is the domi-
nant current, capsaicin caused a considerable negative shift of an
outward current in gap-free recording (Fig. 4A). 3) The shift caused
by capsaicin was blocked by barium (10 mM). 4) In step protocols,
barium (10 mM) significantly blocked the capsaicin-sensitive
current (Fig. 4BeE). However, the reduction of IK,n, though statis-
tically significant (p< 0.05), was quite small for capsaicin (300 mM),
with a reduction of inward current at �100 mV by 12.2%. In
comparison, barium (10 mM) reduced the inward current by 31.2%.
In the short OHCs (the lower 2nd turn) with larger IK,n, capsaicin
reduced more inward current (by 20.9% at �100 mV).

Our study is the first to report the blocking effects of capsaicin
on K conductances in cochlear hair cells. Capsaicin has been
previously reported to block voltage gated K currents in a variety of
different cells including Schwann cells, dorsal root ganglion cells, T
cells, vertebrate axons, and somemammalian cell lines with an IC50
ranging from 23 to 158 mM (Grissmer et al., 1994). These values are
comparable to our observation of 103.1 mM. More interestingly,
capsaicin was found to block a KCNQ current in the vestibular type
II hair cells of the gerbil (Rennie et al., 2001) and a delayed rectifier
Kþ current in the vestibular hair cells of frog semicircular canals
(Marcotti et al., 1999). Analogous to our findings in guinea pig
OHCs, the K conductance of the frog vestibular hair cells was also
pharmacologically separated into two complementary compo-
nents: a capsaicin-sensitive current and a barium-sensitive current
(Marcotti et al., 1999).

4.2. Capsaicin alters OHC electromotility

The electrically evoked OHC mechanical response underlies
mammalian cochlear amplification (Brownell, 1984; Liberman
et al., 2002; Santos-Sacchi et al., 2006). Here we show that
capsaicin can significantly reduce NLC and shift its operating
voltage range. Changes in NLC are known to correspond to changes
in electromotility (see Kakehata and Santos-Sacchi, 1995), and
shifts in the operating range are predicted to alter the cell’s
mechanical gain. We show that capsaicin is not working through
changes in intracellular chloride levels, which are known to be
important for OHC motor function (Oliver et al., 2001;
Rybalchenko and Santos-Sacchi, 2003; Santos-Sacchi, 2003; Song
et al., 2005), but may work directly on the motor protein, prestin.
It is the first study to report that capsaicin has a direct action on
OHC electromotility.

4.3. TRPV-1 considerations

Weconfirmed that TRPV-1 immunolabeling is observed innormal
guinea pig and mouse OHCs, IHCs, and supporting cells (pillar cells
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and Hensen’s cells), as previously shown by us and others (Ishibashi
et al., 2008; Mukherjea et al., 2008; Zheng et al., 2003). However,
immunolabeling is absent inTrpv1�/�mice.Given thesestrongdata, it
is surprising that we did not see characteristic TRPV-1 currents in
isolatedOHCsat capsaicin concentrations ranging from0.1 to 600mM.
There are a couple of possibilities for this quandary. First, it is possible
that thenative TRPV-1 is functional invivo, butwas inactivatedduring
the relativelyharshOHC isolationprocedure. It hasbeen reported that
isolated OHCs are loaded with more Ca2þ and Naþ and have less
polarized resting potential and significantly reduced input resistance
(Mammano et al., 1995). Second, it may be possible that the native
TRPV-1 expressed in OHCs is non functional, similar to normal
TRPLM3 (Grimm et al., 2007). Consequently, in the first case, the in
vitro action of capsaicin on IK, IK,n and NLC of OHCs would be
unmasked by block of TRPV-1 resulting from the harsh isolation. The
in vivo effect of capsaicin on IK, IK,n andNLCwould augment anydirect
effect of capsaicin on TRPV-1 in accounting for our previous in vivo
finding of reduced amplification. To be sure, the capsaicin concen-
tration of our in vivo study (20 mM)was found to produce a significant
reduction of IK, IK,n (Fig. 5) and a significant shift of NLC (Fig. 6).
Nevertheless, we cannot rule out that capsaicin’s action on IHCs and
supporting cells may also have contributed to our in vivo findings.

In summary, we hypothesize that the reduction of IK and IK,n by
capsaicin led to a depolarization of OHCs, which consequently
decreased the driving force for transduction current. The resulting
reduced drive for OHC electromotility in combination with the
direct action of capsaicin on electromotility was likely causal in
reducing cochlear amplification. The possible contributory role of
supporting cells and IHCs remains under investigation.
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Tyrosine motifs are required for prestin basolateral membrane
targeting

Yifan Zhang1,*, Iman Moeini-Naghani1,*, JunPing Bai1,*, Joseph Santos-Sacchi3,4 and
Dhasakumar S. Navaratnam1,2,3,`

ABSTRACT

Prestin is targeted to the lateral wall of outer hair cells (OHCs)

where its electromotility is critical for cochlear amplification. Using

MDCK cells as a model system for polarized epithelial sorting, we

demonstrate that prestin uses tyrosine residues, in a YXXW motif, to

target the basolateral surface. Both Y520 and Y667 are important

for basolateral targeting of prestin. Mutation of these residues to

glutamine or alanine resulted in retention within the Golgi and

delayed egress from the Golgi in Y667Q. Basolateral targeting is

restored upon mutation to phenylalanine suggesting the importance

of a phenol ring in the tyrosine side chain. We also demonstrate that

prestin targeting to the basolateral surface is dependent on AP1B

(m1B), and that prestin uses transferrin containing early endosomes

in its passage from the Golgi to the basolateral plasma membrane.

The presence of AP1B (m1B) in OHCs, and parallels between

prestin targeting to the basolateral surface of OHCs and polarized

epithelial cells suggest that outer hair cells resemble polarized

epithelia rather than neurons in this important phenotypic measure.

KEY WORDS: Golgi, Hair cell, Tyrosine, Cell polarity, Protein

sorting

INTRODUCTION
The cochlear amplifier is responsible for the exquisite sensitivity

of mammalian hearing (Davis, 1983). There is considerable

experimental data implicating electromotility of outer hair cells

as integral to this process (Ashmore, 1987; Brownell et al., 1985;

Dallos and Evans, 1995; Geisler, 1993; Geisler and Sang, 1995;

Russell and Nilsen, 1997; Santos-Sacchi, 2003). Electromotility

in outer hair cells is brought about by prestin, a transmembrane

protein of the SLC26 family (Zheng et al., 2000), and molecular

evidence has now confirmed its importance to cochlear

amplification (Gao et al., 2007; Liberman et al., 2002; Mellado

Lagarde et al., 2008). The localization of prestin along the lateral

wall of these elongated cylindrical cells is critical to

electromotility (Dallos et al., 1991; Hallworth et al., 1993;

Huang and Santos-Sacchi, 1993; Kalinec et al., 1992; Yu et al.,

2006; Zheng et al., 2000). The presence of prestin along the

lateral wall of the cell brings about the voltage mediated

elongation and shortening of outer hair cells along its

longitudinal axis. How prestin is targeted to the lateral wall of

the cell has been indeterminate.

Hair cells are specialized epithelial cells that show features of

both epithelial cells as well as neurons. Individual cells form

apically located tight junctions with other cells and have apically

located stereocilia that are analogous to apically located

microvilli (Leonova and Raphael, 1997; Mahendrasingam et al.,

1997). Hair cells resemble neurons in containing unstable

membrane potentials that result from a plethora of voltage and

mechanically sensitive ion channels. These channels are sharply

segregated in the cell with mechanically sensitive channels

located in stereocilia (Fettiplace, 2009). In contrast many of its

voltage and ligand gated ion channels are located at the

basolateral surface of the cell (Housley et al., 2006). Inner hair

cells, in addition, have synaptic apparatus that is located at it

basal pole (Glowatzki et al., 2008).

A large body of work in polarized epithelial cells has shown

the segregation of proteins to the basolateral and apical ends of

the cell that results in a segregation of function (Farr et al., 2009;

Rodriguez-Boulan et al., 2005). This segregation of proteins

occurs by sorting of proteins after exit from the Golgi. Since

neurons demonstrate a similar segregation of function, it has been

proposed that dendritic and axonal compartments are analogous

to the basolateral and apical surface respectively of polarized

epithelial cells (Bradke and Dotti, 1998; Dotti et al., 1991; Dotti

and Simons, 1990; Pietrini et al., 1994). Hair cells, however, pose

a dilemma since they have features of both epithelial cells and

neurons. Critically, the dendritic and axonal ends of a hair cell are

at opposite ends to the expected basolateral and apical ends of the

cell. Thus mechanosensitive channels that serve as its receptors

are present in stereocilia and not at the basolateral surface as

would be expected by its dendritic extrapolation. Similarly, the

synaptic apparatus of inner hair cells is located at the basal pole

and not at the stereociliary apical end as would be expected by its

axonal extrapolation.

A collation of previous experimental data would suggest that

protein sorting in hair cells resembles that of polarized epithelial

cells rather than neurons. Thus, prior work has shown the

basolateral localization of a number of proteins that are

classically sorted to the basolateral surface of polarized

epithelial cells. These proteins include E-cadherin, b-catenin

and Na/K ATPase in mammalian, chicken and zebrafish hair cells

(Bian et al., 2011; Clemens Grisham et al., 2013; Leonova and

Raphael, 1997; Mahendrasingam et al., 1997). Moreover, AP1B
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(m1B), a protein subunit in the AP1B clathrin protein complex
integral to the basolateral sorting apparatus, is present in hair cells

and its loss is important for the sorting of Na/K ATPase to the
basolateral surface of hair cells (Clemens Grisham et al., 2013).
This protein subunit, which was identified as critical to hair cell
function in a forward screening of hair cell dysfunction mutants

in zebrafish, is normally present only in epithelial cells and not in
other cell types including neurons (Ohno et al., 1999).

In this paper we demonstrate that prestin, the protein

responsible for outer hair cell electromotility, is localized along
the basolateral surface of polarized epithelial cells using a
tyrosine signal motif that is dependent on the AP1B (m1B)

subunit. These data further support an emerging concept that in
hair cells protein sorting resembles that of epithelial cells rather
than neurons. Previous work in other polarized CL4 epithelial

cells have shown a similar sorting of two proteins, Espin and
myosin Xa, associated with the stereocilliary apparatus to the
apical surface of the cell and prestin to the basolateral surface of
the cell. The implications to this concept are significant.

MATERIALS AND METHODS
cDNA constructs and generation of mutants
Single or multiple amino acid substitutions were generated using

QuickChange II or QuickChange II Multi site-directed mutagenesis kits

(Stratagene, La Jolla, CA) with a gerbil prestin-YFP in pEYFPN1 vector

(Clontech, Mountain View, CA) as a template. All mutations were

confirmed by DNA sequencing, including the entire coding region.

Antibody labeling
Cells were fixed in 4% formaldehyde, washed in PBS 0.05% Tween 20,

0.05% Triton-X 100 (incubation buffer) three times, and incubated with

primary antibody in incubation buffer overnight at 4 C̊. The primary

antibodies were goat anti-prestin antibody (1:500, N-20 prestin, Santa

Cruz, CA) mouse anti-b-catenin (1:50, Becton Dickinson), mouse anti-

Na/K ATPase (1:20, Affinity Bioreagents), and goat anti-AP1B (m1B)

(1:100, Santa-Cruz). After three washes in incubation buffer the cells/

tissue was incubated with secondary antibody in incubation buffer for

1 hour at room temperature. Secondary antibodies used included goat

anti-mouse Alexa 647 (1:200, Becton Dickinson) and Donkey anti-goat

(Beckton-Dickinson, 1:200). Actin was detected using Phalloidin Alexa

546 (1:200, Beckton-Dickinson) added to the secondary antibody. Cells

were washed in incubation buffer mounted in Vectashield and viewed

using a Zeiss 510 laser scanning microscope.

Cochlea processing
Tissue from 3+ week old mice (C57BL/6) were obtained after animals

were euthanized using CO2 asphyxiation in accordance with Yale

University IACUC protocol. The temporal bones were isolated and

placed in 4% formaldehyde overnight after opening the round and oval

windows. Cochlea were removed after micro-dissection of the temporal

bones washed in incubation buffer three times and processed for

immunostaining as described above.

Cell transfection and imaging
MDCK and LLC-PK cells were a gift from Dr Michael Caplans lab, Yale

University (in turn obtained from ATCC) and cells were not subject to

STR profiling. MDCK and LLC-PK cells plated on glass coverslips (or

where applicable HEK cells and CHO cells) were transiently transfected

with constructs using Fugene6 according to the manufacturer’s

instructions (Promega, Madison, WI). Cells were plated at 100%

confluency to ensure polarization, and transfected 36 hours after

plating. Cells were fixed at 30 hours after transfection unless otherwise

indicated. Cells were imaged by confocal microscopy using a Zeiss LSM

510/510 meta after fixation as previously described (Bai et al., 2011).

Image parameters (scan time per pixel, pixel density, z step) were kept

constant in a given experimental paradigm to allow reliable comparison.

In siRNA experiments, MDCK cells were electroporated with Prestin

YFP and siRNA to the medium subunit of AP1B (m1B) as previously

described (Gravotta et al., 2007). We used a previously proven siRNA to

m1B siRNA (m1B-M16 sequence 59-AACAAGCTGGTGACTGGCAAA-

39 (Gravotta et al., 2007)] and a control chicken b-4 siRNA (chick

KCNMB4, (Bai et al., 2011)) that were custom synthesized (Dharmacon,

Lafayette, CO). Briefly, m1B siRNA (or chick KCNMB4 siRNA in

control experiments) at 5 nM and PrestinYFP plasmid at 10 nM was

resuspended with 1 million trypsinized MDCK cells in 100 ml of DMEM.

Cells were electroporated using a square wave pulse with the following

parameters: 300 V for 100 ms61 and 25 V for 20 ms611 with a 100 ms

pause in between. The entire electroporation protocol was repeated once.

Cells were incubated on ice for 30 minutes and plated in prewarmed

complete medium in 24 well plates on glass coverslips at a density of

350,000 cells per well (100% confluency). The medium was changed

daily and cells were fixed and imaged 72 hours later.

Sixteen bit Images were acquired on a Zeiss 510 laser scanning

microscope using a 636water immersion lens (N.A 1.4), with fixed laser

settings, a scan rate of 6.4 ms per pixel, a pinhole aperture of 1.0 Airy

units, and fixed detector gain. Regions of interest were identified and

fluorescence data extracted. We established that the fluorescence

intensity was within the linear range and used mean fluorescence

density as a measure of protein concentration.

Gated STED
Gated STED, a new method of super resolution confocal microsopy, was

used to visualize prestin expression in OHCs. Mouse cochlea were

dissected and incubated with anti-prestin antibody (1:100 goat anti-

prestin, Santa Cruz, CA) in incubation buffer overnight at 4 C̊. Tissue

was washed three times with incubation buffer and then incubated with

donkey anti-goat Oregon Green 488 (1:100, Beckton Dickinson) at room

temperature for 1 hour. Cells were washed three times in incubation

buffer followed by two washes in PBS. Tissue was mounted in Prolong

Gold (Invitrogen) and viewed using a Leica TCS SP8 Gated STED

microscope (Vicidomini et al., 2011).

Image processing and data analysis
Images were processed after acquisition using Volocity software (Perkin

Elmer, CA). Pearson’s correlation was calculated after automated

thresholding using the method of Costes et al. (Costes et al., 2004). All

results are given as mean 6 s.e.m. Where appropriate, ANOVA with

Bonferroni Multiple Comparisons test was used to test for significance in

differences (Instat3, CA).

Electrophysiological recording
For electrophysiological recordings 100,000 Chinese hamster ovary

(CHO) cells were transfected in 24-well plates using Lipofectamine

(Invitrogen, Carlsbad, CA) as previously described (Bai et al., 2011).

Cells were recorded by whole-cell patch clamp configuration at room

temperature using an Axon 200B amplifier (Axon Instruments, CA), as

described previously (Bai et al., 2011). Cells were recorded 24–48 hours

after transfection to allow for stable measurement of non-linear

capacitance. Ionic blocking solutions were used to isolate capacitive

currents. The bath solution contained (in mM): TEA 20, CsCl 20, CoCl2
2, MgCl2 1.47, Hepes 10, NaCl 99.2, CaCl2?2H2O 2, pH 7.2, and the

pipette solution contained (in mM): CsCl 140, EGTA 10, MgCl2 2, Hepes

10, pH 7.2. Osmolarity was adjusted to 30062 mOsm with dextrose.

Command delivery and data collections were carried out with a

Windows-based whole-cell voltage clamp program, jClamp (Scisoft,

New Haven, CT), using a Digidata 1322A interface (Axon Instruments,

CA).

Capacitance was evaluated using a continuous high-resolution 2-sine

wave. Capacitance data were fitted to the first derivative of a two-state

Boltzmann function:

Cm~Qmax

ze

kT

b

1zbð Þ2
zClin,
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where

b~exp
{ze Vm{Vhð Þ

kT

� �
:

Qmax is the maximum nonlinear charge transfer, Vh the voltage at peak

capacitance or half-maximal nonlinear charge transfer, Vm the membrane

potential, Clin linear capacitance, z the valence (a metric of voltage

sensitivity), e the electron charge, k the Boltzmann’s constant and T the

absolute temperature. Qmax is reported as Qsp the specific charge density, i.e.

total charge moved normalized to linear capacitance. A students t-test was

used to evaluate the effects of mutants on the different parameters of NLC.

RESULTS
OHCs express prestin and other basolateral markers along
baso-lateral wall, and express the AP1B (m1B) subunit
Previous theoretical treatments confirmed by electrophysiological

and immunolocalization experiments have demonstrated the
localization of prestin along the lateral wall of OHCs. We sought
to further confirm these data using high resolution confocal

microscopy. Adult mice cochlea were stained with antiprestin
antibodies and visualized using gated STED microscopy. As
shown in Fig. 1 prestin is sharply localized along the lateral wall of

the OHCs. The protein staining was uniform through the lateral
wall. At the basolateral pole of the cell however, there was a patchy
clustering of prestin. In contrast, there was a gradual tapering of
prestin staining at the apical end of the cell.

The localization of prestin to the basolateral surface of outer hair
cells led us to reason that outer hair cells are analogous to polarized
epithelial cells with anatomical and functional segregation of the

cell into an apical and basolateral compartments. The apical
segregation of the stereociliary apparatus and the basolateral
segregation of the cochlear amplifier are consistent with this

separation. Prior work in hair cells of different species has shown
the presence of b-catenin and Na/K ATPase, two proteins
identified as classically localized in the basolateral compartment

of polarized epithelial cells, to be present in the basolateral surface
of hair cells. As shown in Fig. 1 these two proteins – b-catenin and
Na/K ATPase – were found to segregate along the basolateral
surface of outer hair cells (Fig. 1), further confirming similarities

between outer hair cells and polarized epithelial cells. We also
determine that OHCs express the AP1B (m1b) subunit that has been
shown to be important for basolateral sorting of proteins in

polarized epithelial cells (Fig. 1).

Prestin has several tyrosine residues within a basolateral
targeting sequence of which Y520 and Y667 are important
for basolateral sorting
In order to establish an experimental model system to tease apart
the mechanisms underlying prestins basolateral targeting, we
expressed it in MDCK cells. These cells have a long history of

being used as a model system for studying polarized sorting in
epithelial cells. As shown in Fig. 2 prestin tagged with YFP at its
C-terminus is targeted to the basolateral surface of MDCK cells.

The protein shows a similar pattern of distribution to b-catenin
and Na/K ATPase, both well known basolaterally targeted
proteins. Prestin lacking a YFP tag showed similar targeting to

the basolateral membrane (data not shown).
A number of sequence motifs in a protein are important for the

targeting of a protein to the basolateral surface of polarized
epithelial cells. Prestin has several tyrosine residues contained

within a YXXW motif in its C-terminus, and lacks other targeting
motifs classically associated with basolateral targeting (including

dileucine motifs, NPxY) (Brewer and Roth, 1991; Cancino et al.,
2007; Gonzalez and Rodriguez-Boulan, 2009; Gravotta et al.,
2007; Hunziker et al., 1991; Lin et al., 1997; Matter et al., 1992;

Rodriguez-Boulan and Gonzalez, 1999; Weisz and Rodriguez-
Boulan, 2009). These include the tyrosine residues Y520, Y526,
Y616 and Y667 (shown in cartoon form in the two alternative
membrane spanning models of prestin in supplementary material

Fig. S1). In order to ascertain the importance of these residues for
basolateral targeting, we individually mutated these residues and
determined their basolateral localization. As shown in Fig. 2

mutation of Y520Q, and to a lesser extent Y667Q, resulted in a
reduced expression of prestin on the basolateral surface of the
cell. There was both increased intracellular retention (Fig. 2) of

the protein as well as targeting to the apical surface of the cell
(Fig. 3).

In order to further confirm that the effects of these mutations

were specific in bringing about deficient basolateral targeting we
sought to determine the effects of these mutations on the surface
expression of prestin in non-polarized HEK and CHO cells. As
shown in Fig. 4 wt type prestin and prestin with mutations at Y520

and Y667 were both targeted to the cell surface. However, both
these mutations affected the function of the molecule. In CHO cells
expressing these mutant proteins, an increase in non-linear

Fig. 1. Prestin in mouse outer hair cells is localized along the lateral
wall of the cell along with b-catenin and Na/K ATPase. Shown are
cartoons of the organ of Corti (A) and its contained outer hair cells. TM,
tectorial membrane; BM Basilar membrane; IHC, inner hair cell; OHC Outer
hair cell. (B) A model of an outer hair cell in which prestin is shown lining its
lateral wall (green). (C–G) The figure shows serial X-Y sections of mouse
outer hair cells labeled with an anti-prestin antibody and then visualized
using a Leica gated STED microscope. The sections start at the apical end
(left) and end at the basal end (right). There is an uniform labeling of prestin
along the lateral wall of the cell (middle three panels). Prestin labeling at the
apical end of the cell tapers (C). Similarly, there is a patchy clustering of
prestin at the basal pole of the cell (G). Mouse outer hair cells immunostained
with antibodies to the basolateral markers b-catenin (H) and Na/K ATPase (I),
and demonstrates the localization of these proteins (blue) along the lateral
wall of the cell. The cells were counterstained with phalloidin Alexa 546 (red),
which shows the presence of the sub cortical lattice of actin along the
lateral wall of the cell. (J) The AP1m1B subunit (green) is present in outer hair
cells evidenced by antibody labeling of these cells. The figure shows co
labeling of these cells with Na/K ATPase (red). Scale bar is 10 microns.
These experiments were repeated five times.
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capacitance, the widely accepted functional surrogate for
electromotility, was absent with Y520Q and markedly

diminished with Y667Q. Supplementary material Table S1
shows the parameters for NLC in these mutants.

The phenol ring within the tyrosine residues (Y520 and Y667)
are important for basolateral targeting
We sought to determine the importance of the stereo chemical

properties of the tyrosine residue at position 520 and 667 to
ascertain its effects on targeting to the basolateral surface of

MDCK cells. We mutated individual tyrosine residues to serine or
phenylalanine to mimic the effects of the side chain hydroxyl

group and phenol ring respectively. We determined that
substitution of tyrosine with phenylalanine at Y520 resulted in
near complete recovery in basolateral targeting (Fig. 5). In

contrast, mutation of Y520 to a serine residue (to mimic the side
chain OH group) resulted in poor delivery of the protein to the
basolateral surface (Fig. 5). Similarly, it is unlikely that the

effects of these other mutations are mediated by their size or
hydrophilicity since mutation of Y520 to alanine failed to restore

Fig. 2. Y520 and Y667 contained within the YXXW motif are important for basolateral targeting of prestin in MDCK cells. The figure shows MDCK cells
transiently transfected with wild type prestin and mutations of prestin: Y520Q, Y526Q, Y616Q and Y667Q. The cells were fixed after 36 hours. Prestin was
tagged with YFP at its C-terminus (green) and the cells were stained with an antibody to b-catenin. Shown are serial X-Y confocal sections along the z axis (A).
The corresponding X-Z sections are shown at the bottom. Mutations at Y520 and Y667 result in a failure to target the basolateral surface of the cell along with
intracellular retention of the protein and apical trafficking. (B,C) Pearson’s correlation of prestin with b-catenin and a ratio of prestin fluorescence on the
surface of the cell compared to the total in the cell. The mean Pearson’s correlation values were: wt 0.23 (+/20.028SE, n57); Y520Q 20.045 (+/20.016 SE,
n57); Y526Q 0.17 (+/20.025 SE, n514); Y616Q 0.175 (+/20.033 SE, n514); Y667Q 0.01386A (+/2.03 SE, n510). The differences between wt and Y520Q
and Y667Q were considered significant. A one way ANOVA (parametric) with Bonferroni post test comparison yielded a p value of ,0.001 for wt vs Y520Q
and wt vs Y667Q; wt vs Y616Q and Y667Q were not significant. The mean surface to total ratios were: wt 0.67 (+/20.016 SE, n522); Y520Q 20.39 (+/20.0129
SE, n520); Y526Q 0.78 (+/20.013 SE, n513); Y616Q 0.73 (+/20.02 SE, n513); Y667Q 0.40 (+/2.044 SE, n513). Here too the differences between wt
and Y520Q and Y667Q were significant. A one-way ANOVA (parametric) with Bonferroni post-test comparison yielded a p value of ,0.001 for wt vs Y520Q and
wt vs Y667Q. The scale bar is 10 microns.
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basolateral targeting of prestin (Fig. 5). Similar effects were seen
with mutation of Y667.

Mutation of Y520 and Y667 residues results in retention
within the Golgi
Previous experiments in other proteins targeted to the basolateral
surface have shown that sorting of proteins is determined at the
Golgi. We hypothesized that mutation of tyrosine residues at Y520
and Y667 would result in retention of the protein within the Golgi

(and could explain at least partially, the increased amounts of the
mutated protein retained within the cell). MDCK cells transfected
with prestin YFP, Y520Q, or Y667Q were fixed at different times

after transfection and retention within the Golgi determined by co-
localization with the Golgi specific protein Giantin (Fig. 6)
(Deborde et al., 2008). We determined that mutation of Y520Q

resulted in a persistent retention of prestin within the Golgi. In
contrast, Y667Q showed retention of prestin within the Golgi,
which improved with time. Thus, Y667Q was localized within the
Golgi at 12, 20 and 30 hours after transfection but demonstrated

increasing efflux from the Golgi at 40 hours. In contrast, wt prestin
had made a near complete exit from the Golgi by 20 hours. Y520Q
showed little egress from the Golgi with continued retention within

that organelle even at 40 hours.

Prestin exit from the Golgi to the plasma membrane is
mediated by early recycling endosomes
We then sought to determine the identity of organelles
responsible for movement of prestin from the Golgi to the

plasma membrane. For these experiments we transfected prestin
YFP into MDCK cells. Transfected cells were kept at 19 C̊ to
allow accumulation of protein within the Golgi (Golgi block)
(Bian et al., 2013). Cells were incubated with transferrin Alexa

647 applied to cells for 10 minutes to label early/recycling
endosomes. The cells were then immersed in fresh culture
medium and fixed at different time points after raising the

temperature to 37 C̊ to release proteins from Golgi block. As
shown in Fig. 7 there was co-localization of vesicles containing

Fig. 3. Mutation of Y520 and Y667 result in increased delivery of prestin
to the apical surface of MDCK cells. MDCK cells transiently transfected
with wt prestin YFP and the two constructs Y520Q prestin YFP, and Y667Q
prestin YFP were fixed at 36 hours and stained with antibody to the apical
marker GP130 (podohexin). There is significant apical targeting of Y520Q
and Y667Q evident in the serial X-Y sections along the z axis and the
corresponding X-Z sections at the bottom. The bottom panel shows
Pearson’s correlation of prestin YFP and GP130 confirming absent apical
targeting of the wild type construct and apical targeting of Y520Q and
Y667Q. The mean Pearson’s correlation values were: wt 20.027 (+/20.011
SE, n57); Y520Q 0.105 (+/20.035 SE, n55); Y667Q 0.17 (+/20.063 SE,
n511). The differences between wt prestin and Y520Q and wt prestin and
Y667Q were significant. A one-way ANOVA (parametric) yielded a p value of
,0.01 between wt prestin and Y520Q, and a p value of ,0.001 between wt
prestin and Y667Q. The scale bar is 5 microns.

Fig. 4. Mutation of Y520Q and Y667Q results in targeting of prestin to
the plasma membrane of HEK cells, and presence of NLC in Y667Q,
Y520F and Y667F. The upper panels show HEK cells transfected with wild
type prestin-YFP, and the two constructs Y520Q prestin YFP, and Y667Q
prestin YFP that were fixed 48 hours after transfection. Cells were stained
with antibodies to Na/K ATPase and visualized by confocal microscopy. Wild
type prestin YFP, Y520Q prestin YFP and Y667Q prestin YFP all target the
plasma membrane as evidenced by its co-localization with plasma
membrane Na/K ATPase. The lower panel shows NLC traces of different
mutations at Y520 and Y667. The actual values of NLC parameters along
with cell numbers are given in supplementary material Table S1. The scale
bar is 10 microns.
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both prestin YFP and transferrin Alexa 647. We interpret this data

to suggest that prestin YFP use early/recycling endosomes to
reach the basolateral surface of the cell.

Prestin targeting to the basolateral surface also involves the
AP1B (m1B) pathway
In other systems the use of tyrosine motifs for basolateral sorting
in polarized epithelial cells has been shown to involve the AP1B

(m1B) pathway. We sought to ascertain if AP1B (m1B) was
important for sorting prestin to the basolateral surface of

polarized epithelial cells. In initial experiments we used LLC-
PK cells, which lack the AP1B (m1B) subunit. In these cells
Prestin YFP shows decreased targeting to the basolateral surface
of the cell (supplementary material Fig. S2). We then used siRNA

knockdown of AP1B (m1B) to determine targeting of prestin YFP
in MDCK cells. In these cells knock down treatment with siRNA
to AP1B (m1B) resulted in apical targeting of the protein and

reduced expression of the protein on the basolateral surface of the
cell (Fig. 8).

DISCUSSION
In this paper we show for the first time that prestin is sorted to the
basolateral surface of polarized epithelial (MDCK) cells using a

tyrosine motif. We identified two tyrosine residues contained in
the cassette YXXW motif that are likely important for its
localization to the basolateral surface of the cell. Mutation of one
of these residues Y520 resulted in apical targeting and

intracellular retention of the protein. A second mutation of
Y667 resulted in delayed exit from the Golgi to the basolateral
surface with initial targeting to the apical surface of the cell and

intracellular retention. With increasing time, however, there was
progressive localization of this mutant at the basolateral surface
of the cell. We believe mutation of these residues resulted in

specific loss of basolateral targeting since the mutant protein was
targeted to the apical surface of MDCK cells and since the protein
showed plasma membrane targeting in non-polarized CHO and

HEK cells. Nevertheless, it still remains a possibility that the loss
of basolateral targeting resulted from a subtle misfolding of the
protein that also affected its normal function. We were unable to
demonstrate normal function as measured by the presence of non-

linear capacitance in these mutants expressed in CHO cells
(Y520Q showed absent NLC while Y667Q showed diminished
NLC). In this context, it should be noted that several mutations

that also affected prestin function by subtle alterations in its
folding, show normal basolateral targeting in MDCK cells (data
not shown). We would also like to note previous experiments by

Zheng et al. (Zheng et al., 2005), in which mutation of Y520 and
Y526 together failed to show targeting to the surface of TSA and
OK cells. We do not have an explanation for the discordance in
our data although the experiments are not strictly comparable

since Zheng et al. (Zheng et al., 2005) were describing the
targeting of a double mutant (Y520A and Y526A) while we
describe the targeting of single mutations (Y520 or Y667).

Our interpretation that prestin is sorted to the basolateral
surface of cells using a tyrosine motif is further substantiated by
two other related findings. First, we demonstrate that AP1B (m1B)

is important for basolateral targeting, since expression of prestin
in LLC-PK cells that lack this subunit resulted in decreased
basolateral targeting. Moreover knockdown of AP1B (m1B) in

MDCK cells also resulted in increased apical targeting of prestin
with deficient basolateral targeting of the protein. It is now
believed that the tyrosine residues are critical for direct
interaction with AP1B (m1B) and bringing about basolateral

targeting of proteins (Bonifacino and Dell’Angelica, 1999;
Carvajal-Gonzalez et al., 2012; Fields et al., 2007). We also
demonstrate using Golgi block experiments that prestin uses

recycling endosomes as a post Golgi transport intermediate to
transit from the Golgi to the basolateral plasma membrane. The
use of AP1B (m1B) has been demonstrated by several other

proteins using tyrosine residues contained in a YXXW motif to

Fig. 5. The phenol ring in the tyrosine residue is critical for the
targeting of prestin to the basolateral surface of MDCK cells. MDCK
cells transiently transfected with prestin YFP and the mutations Y520Q,
Y520A, Y520S and Y520F were fixed 36 hours after transfection and imaged
by confocal microscopy. The basolateral wall of the cell was visualized by
immunostaining with anti-b-catenin antibody. The mutations Y520A, Y520Q,
and Y520S failed to target the basolateral surface of the cell, while Y520F
was targeted to the basolateral surface of the cell. Pearson’s correlation
between prestin YFP and b–catenin confirm the observed co-localization of
wild type prestin-YFP with b-catenin and Y520F with b-catenin. The mean
Pearson’s correlation values were: wt prestin 0.34 (+/20.033 SE, n58);
Y520A 0.019 (+/20.10 SE, n55); Y520Q 0.002 (+/20.052 SE, n55); Y520S
20.05 (+/20.03, n56); Y520F 0.25 (+/20.045 SE, n56). A one way ANOVA
revealed significant differences between wt prestin and Y520A (P,0.01), wt
prestin and Y520Q (P,0.001), and wt prestin and Y520S (P,0.001). The
differences between wt prestin and Y520F were not significant. The scale bar
is 10 microns.
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target the basolateral membrane (Adair-Kirk et al., 2003; Ang
et al., 2004; Duffield et al., 2004; Fields et al., 2007; Fölsch
et al., 1999; Fölsch et al., 2003; Gravotta et al., 2007; Sugimoto

et al., 2002). Moreover, the use of transferrin containing
endosomes has been shown with basolateral proteins that use a
tyrosine motif to exit the Golgi (Ang et al., 2004; Donoso et al.,

2009). In prior experiments membrane targeting to the surface of
CL4 cells, which are derived from LLC-PK1 cells have been

observed (Zheng et al., 2010). In the absence of data on the
expression of AP1B (m1B) in CL4 cells used for these
experiments or the relative surface expression of prestin in

these cells, it is difficult to comment on the significance of these
data (Zheng et al., 2010).

The implications to our data are greatest to hair cells. Our

data further suggest that hair cells are similar to polarized
epithelial cells with differential sorting of proteins to the apical

Fig. 6. Egress from the Golgi is poor/absent in Y520Q and delayed in Y667Q. MDCK cells transiently transfected with prestin YFP, and the
mutations Y520Q and Y667Q contained in the prestin YFP cassette were fixed after 12, 20, 30 and 40 hours after transfection. The cells were then stained
with antibodies to the Golgi protein Giantin. While prestin YFP exits the Golgi at 20 hours, Y520 dos not egress from the Golgi and Y667Q leaves the Golgi
after 40 hours. A graphical form of Pearson’s correlation between prestin YFP and Giantin at the different time points is shown below. For wt prestin there
was a significant difference on one way ANOVA between the Pearson’s correlation between prestin and Giantin at all times compared to 12 hours: 12 hours
vs 20 hours, P,0.05; 12 hours vs 30 hours, P,0.001; and 12 hours vs 40 hours P,0.001. In contrast, the differences in Pearson’s correlation between
Y520Q and Giantin at all times compared to 12 hours were not significantly different (P.0.05 on one way ANOVA). For Y667Q the Pearson’s correlation
with Giantin was significantly different on one way ANOVA between 12 hours and 40 hours (P,0.05), while the remaining two time points were not
significantly different (12 hours vs 20 hours, P.0.05; 12 hours vs 30 hours, P.0.05). The mean values for the different time points were as follows:
wt prestin 12, 20, 30 and 40 hours: 0.23 (+/20.08 SE, n55), 0.09 (+/20.04 SE, n510), 20.06 (+/20.03 SE, n512), 20.162 (+/20.02 SE, n513);
Y520Q 12, 20, 30 and 40 hours: 0.17 (+/20.02 SE, n55), 0.114 (+/20.04 SE, n56), 0.145 (+/20.06 SE, n513), 0.08 (+/20.02 SE, n58); Y667Q 12,
20, 30 and 40 hours: 0.112 (0.03 SE, n513), 0.04 (+/20.02 SE, n59); 0.026 (+/20.05 SE, n58) and 20.04(+/20.03 SE, n58). The scale bar is
10 microns.
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and basolateral surface of the cell. Hair cells could be thought of

as having different compartments – an apical surface important
for transducing sound and a basal pole that is important for
synaptic transmission in inner hair cells and a basolateral pole

that is important for housing the cochlear amplifier and its
processes. Our data suggest that integral to this segregation of
function is the segregation of proteins to different apical and

basal compartments of the cell along the lines demonstrated in
polarized epithelial cells. Other work has also shown the apical
sorting in CL4 cells of proteins identified as important for
stereociliary and transduction function in hair cells (Zheng

et al., 2010). At least in the context of protein sorting, hair cells
seem to have retained features of polarized epithelial cells rather
than neurons. The expected segregation of proteins along a

dendritic and axonal separation would result in a reversal of the
observed localization of proteins in hair cells. Perhaps one
explanation for this unexpected finding is that hair cells

resemble epithelial cells more than they do neurons.
Importantly, hair cells are derived from the embryonic otic
placode, a thickened segment of the cranial ectoderm that
invaginates separately from the neural tube to form the otocyst.

Consistent with its epithelial phenotype, hair cells express the
clathrin adaptor protein AP1B (m1B) subunit that is present only
in polarized epithelial cells and lacking in neurons.

Significantly, this subunit is important for the localization of
several proteins that, like prestin, use a tyrosine motif to target
to the basolateral surface of the cell. It remains to be established

if prestin uses tyrosine residues and /or the AP1B (m1B) subunit
to target to the lateral wall of outer hair cells.
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Ang, A. L., Taguchi, T., Francis, S., Fölsch, H., Murrells, L. J., Pypaert, M.,
Warren, G. and Mellman, I. (2004). Recycling endosomes can serve as
intermediates during transport from the Golgi to the plasma membrane of MDCK
cells. J. Cell Biol. 167, 531-543.

Ashmore, J. F. (1987). A fast motile response in guinea-pig outer hair cells: the
cellular basis of the cochlear amplifier. J. Physiol. 388, 323-347.

Bai, J. P., Surguchev, A. and Navaratnam, D. (2011). b4-subunit increases Slo
responsiveness to physiological Ca2+ concentrations and together with b1
reduces surface expression of Slo in hair cells. Am. J. Physiol. 300, C435-
C446.

Fig. 7. Prestin YFP uses transferrin containing endosomes to transit
from the Golgi to the basolateral membrane. MDCK cells were transiently
transfected with prestin-YFP and kept at 19˚C to induce Golgi block. Cells
were incubated with transferrin - Alexa 647 for 10 minutes. The incubation
temperature was raised to 37˚C after which cells were fixed at 0, 1 minute,
5 minutes, 10 minutes and 15 minutes. Cells were then imaged with
confocal microscopy. Shown are confocal images in the X-Y plane at the
basolateral Z axis of the cell that were fixed at different times after raising the
temperature to 37˚C. With increasing time there is co-localization of prestin-
YFP exiting the Golgi with transferring - Alexa 647. The right hand panels
shows merged and individual Alexa 647 and prestin-YFP images of an
enlarged area at 15 minutes after raising the temperature to 37˚C. Co-
localization of prestin YFP and transferrin 647 is demonstrated. The scale
bar is 10 microns.

Fig. 8. Targeting of prestin YFP to the basolateral membrane requires
AP1B (m1B). MDCK cells were electroporated with prestin YFP plasmid and
siRNA to AP1B (m1B). Cells were plated at confluent density and fixed after
30 hours. Cells were stained with antibodies to the apical marker GP130 and
visualized by confocal microscopy. Shown are X-Y images along the z axis of
transfected cells. The lowest panel shows the corresponding X-Z sections.
Transfection of MDCK cells with siRNA to AP1B (m1B) resulted in an apical
localization of prestin YFP and near absence in targeting to the basolateral
surface. In contrast, cells co-transfected with control siRNA (chicken
KCNMB4) resulted in basolateral targeting of prestin YFP. The scale bar is
10 microns.
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Gonzalez, A., Cáceres, A. and Marzolo, M. P. (2009). Polarized traffic of LRP1
involves AP1B and SNX17 operating on Y-dependent sorting motifs in different
pathways. Mol. Biol. Cell 20, 481-497.

Dotti, C. G. and Simons, K. (1990). Polarized sorting of viral glycoproteins to the
axon and dendrites of hippocampal neurons in culture. Cell 62, 63-72.

Dotti, C. G., Parton, R. G. and Simons, K. (1991). Polarized sorting of glypiated
proteins in hippocampal neurons. Nature 349, 158-161.
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Fölsch, H., Pypaert, M., Maday, S., Pelletier, L. and Mellman, I. (2003). The AP-
1A and AP-1B clathrin adaptor complexes define biochemically and functionally
distinct membrane domains. J. Cell Biol. 163, 351-362.

Gao, J., Wang, X., Wu, X., Aguinaga, S., Huynh, K., Jia, S., Matsuda, K., Patel,
M., Zheng, J., Cheatham, M. et al. (2007). Prestin-based outer hair cell
electromotility in knockin mice does not appear to adjust the operating point of a
cilia-based amplifier. Proc. Natl. Acad. Sci. USA 104, 12542-12547.

Geisler, C. D. (1993). A realizable cochlear model using feedback from motile
outer hair cells. Hear. Res. 68, 253-262.

Geisler, C. D. and Sang, C. (1995). A cochlear model using feed-forward outer-
hair-cell forces. Hear. Res. 86, 132-146.

Glowatzki, E., Grant, L. and Fuchs, P. (2008). Hair cell afferent synapses. Curr.
Opin. Neurobiol. 18, 389-395.

Gonzalez, A. and Rodriguez-Boulan, E. (2009). Clathrin and AP1B: key roles in
basolateral trafficking through trans-endosomal routes. FEBS Lett. 583, 3784-
3795.

Gravotta, D., Deora, A., Perret, E., Oyanadel, C., Soza, A., Schreiner, R.,
Gonzalez, A. and Rodriguez-Boulan, E. (2007). AP1B sorts basolateral
proteins in recycling and biosynthetic routes of MDCK cells. Proc. Natl. Acad.
Sci. USA 104, 1564-1569.

Hallworth, R., Evans, B. N. and Dallos, P. (1993). The location and mechanism
of electromotility in guinea pig outer hair cells. J. Neurophysiol. 70, 549-558.

Housley, G. D., Marcotti, W., Navaratnam, D. and Yamoah, E. N. (2006). Hair
cells – beyond the transducer. J. Membr. Biol. 209, 89-118.

Huang, G. and Santos-Sacchi, J. (1993). Mapping the distribution of the outer hair
cell motility voltage sensor by electrical amputation. Biophys. J. 65, 2228-2236.

Hunziker, W., Harter, C., Matter, K. and Mellman, I. (1991). Basolateral sorting in
MDCK cells requires a distinct cytoplasmic domain determinant.Cell 66, 907-920.

Kalinec, F., Holley, M. C., Iwasa, K. H., Lim, D. J. and Kachar, B. (1992). A
membrane-based force generation mechanism in auditory sensory cells. Proc.
Natl. Acad. Sci. USA 89, 8671-8675.

Leonova, E. V. and Raphael, Y. (1997). Organization of cell junctions and
cytoskeleton in the reticular lamina in normal and ototoxically damaged organ of
Corti. Hear. Res. 113, 14-28.

Liberman, M. C., Gao, J., He, D. Z., Wu, X., Jia, S. and Zuo, J. (2002). Prestin is
required for electromotility of the outer hair cell and for the cochlear amplifier.
Nature 419, 300-304.

Lin, S., Naim, H. Y. and Roth, M. G. (1997). Tyrosine-dependent basolateral
sorting signals are distinct from tyrosine-dependent internalization signals.
J. Biol. Chem. 272, 26300-26305.

Mahendrasingam, S., Katori, Y., Furness, D. N. and Hackney, C. M. (1997).
Ultrastructural localization of cadherin in the adult guinea-pig organ of Corti.
Hear. Res. 111, 85-92.

Matter, K., Hunziker, W. and Mellman, I. (1992). Basolateral sorting of LDL
receptor in MDCK cells: the cytoplasmic domain contains two tyrosine-
dependent targeting determinants. Cell 71, 741-753.

Mellado Lagarde, M. M., Drexl, M., Lukashkina, V. A., Lukashkin, A. N. and
Russell, I. J. (2008). Outer hair cell somatic, not hair bundle, motility is the basis
of the cochlear amplifier. Nat. Neurosci. 11, 746-748.

Ohno, H., Tomemori, T., Nakatsu, F., Okazaki, Y., Aguilar, R. C., Foelsch, H.,
Mellman, I., Saito, T., Shirasawa, T. and Bonifacino, J. S. (1999). Mu1B, a
novel adaptor medium chain expressed in polarized epithelial cells. FEBS Lett.
449, 215-220.

Pietrini, G., Suh, Y. J., Edelmann, L., Rudnick, G. and Caplan, M. J. (1994). The
axonal gamma-aminobutyric acid transporter GAT-1 is sorted to the apical
membranes of polarized epithelial cells. J. Biol. Chem. 269, 4668-4674.

Rodriguez-Boulan, E. and Gonzalez, A. (1999). Glycans in post-Golgi apical
targeting: sorting signals or structural props? Trends Cell Biol. 9, 291-294.

Rodriguez-Boulan, E., Kreitzer, G. and Müsch, A. (2005). Organization of
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(2010). Targeting of the hair cell proteins cadherin 23, harmonin, myosin XVa,
espin, and prestin in an epithelial cell model. J. Neurosci. 30, 7187-7201.

RESEARCH ARTICLE Biology Open (2015) 4, 197–205 doi:10.1242/bio.201410629

205

B
io
lo
g
y
O
p
e
n

 by guest on May 24, 2020http://bio.biologists.org/Downloaded from 

http://dx.doi.org/10.1371/journal.pone.0028264
http://dx.doi.org/10.1371/journal.pone.0028264
http://dx.doi.org/10.1371/journal.pone.0028264
http://dx.doi.org/10.1371/journal.pone.0028264
http://dx.doi.org/10.1371/journal.pone.0066078
http://dx.doi.org/10.1371/journal.pone.0066078
http://dx.doi.org/10.1371/journal.pone.0066078
http://dx.doi.org/10.1083/jcb.145.5.923
http://dx.doi.org/10.1083/jcb.145.5.923
http://dx.doi.org/10.1016/S0167-4889(98)00060-3
http://dx.doi.org/10.1016/S0167-4889(98)00060-3
http://dx.doi.org/10.1083/jcb.114.3.413
http://dx.doi.org/10.1083/jcb.114.3.413
http://dx.doi.org/10.1083/jcb.114.3.413
http://dx.doi.org/10.1126/science.3966153
http://dx.doi.org/10.1126/science.3966153
http://dx.doi.org/10.1126/science.3966153
http://dx.doi.org/10.1091/mbc.E07-06-0563
http://dx.doi.org/10.1091/mbc.E07-06-0563
http://dx.doi.org/10.1091/mbc.E07-06-0563
http://dx.doi.org/10.1091/mbc.E07-06-0563
http://dx.doi.org/10.1073/pnas.1117949109
http://dx.doi.org/10.1073/pnas.1117949109
http://dx.doi.org/10.1073/pnas.1117949109
http://dx.doi.org/10.1073/pnas.1117949109
http://dx.doi.org/10.1073/pnas.1117949109
http://dx.doi.org/10.1371/journal.pone.0060866
http://dx.doi.org/10.1371/journal.pone.0060866
http://dx.doi.org/10.1371/journal.pone.0060866
http://dx.doi.org/10.1529/biophysj.103.038422
http://dx.doi.org/10.1529/biophysj.103.038422
http://dx.doi.org/10.1529/biophysj.103.038422
http://dx.doi.org/10.1126/science.7701325
http://dx.doi.org/10.1126/science.7701325
http://dx.doi.org/10.1038/350155a0
http://dx.doi.org/10.1038/350155a0
http://dx.doi.org/10.1016/0378-5955(83)90136-3
http://dx.doi.org/10.1038/nature06828
http://dx.doi.org/10.1038/nature06828
http://dx.doi.org/10.1038/nature06828
http://dx.doi.org/10.1091/mbc.E08-08-0805
http://dx.doi.org/10.1091/mbc.E08-08-0805
http://dx.doi.org/10.1091/mbc.E08-08-0805
http://dx.doi.org/10.1091/mbc.E08-08-0805
http://dx.doi.org/10.1016/0092-8674(90)90240-F
http://dx.doi.org/10.1016/0092-8674(90)90240-F
http://dx.doi.org/10.1038/349158a0
http://dx.doi.org/10.1038/349158a0
http://dx.doi.org/10.1111/j.1398-9219.2004.00192.x
http://dx.doi.org/10.1111/j.1398-9219.2004.00192.x
http://dx.doi.org/10.1111/j.1398-9219.2004.00192.x
http://dx.doi.org/10.1083/jcb.200901021
http://dx.doi.org/10.1083/jcb.200901021
http://dx.doi.org/10.1083/jcb.200901021
http://dx.doi.org/10.1007/s00424-009-0683-x
http://dx.doi.org/10.1007/s00424-009-0683-x
http://dx.doi.org/10.1083/jcb.200610047
http://dx.doi.org/10.1083/jcb.200610047
http://dx.doi.org/10.1083/jcb.200610047
http://dx.doi.org/10.1083/jcb.200610047
http://dx.doi.org/10.1016/S0092-8674(00)81650-5
http://dx.doi.org/10.1016/S0092-8674(00)81650-5
http://dx.doi.org/10.1016/S0092-8674(00)81650-5
http://dx.doi.org/10.1083/jcb.200309020
http://dx.doi.org/10.1083/jcb.200309020
http://dx.doi.org/10.1083/jcb.200309020
http://dx.doi.org/10.1073/pnas.0700356104
http://dx.doi.org/10.1073/pnas.0700356104
http://dx.doi.org/10.1073/pnas.0700356104
http://dx.doi.org/10.1073/pnas.0700356104
http://dx.doi.org/10.1016/0378-5955(93)90129-O
http://dx.doi.org/10.1016/0378-5955(93)90129-O
http://dx.doi.org/10.1016/0378-5955(95)00064-B
http://dx.doi.org/10.1016/0378-5955(95)00064-B
http://dx.doi.org/10.1016/j.conb.2008.09.006
http://dx.doi.org/10.1016/j.conb.2008.09.006
http://dx.doi.org/10.1016/j.febslet.2009.10.050
http://dx.doi.org/10.1016/j.febslet.2009.10.050
http://dx.doi.org/10.1016/j.febslet.2009.10.050
http://dx.doi.org/10.1073/pnas.0610700104
http://dx.doi.org/10.1073/pnas.0610700104
http://dx.doi.org/10.1073/pnas.0610700104
http://dx.doi.org/10.1073/pnas.0610700104
http://dx.doi.org/10.1007/s00232-005-0835-7
http://dx.doi.org/10.1007/s00232-005-0835-7
http://dx.doi.org/10.1016/S0006-3495(93)81248-7
http://dx.doi.org/10.1016/S0006-3495(93)81248-7
http://dx.doi.org/10.1016/0092-8674(91)90437-4
http://dx.doi.org/10.1016/0092-8674(91)90437-4
http://dx.doi.org/10.1073/pnas.89.18.8671
http://dx.doi.org/10.1073/pnas.89.18.8671
http://dx.doi.org/10.1073/pnas.89.18.8671
http://dx.doi.org/10.1016/S0378-5955(97)00130-5
http://dx.doi.org/10.1016/S0378-5955(97)00130-5
http://dx.doi.org/10.1016/S0378-5955(97)00130-5
http://dx.doi.org/10.1038/nature01059
http://dx.doi.org/10.1038/nature01059
http://dx.doi.org/10.1038/nature01059
http://dx.doi.org/10.1074/jbc.272.42.26300
http://dx.doi.org/10.1074/jbc.272.42.26300
http://dx.doi.org/10.1074/jbc.272.42.26300
http://dx.doi.org/10.1016/S0378-5955(97)00091-9
http://dx.doi.org/10.1016/S0378-5955(97)00091-9
http://dx.doi.org/10.1016/S0378-5955(97)00091-9
http://dx.doi.org/10.1016/0092-8674(92)90551-M
http://dx.doi.org/10.1016/0092-8674(92)90551-M
http://dx.doi.org/10.1016/0092-8674(92)90551-M
http://dx.doi.org/10.1038/nn.2129
http://dx.doi.org/10.1038/nn.2129
http://dx.doi.org/10.1038/nn.2129
http://dx.doi.org/10.1016/S0014-5793(99)00432-9
http://dx.doi.org/10.1016/S0014-5793(99)00432-9
http://dx.doi.org/10.1016/S0014-5793(99)00432-9
http://dx.doi.org/10.1016/S0014-5793(99)00432-9
http://dx.doi.org/10.1016/S0962-8924(99)01595-0
http://dx.doi.org/10.1016/S0962-8924(99)01595-0
http://dx.doi.org/10.1038/nrm1593
http://dx.doi.org/10.1038/nrm1593
http://dx.doi.org/10.1073/pnas.94.6.2660
http://dx.doi.org/10.1073/pnas.94.6.2660
http://dx.doi.org/10.1073/pnas.94.6.2660
http://dx.doi.org/10.1016/S0959-4388(03)00100-4
http://dx.doi.org/10.1016/S0959-4388(03)00100-4
http://dx.doi.org/10.1091/mbc.E01-10-0096
http://dx.doi.org/10.1091/mbc.E01-10-0096
http://dx.doi.org/10.1091/mbc.E01-10-0096
http://dx.doi.org/10.1091/mbc.E01-10-0096
http://dx.doi.org/10.1038/nmeth.1624
http://dx.doi.org/10.1038/nmeth.1624
http://dx.doi.org/10.1038/nmeth.1624
http://dx.doi.org/10.1242/jcs.032615
http://dx.doi.org/10.1242/jcs.032615
http://dx.doi.org/10.1016/j.brainres.2006.04.017
http://dx.doi.org/10.1016/j.brainres.2006.04.017
http://dx.doi.org/10.1038/35012009
http://dx.doi.org/10.1038/35012009
http://dx.doi.org/10.1242/jcs.02431
http://dx.doi.org/10.1242/jcs.02431
http://dx.doi.org/10.1242/jcs.02431
http://dx.doi.org/10.1242/jcs.02431
http://dx.doi.org/10.1523/JNEUROSCI.0852-10.2010
http://dx.doi.org/10.1523/JNEUROSCI.0852-10.2010
http://dx.doi.org/10.1523/JNEUROSCI.0852-10.2010
http://bio.biologists.org/


Supplementary Material
Yifan Zhang et al. doi: 10.1242/bio.201410629

Fig. S1. A cartoon of the localization of individual C-terminal tyrosine
residues within the 10 (A) and 12 (B) transmembrane models of prestin
are shown. (C) The structure of individual residues including phenylalanine,
serine and alanine used to substitute for individual tyrosine residues
are compared.

Fig. S2. LLC-PK cells show deficient basolateral targeting of prestin
YFP. Confluent polarized LLC-PK1 cells were transfected with prestin YFP
(green) and imaged by confocal imaging after fixation 72 hours later. Shown
are serial X-Y sections along the z axis of a transfected cell (at the level of
the tight junction, nucleus and basolateral surface). The actin cytoskeleton
was stained with Phalloidin Alexa 647 (red). There is reduced targeting of
prestin at the basolateral surface of the cell.

Table S1. Parameters of non linear capacitance in prestin and specific tyrosine mutants

Qsp (fC/pF) Vh (mV) z n

Prestin 10.73+/21.02 2115.44+/24.32 0.78+/20.02 7
Y667F 17.57+/23.56 2149.18+/28.34 0.82+/20.02 5
Y667Q 0.92+/20.24 2103.39+/28.73 0.81+/20.05 5
Y520F 2.75+/20.75 297.62+/26.03 0.81+/20.03 6

Measures of NLC in different mutants of prestin at Y667 and Y520 are compared. Other mutations at these sites did not show NLC. Note that substitution of
Y520 and Y667 with a phenyl alanine residue resulted in divergent effects on Vh with the former causing a mild depolarization shift while the latter caused a
marked hyperpolarization shift. The latter was also associated with an increase in Qsp.
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abstract

 

The effects of turgor pressure-induced membrane tension on junctional coupling of Hensen cell iso-
lates from the inner ear were evaluated by input capacitance or transjunctional conductance measurement tech-
niques. Turgor pressure was altered by changing either pipette pressure or the osmolarities of extracellular solu-
tions. Both positive pipette pressure and extracellular applications of hypotonic solutions, which caused cell size
to concomitantly increase, uncoupled the cells as indicated by reduced input capacitance and transjunctional con-
ductance. These changes were, in many cases, reversible and repeatable. Intracellular application of 50 

 

m

 

M H-7, a
broad-based protein kinase inhibitor, and 10 mM BAPTA did not block the uncoupling effect of positive turgor
pressure on inner ear gap junctions. The transjunctional conductance at a holding potential of 

 

2

 

80 mV was 53.6 

 

6

 

5.8 nS (mean 

 

6

 

 SEM,

 

 n 

 

5 

 

9) and decreased 

 

z

 

40% at a turgor pressure of 1.41 

 

6

 

 0.05 kPa. Considering the coin-
cident kinetics of cell deformation and uncoupling, we speculate that mechanical forces work directly on gap
junctions of the inner ear. These results suggest that pathologies that induce imbalances in cochlear osmotic pres-
sure regulation may compromise normal cochlear homeostasis.
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i n t r o d u c t i o n

 

The supporting cells of the organ of Corti are structur-
ally and electrically coupled together by gap junctions
(Jahnke, 1975; Gulley and Reese, 1976; Iurato et al.,
1976; Hama and Saito, 1977; Santos-Sacchi and Dallos,
1983; Kikuchi et al., 1995). Such gap junctional cou-
pling among the supporting cells provides for electrical
and metabolic uniformity; cochlear homeostasis is be-
lieved to rely on intercellular coupling (Santos-Sacchi,
1985, 1986, 1991; Kikuchi et al., 1995).

Gap junction channels are distinguished from other
ionic channels since the integration of two aligned
hemichannels from adjacent cells is required for nor-
mal function. In early work, hypertonic solutions,
which cause cell and tissue shrinkage, were found to
uncouple gap junctions in several different prepara-
tions (Barr et al., 1965, 1968; Goodenough and Gilula,
1974; Loewenstein et al., 1967). More recently, hypo-
tonic treatments, which cause cell swelling, were deter-
mined to either increase (Kimelberg and Kettenmann,
1990) or decrease (Ngezahayo and Kolb, 1990) gap
junctional coupling. These effects could have been due

to a variety of factors, including direct mechanical in-
fluences, changes in nonjunctional resistance, and
modulation of intracellular factors that are known to
uncouple cells. In the study of Ngezahayo and Kolb
(1990), where junctional conductance was studied di-
rectly, the decrease in coupling was abolished by 5 mM
EGTA in nominally Ca

 

2

 

1

 

-free internal solutions, and
was linked to the activity of PKC. In the present report,
we used the whole-cell voltage clamp technique to ex-
amine the effects of turgor pressure on junctional cou-
pling of isolated pairs or small groups of cochlear sup-
porting cells. Both input capacitance (Santos-Sacchi,
1991; Bigiani and Roper, 1995) and transjunctional
conductance measures were used to gauge intercellular
communication. We report that data obtained with
both techniques indicate that positive intracellular
pressure, which is known to induce membrane tension,
uncouples gap junctions of supporting cells in Corti’s
organ.

 

m e t h o d s

 

Detailed experimental methods can be found in previous reports
(Santos-Sacchi, 1991; Sato and Santos-Sacchi, 1994). In brief, iso-
lated supporting cells or cell aggregates were freshly obtained
from the organ of Corti of the guinea pig cochlea by shaking for
5–15 min in nominally Ca

 

2

 

1

 

-free Leibovitz medium containing
1 mg/ml trypsin. To reduce the voltage-dependent ionic cur-
rents from nonjunctional membrane during double voltage
clamp experiments, cells were perfused with an ionic blocking so-
lution containing (mM): 100 NaCl, 20 TEA, 20 CsCl, 1.25 CoCl

 

2

 

,
1.48 MgCl

 

2

 

, 10 HEPES, pH 7.2, 300 mosM. In initial experiments,
a modified Leibovitz medium was used for measurement of input
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capacitance (

 

C

 

in

 

)

 

1

 

 with a single pipette voltage clamp containing
(mM): 136.9 NaCl, 5.37 KCl, 1.25 CaCl

 

2

 

, 1.48 MgCl

 

2

 

, 10 HEPES,
pH 7.2, 300 mosM. Pipette solutions were composed of (mM):
140 KCl, 10 EGTA or BAPTA, 2 MgCl

 

2

 

, and 10 HEPES, pH 7.2.
For double voltage clamp recording, 140 mM KCl was replaced with
140 mM CsCl. Patch electrodes had initial resistances of 2.5–4
M

 

V

 

, corresponding to 1–2 

 

m

 

m in diameter. Series resistance (

 

R

 

s

 

)
after whole cell configuration was estimated from the current in
response to 10-mV steps (Huang and Santos-Sacchi, 1993). In sin-
gle Hensen cells, where 

 

R

 

s

 

 

 

could be unequivocally determined af-
ter whole cell configuration, the average value was 7.16 

 

6

 

 0.43
M

 

V

 

 (mean 

 

6

 

 SEM, 

 

n 

 

5 

 

48). Cells were typically held at 

 

2

 

80 mV,
within the Hensen cell’s linear current–voltage range (Santos-
Sacchi, 1991). Currents were filtered at 10 kHz with a four-pole
Bessel filter (Axon Instruments, Foster City, CA). Intracellular
pressure was modified either through the patch pipette with a sy-
ringe connected to the Teflon

 

®

 

 tubing attached to the patch pi-
pette holder or by changing osmolarity with “Y-tube” bath perfu-
sion. Pipette pressure was monitored via a T-connector to a pres-
sure monitor (World Precision Instruments, Inc., Sarasota, FL).
All experiments were video tape recorded and performed at
room temperature.

Since the input capacitance can be measured by a single pi-
pette voltage clamp and is correlated with junctional conduc-
tance (Santos-Sacchi, 1991; Bigiani and Roper, 1995), it can be
conveniently used to study gap junctional coupling under condi-
tions of less cellular damage than the double voltage clamp tech-
nique. Input capacitance, in conjunction with input resistance
(

 

R

 

in

 

), was continually measured on line to monitor junctional
coupling. 

 

C

 

in

 

 and 

 

R

 

in

 

 were determined from the transient charge
and steady state current, respectively, induced by small (

 

2

 

10
mV) test pulses with duration of 18

 

3

 

 the clamp time constant at
the holding potential; measures were made at 

 

z

 

1–3 Hz (Santos-
Sacchi, 1991).

 

(1)

, (2)

 

where

 

. (3)

 

Q

 

in

 

 is the charge moved, 

 

V

 

test 

 

is the voltage of the test pulse, 

 

I

 

c

 

 is
the capacitive current induced by the test pulse, and 

 

D

 

I

 

`

 

 is the
current difference between the steady state current induced by
the test pulse and the holding current at the holding potential.

For the double voltage clamp, each cell in a cell pair was sepa-
rately voltage clamped using 200A and 200B patch clamps (Axon
Instruments). Both cells were clamped at the same holding po-
tentials and a test pulse (10 mV, 10 ms) superimposed only on
cell 1. The transjunctional current (

 

I

 

j

 

) is equal to the current dif-
ference (

 

D

 

I

 

2

 

) in cell 2 caused by the test pulses applied to cell 1.
The transjunctional conductance (

 

G

 

j

 

) can be calculated by:

 

, (4)

 

where

 

 V

 

test

 

 is the test pulse voltage applied to cell 1. Data collec-
tion and analysis were performed with an in-house developed

Cin

Qin

Vtest
---------=

Rin

Vtest

∆I∞
---------=

Qin Icdt
0

∞

∫=

Gj

∆I2–

Vtest
-----------=

 

windows-based whole-cell voltage clamp program, jClamp (http:
//www.med.yale.edu/surgery/otolar/santos/jclamp.html), us-
ing a Digidata 1200 board (Axon Instruments). In some experi-
ments, 

 

G

 

j

 

 was measured online at 2–4 Hz and the corresponding
video images of recorded cells were digitally captured every 5–10 s
under software (jClamp) control. The captured images were
printed at 

 

z

 

1,700

 

3

 

 and the plane cell areas calculated. To gauge
membrane stress, area strain (

 

D

 

A/A

 

0

 

)

 

 

 

was calculated, where 

 

D

 

A is
the change of cell area after pressure or osmotic treatment and
A

 

0

 

 is the original cell area.

 

r e s u l t s

 

Hensen cells can be easily distinguished from other in-
ner ear supporting cells by their prominent lipid vacu-
oles. The number of cells comprising isolates of Hensen
cells can be determined under the light microscope,
and corresponds to the isolate’s 

 

C

 

in

 

 since Hensen cells
are well coupled electrically. Although the size of
Hensen cells is variable, the distributions of 

 

C

 

in

 

 for one,
two, and three Hensen cells, whose numbers were visu-
ally confirmed, were quite distinct (Fig. 1 

 

A

 

). At the

 

1

 

Abbreviations used in this paper:

 

 

 

C

 

in

 

, input capacitance; 

 

G

 

j

 

, transjunc-
tional conductance; OHC, outer hair cell; 

 

R

 

in

 

, input resistance; 

 

R

 

s

 

, se-
ries resistance.

Figure 1. (A) The distributions of Cin of Hensen cell (HC) iso-
lates. The cell numbers (1, 2, or 3) in the isolates were determined
under the light microscope, and the Cin was obtained at the hold-
ing potential 280 mV. Each bar represents the number of isolates
within a bin width of 10 pF. The lines plotted over each histogram
represent the fitted Gaussian distribution for the three isolate
groups. (B) Cin was measured for a coupled two-cell electrical
model as transjunctional resistance (Rj) was changed. Rs, 4.7 MV;
Rm, 500 MV; Cm, 33 pF. (inset) Coupled two-cell electrical model.
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holding potential of 

 

2

 

80 mV, the peaks of the isolate
distributions were clearly separated at 31.03 

 

6

 

 0.86,
64.75 

 

6

 

 1.5, and 103.9 

 

6

 

 3.05 pF, corresponding to
one, two, and three cell contributions, respectively.
The number of cells within isolates can also be con-
firmed using uncoupling agents, such as CO

 

2

 

, octanol,
or, as we now find, positive turgor pressure, to uncou-
ple the cells. When cells fully uncoupled, 

 

C

 

in

 

 reached
single cell capacitance levels (e.g., Figs. 2 and 3). The
correlation of 

 

C

 

in

 

 with degree of cell coupling is illus-
trated by real measures of 

 

Cin in a coupled two-cell elec-
trical model (Fig. 1 B). Cin of the electrical model was a
monotonic function of transjunctional resistance or
conductance, indicating the validity of Cin as an indica-
tor of cell coupling.

Positive turgor pressure induced either by osmolarity
changes or directly via the patch pipette decreased Cin

of cell pairs or three-cell groups (Figs. 2 and 3), but did
not reduce single cell capacitance (Fig. 4). This indi-
cates that positive turgor pressure uncouples gap junc-
tions between adjacent Hensen cells.

In Fig. 2 A, bath application of hypo-osmotic solution
(150 mosM) caused a Hensen cell pair to swell (insets)
and decreased Cin of the pair to single cell levels. The
uncoupling induced by increased turgor pressure is re-
versible since return to normal osmolarity solution of-
ten restored initial Cin values; subsequent reperfusion
with hypo-osmotic solution remained effective as an un-
coupling stimulus (Fig. 2 B). In single cells, while the
same hypo-osmotic treatment caused cell swelling, Cin

remained stable (Fig. 4 B).
Fig. 3 illustrates the uncoupling effect of cell turgor

pressure change induced by patch pipette pressure. As
turgor pressure was directly increased to z1.2 kPa via
the patch pipette, Cin decreased to almost single cell
levels (after an initial delay possibly due to pipette plug-
ging), and immediately began to return when the pres-
sure was released (Fig. 3 A). The cells could be perma-
nently uncoupled during the application of prolonged,
continuous positive pressure (Fig. 3 B). The uncou-
pling effect of positive turgor pressure was found in 40
of 42 cell pairs, or three-cell groups. As with osmolarity
change, direct application of positive turgor pressure
via the patch pipette also did not decrease the mea-
sured capacitance in single Hensen cells despite cell
swelling (Fig. 4 A, insets).

Although Cin can be easily measured by single pipette
voltage clamp to gauge the degree of cell coupling,
transjunctional conductance cannot be measured di-
rectly since transjunctional voltage and current are un-
known. Additionally, a quantitative estimate of degree
of coupling based on Cin is not easily established since
Cin is a nonlinear function of transjunctional conduc-
tance (see Fig. 1 B and discussion). To further investi-
gate the uncoupling effect of positive turgor pressure
on gap junctions in Hensen cells, the transjunctional
conductance was directly assessed with a double voltage
clamp technique, and corresponding changes of the
cell plane surface areas (DA/A0) (i.e., an indicator of
membrane strain) were simultaneously measured.

Figs. 5 and 6 illustrate the results of such experi-
ments. Cell areas increased in concert with decreases of
transjunctional conductance as positive turgor pressure
was delivered to the cells. The changes in cell area were
observable before gap junctional uncoupling and oc-
curred faster than Gj decay (Figs. 5 and 6). However,
unlike pressure changes induced by pipette pressure,
hypo-osmotic shocks produced changes in Gj and cell
areas that were quite fast. With extracellular perfusion
of a 150-mosM solution, the time constant for Gj decay
was 9.53 s in Fig. 6 B, and the average value was 5.1 6
1.86 s (n 5 6). In Fig. 6 B, the rise time constant of

Figure 2. Osmolarity-induced turgor pressure increase uncou-
ples Hensen cells. Both bath solution and electrode solution were
300 mosM. (A) When an extracellular 150 mosM solution was per-
fused (indicated by the horizontal bar) the cell pair swelled (see
insets). Concomitantly, Cin decreased to half value due to cell un-
coupling. Rs, 6.5 MV. (insets) Captured cell images before and dur-
ing the perfusion of the hypo-osmotic solution. The white scale bar
represents 20 mm. (B) Decreases of Cin due to hypo-osmotic chal-
lenge were reversible and repeatable. In this case, the cells finally
fully uncoupled and Cin remained at the single cell capacitance
level. Rs, 3.8 MV.
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membrane strain was 4.43 s. The average rise time con-
stant of membrane strain is estimated to be close to or
less than that of the average Gj decay since in most
cases the swelling fully occurred within the 5–10-s video
capture rate. In most, but not all, cases, it was noted
that after membrane tension stabilized, transjunctional
conductance likewise stabilized (Fig. 5). The correlated
and reciprocal changes in Gj and membrane strain

(DA/A0) were reversible and repeatable (Fig. 6 A),
strongly indicating that Gj decreases were relative to in-
creases of membrane strain; i.e., membrane tension. It
should be noted that the latency to Gj change after DA/
A0 change is possibly due to the absence of significant
membrane stress during the initial cell inflation, which
clearly (based on the magnitude of cell enlargement)
was accompanied by membrane unfolding.

Figure 3. Hensen cells uncouple as turgor pres-
sure is directly increased via the patch pipette. (A)
In this example, increased pipette pressure
caused Cin to decrease to single cell levels after an
initial delay (possibly due to pipette plugging),
but returned to the original level soon after pi-
pette pressure was released. Rs, 9.76 MV. (B) A
Hensen cell pair uncoupled after prolonged ap-
plication of pressure. Cin decreased from 71.2 pF
to a single cell level of 34.7 pF. Rs, 8.5 MV.

Figure 4. Changes of turgor pressure caused either directly via the patch pipette (A) or by perfusion of hypo-osmotic solutions (B) do not
decrease the measured capacitance in a single Hensen cell. (insets) Captured cell images before and during applications of positive intracel-
lular pressure. Cell swelling was visible as turgor pressure increased. The white scale bar represents 20 mm. Rs: (A) 8.4 MV, (B) 4.4 MV.
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Uncoupling of Hensen cell gap junctions by mem-
brane stress was not inhibited by using pipette solutions
containing 50 mM H-7 (dihydrochloride; Calbiochem
Corp., La Jolla, CA), a broad-based serine/threonine
kinase inhibitor (Boulis and Davis, 1990) (Figs. 5 B and
6 B). These data imply that the uncoupling effect of
positive turgor pressure on inner ear gap junctions is
independent of protein kinases, and that the effect is
different from previous observations that cell volume
changes induced uncoupling of gap junctions via the
PKC pathway (Ngezahayo and Kolb, 1990). Neverthe-
less, cell swelling induced by hypo-osmotic shocks has
been linked to increases of another uncoupling agent,
intracellular Ca21 (Hoffmann and Simonsen, 1989; Su-
zuki et al., 1990). However, uncoupling by Ca21, which
occurs at millimolar intracellular concentrations in
Hensen cells (Sato and Santos-Sacchi, 1994), can be
ruled out since pipette solutions contained 10 mM
BAPTA, a fast highly selective calcium chelating re-
agent, and extracellular and intracellular solutions
were nominally Ca21 free. Considering all evidence, the
observed uncoupling effect of positive turgor pressure
on inner ear gap junctions, which is fast (within sec-
onds), correlated with changes of membrane strain,
and independent of protein kinases and Ca21, is likely
to occur via direct mechanical effects on the plasma-
lemma; i.e., membrane tension.

The effect of membrane tension on gap junctional
conductance was further studied by increasing turgor
pressure in cell 1 and measuring Ij in cell 2 at different
membrane potentials (Fig. 7). Gap junctional conduc-

tance in Hensen cells at a holding potential of 280 mV
was 52.9 6 12.1 nS (n 5 51). As the turgor pressure in
cell 1 was increased, Ij decreased (Fig. 7 A). The junc-
tional conductance at different membrane potentials
reduced in parallel when the turgor pressure was in-
creased. In those cell pairs where turgor pressure alter-
ations were successfully applied without losing the cells,
Gj at 280 mV holding potential decreased 38.3 6 9.5%
from 50.5 6 14 nS (n 5 9) at a turgor pressure of 1.41
6 0.05 kPa. The Vm dependence of Gj is also visible in
Fig. 7. In this case, as the cells were depolarized, Gj de-
creased (Fig. 7 B). Other Vm dependencies of trans-
junctional conductance were also found, including Vm

insensitivity and an increase with depolarization. Pres-
sure did not alter voltage-dependent behaviors.

d i s c u s s i o n

We provide evidence, based on input capacitance and
double voltage clamp measures, that junctional cou-
pling is sensitive to positive turgor pressure-induced
membrane tension. Turgor pressure has been used to
induce membrane tension in a wide variety of cells, in-
cluding the outer hair cell (OHC), where it has been
shown that motility and motility-related gating current
characteristics are directly altered (Iwasa, 1993; Gale
and Ashmore, 1994; Kakehata and Santos-Sacchi, 1995).
Membrane tension (possibly acting via cytoskeletal in-
teractions) is also known to gate stretch-activated ionic
channels (Yang and Sachs, 1989), which have been ob-
served in outer hair cells (Ding et al., 1991; Iwasa et al.,

Figure 5. Positive turgor pres-
sure-induced reduction in trans-
junctional conductance is corre-
lated with increases in membrane
strain (DA/A0). Transjunctional
conductance was measured with
a double voltage clamp tech-
nique, and membrane strains
were calculated from captured
images (see methods). Each cell
in a Hensen cell pair was sepa-
rately held at 240 mV. The con-
tinuous treatments used to in-
crease intracellular pressure be-
gan at the arrows. (A) Positive
pipette pressure induced an in-
crease in membrane strain and
concomitantly reduced Gj. (B)
Perfusion of 150 mosM solution
also induced an increase in mem-
brane strain and concomitantly
reduced Gj. The pipette solution
contained 50 mM H-7.
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1991). It is possible that membrane tension also alters
gating characteristics of supporting cell gap junctions.
We show, however, that unlike stretch channels, inner
ear gap junctional conductance decreases with mem-
brane stress. Recently, it has been postulated that gap
junction channels possess two distinct gating mecha-
nisms, namely, a voltage gating mechanism and a
chemical gating mechanism (Bukauskas et al., 1995;
Bukauskas and Peracchia, 1997; Bukauskas and Wein-
gart, 1994). Chemical uncoupling agents, such as CO2,
H1, and Ca21, may act on sensor elements from the cy-
toplasmic side. Supporting cell coupling has been
shown to be sensitive to a variety of chemical uncou-
pling agents (Santos-Sacchi, 1985; 1991), and we now

report that supporting cell coupling is voltage depen-
dent as well. The existence of voltage-dependent gap
junctional conductance may account in part for previ-
ous reports of temperature-induced depolarization on
supporting cell coupling ratios (Santos-Sacchi, 1986).
Interestingly, junctional voltage dependence is unaf-
fected by concomitant tension-induced junctional con-
ductance change, possibly indicating that an indepen-
dent tension gating mechanism may exist.

Gap junctions consist of two aligned transmembrane
hemichannels (connexons), one from each cell (Revel
et al., 1984; Goodenough et al., 1988; Bennett et al.,
1991). Each of these hemichannels is formed by six
connexin subunits (Kumar and Gilula, 1996; Perkins et

Figure 6. (A) Hypo-osmotic solutions induced reversible, con-
comitant changes in transjunctional conductance and membrane
strain. Both cells were held at 240 mV. Repeated applications of
150 mosM solution are indicated by the horizontal bars. (B) The
time course of the uncoupling effect caused by hypo-osmotic
shock is compared with the increase of membrane strain. The be-
ginning of treatment is indicated by an arrow and continued dur-
ing the observed period. Thick solid lines represent single expo-
nential fits. Membrane strain appears to have increased before the
decrease of Gj. Pipettes contained 50 mM H-7.

Figure 7. Turgor pressure does not affect membrane potential
(Vm or Vi-o) dependence of gap junctions in Hensen cells. (A) Volt-
age stimulus protocols for each cell and current trace recorded in
cell 2 are plotted (only five traces are shown for clarity). Each cell
in a Hensen cell pair was separately voltage clamped at the same
holding potential of 280 mV. Voltage steps from 2140 to 70 mV
for 100 ms in 10-mV increments were simultaneously delivered
into both cells except for 10 mV, 10-ms test pulses superimposed
on cell 1 only. Transjunctional current (Ij) is measured in cell 2.
The turgor pressure of cell 1 was directly changed by the patch pi-
pette. Three current traces from cell 2 at different pressures were
zeroed and superimposed in the middle. (B) Positive turgor pres-
sure decreased Gj at all membrane potentials. Note Gj decrease as
the cells were depolarized. Rs at 0 kPa, 12.5 MV; at 1.2 kPa, 12.7
MV; at 2 kPa, 12.2 MV.
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al., 1997). Our data indicate that membrane stress acts
on inner ear gap junctions in a manner independent of
Ca21, pH, and protein kinases. The rapid and revers-
ible nature of the uncoupling also indicates that the
mechanism is not due to some sort of mechanical de-
struction of the channels. While there may be other un-
known links between membrane stress and junctional
conductance, it is conceivable that tension may gate
gap junction channels by a conformational change in
connexon structure, possibly causing only the stressed
membrane’s hemichannel to close.

Gap junction connexins represent a family of homol-
ogous proteins that have differing voltage gating char-
acteristics (Harris et al., 1981; Spray et al., 1981; Ben-
nett et al., 1991; Dahl, 1996). Using immunocytochem-
istry and transmission electron microscopy, Cx26 was
found in gap junctions of the rat (Kikuchi et al., 1995)
and gerbil (Forge et al., 1997) organ of Corti. More re-
cently, Cx26, Cx30, Cx32, and Cx43 have been local-
ized to supporting cell regions of the rat cochlea (Laut-
ermann et al., 1997). Such diversity of connexins within
the organ may provide for a variety of junctional com-
munication characteristics; for example, rectifying junc-
tional conductance. Indeed, in addition to our direct
observation that voltage-dependent junctional commu-
nication exists in the supporting cells, we have prelimi-
nary evidence that junctional rectification occurs. Di-
rectional flow of ions mediated by rectified gap junc-
tions may be crucial for normal cochlea homeostasis
(see below).

Since the mid 1980’s, gap junctional coupling has
usually been studied with double voltage clamp. How-
ever, input capacitance and resistance reflect the de-
gree of electrical coupling and can be conveniently
measured using a single voltage clamp (Santos-Sacchi,
1991; Sato and Santos-Sacchi, 1994; Bigiani and Roper,
1995). Based on a coupled two-cell model (see Fig. 1 B,
inset), and assuming that the individual cells have the
same input impedance, the following equations are ob-
tained (Bigiani and Roper, 1995),

, (5)

, (6)

where Rs and Rm are electrode series resistance and
nonjunctional membrane resistance, respectively, and
Cm is single cell capacitance (see Fig. 1 B, inset). Since
Rm is not readily available from recordings, we can solve
Eqs. 5 and 6 to remove Rm. Rj can be finally expressed:

. (7)

Cin

2RmRj 2Rm
2 Rj

2
+ +( ) Rm

2

2RmRs Rm
2 RsRj RmRj+ + +( )

2
----------------------------------------------------------------------------Cm=

Rin

RsRj 2RsRm RjRm Rm
2

+ + +

Rj 2Rm+
-------------------------------------------------------------------=

Rj
CinRin

2
4CmRsRin 2CmRs

2
– 2CmRin

2
–+

2Cm
2 RsRin CinCmRin

2 Cm
2 Rs

2
– Cm

2 Rin
2

–+
--------------------------------------------------------------------------------------------------=

Cin, Rin, and Rs are readily obtained from recordings.
Fig. 8 illustrates the measurement of these parameters
during an uncoupling event, and the bottom panel
shows the estimated Gj based on those data. Changes in
estimated Gj mirror pressure-induced changes in Cin. It
should be noted that Rs changes can also produce
changes in Cin and Rin. For example, to obtain the ob-
served maximum change in Cin, an order of magnitude
increase of Rs would be required in this case. In our ex-
periments, changes solely in Rs required to produce a
comparable change in Cin were not observed. Series re-
sistance remained constant, being 7.79 6 0.49 MV (n 5
7) for cell pairs that were well coupled and 6.34 6 1.13
MV after those same cells were uncoupled with positive
pipette pressure.

Finally, how might the turgor pressure dependence
of junctional coupling in the organ of Corti affect coch-

Figure 8. Transjunctional conductance is estimated by Cin and
Rin in single pipette voltage clamp. (top) Cin decreased and Rin si-
multaneously increased as turgor pressure increased. Cin and Rin

followed changes in pressure. Rs, 8.73 MV. (bottom) Gj is estimated
from Cin and Rin measurements from the cell pair data based on
the coupled two-cell model. Cm was set as half of Cin, 27.5 pF, at
zero applied pressure, and Rs was 8.5 MV. The change in esti-
mated Gj corresponds well to changes in Cin. The magnitude of Gj

is larger than the largest obtained under double voltage clamp
(z500 nS), and may be due to the fact that cell impedances are
not actually identical as required in the model.
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lear function? In vivo, the organ of Corti, comprising
hair cells and supporting cells, is bathed in two differ-
ent media, high K1 endolymph apically and low K1 per-
ilymph basally. Since the receptor current through hair
cells is predominantly carried by K1, an accumulation
of K1 within the perilymphatic space along the basolat-
eral region of the hair cells is unavoidable. This would
potentially depolarize hair cells with disastrous conse-
quences for both forward and reverse sensory transduc-
tion. In the mammal, forward transduction (gating of
stereociliar transduction channels) relies on the large
driving force present across the hair cell’s apical plasma
membrane. Voltage gradients across the apical mem-
branes of inner and outer hair cells (i.e., endolym-
phatic potential minus membrane potential) range
from 125 to 150 mV, and drive the K1-based receptor
currents. Reduction of this gradient (e.g., by mem-
brane depolarization) will reduce the magnitude of re-
ceptor potentials and synaptic output. Reverse trans-
duction is a phenomenon that is restricted to the outer
hair cell and is believed to provide for the enhanced
high frequency selectivity and sensitivity enjoyed by
mammals. OHCs, which are additionally mechanically
active, possess lateral membrane motors that are driven
by voltage (Santos-Sacchi and Dilger, 1988); the cell’s
mechanical response provides feedback into the basilar
membrane, thereby enhancing the stimulus to the pri-
mary receptor cells, the inner hair cells (for review see
Ruggero and Santos-Sacchi, 1997). Not only will depo-
larization of the OHC alter the driving force for the
mechanical response, but the function relating me-
chanical response to voltage will be shifted along the
voltage axis as well, resulting in an altered gain for the
“cochlear amplifier” (Santos-Sacchi et al., 1998). Some
mechanisms must prevent such an undesirable sce-
nario. A nutritive and K1 sinking role for gap junctions

in the avascular organ of Corti has been proposed
(Santos-Sacchi, 1985, 1991; Santos-Sacchi and Dallos,
1983). Inner ear supporting cells have been shown to
“share” plasmalemmal voltage-dependent conductances
due to the high degree of cell coupling (Santos-Sacchi,
1991). The magnitude and stability of their resting po-
tentials is pronounced (close to 2100 mV), and likely
depends on cell coupling since isolated cell resting in-
put conductance is only z1 nS. At the normal resting
potential of this cellular syncytium, an inward rectifier
appears continuously activated and may result in K1 re-
moval from perilymphatic spaces. It should be noted
that the large perilymphatic fluid spaces may provide
little support in sinking K1 or directing its movement,
since hair cell regions that are likely to experience K1

elevations are not directly exposed to those spaces. In-
ner hair cells are closely surrounded by supporting
cells, and the region of the OHCs that possesses volt-
age-dependent conductances (e.g., outward K1) is re-
stricted to the basal pole of the cell (Santos-Sacchi et
al., 1997), which is surrounded by a Deiters cell cup.
Recently, Kikuchi et al. (1995) provided morphological
evidence detailing epithelial and connective tissue gap
junctional systems within the cochlea that may com-
plete the mechanism responsible for recycling K1 from
the perilymphatic space near hair cells to the K1-rich
endolymph via the stria vascularis. The maintenance of
normal fluid space architecture within the inner ear re-
quires fine osmotic control; imbalances can lead to seri-
ous auditory and vestibular problems (e.g., Meniere’s
disease). While at present we do not know the normal
physiological significance of tension-dependent gap
junctional communication, it is likely that fluid balance
disorders in the inner ear will affect gap junctional
communication, thus compromising sensory function
by indirectly modifying hair cell activity.
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show a characteristic ‘U’ shape (Fig. 5a). This gives rise to a
remarkable chaotic travelling-wave structure which may be seen
in the eight lattice ‘snapshots’ of Fig. 5b–i. Population abundances
in the meta-community remain chaotic, but periodic circular waves
continuously expand and contract radially as they spread in time
across the spatial landscape. Field and model population studies of
the Canadian hare–lynx cycle and European vole cycles have found
similar travelling-wave structures with spatially distributed U-
shaped phase lags10,25–27. Different types of realistic diffusion barrier
were introduced into the model but, in general, they failed to
destroy the spatial circular wave structure (B.B. et al., manuscript
in preparation).

The spatio-temporal structures associated with phase synchro-
nization have important implications for conservation ecology.
Even if a disturbance perturbs a local patch population to the
brink of extinction, the periodicity of spatial phase syncrhonization
guarantees the recurring arrival of wave fronts in which new
colonizers will buffer the endangered population. In contrast to
the common view of population synchronization as a cause of
global population extinctions14, it appears that phase synchroniza-
tion can be important for maintaining species persistence. Our
findings indicate that synchronization is a powerful process that has
the potential to shape the distribution and abundance of species
over all scales, from local to continental. We expect that the complex
synchronization phenomena identified here will provide new
insight into the dynamics of spatial ecologies and will have impor-
tant applications to the study of biological rhythms in general. M
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The discrepancies between measured frequency responses of the
basilar membrane in the inner ear and the frequency tuning found
in psychophysical experiments led to Békésy’s idea of lateral
inhibition in the auditory nervous system1. We now know that
basilar membrane tuning can account for neural tuning2, and that
sharpening of the passive travelling wave depends on the mech-
anical activity of outer hair cells (OHCs)3, but the mechanism by
which OHCs enhance tuning remains unclear. OHCs generate
voltage-dependent length changes at acoustic rates4–8, which
deform the cochlear partition9–11. Here we use an electrical
correlate of OHC mechanical activity, the motility-related
gating current, to investigate mechano-electrical interactions
among adjacent OHCs. We show that the motility caused by
voltage stimulation of one cell in a group evokes gating currents
in adjacent OHCs. The resulting polarization in adjacent cells is
opposite to that within the stimulated cell, which may be indicative
of lateral inhibition. Also such interactions promote distortion
and suppression in the electrical and, consequently, the mechanical
activity of OHCs. Lateral interactions may provide a basis for
enhanced frequency selectivity in the basilar membrane of
mammals.

The mechanical response of the OHC is mirrored by an electrical
signature, a motility-related charge movement, similar to the gating
charge movements that control ion-channel conductance12,13. Both
gating currents arise from a redistribution of charged voltage
sensors across the membrane. The magnitude of the gating current
reflects the rate of charge redistribution. In the OHC, the redis-
tribution of motility-related charge is controlled by both voltage
and membrane tension; consequently, either can evoke gating
currents14–16. Within the organ of Corti, OHCs are indirectly
mechanically coupled to each other through contacts with support-
ing Deiters’ cells. The apical regions of OHCs and Deiters’ cells are
joined by tight junctions and form the plate-like reticular lamina.
Basally, the OHCs sit in the cups of Deiters’ cells, and the strength of
these attachments varies along the length of the basilar membrane17.
This morphology makes it likely that the voltage-induced mechani-
cal responses of one OHC will affect surrounding OHCs. Determin-
ing the nature of this interaction may provide insight into the
process of fine frequency tuning by OHCs. We studied this inter-
action by simultaneously recording from adjacent OHCs under dual
whole-cell voltage and current clamp.

In isolated pieces of Corti’s organ, where cellular relations remain
intact, voltage stimulation of an OHC induces mechanical
responses and gating currents in that cell (Fig. 1). Transient outward
currents are generated by the onset of depolarization, which causes
the cell to contract (Fig. 1b). These currents correspond to the
displacement of positive charge to the extracellular aspect of the
lateral plasma membrane, which holds motility/voltage sensors18,19.
The charge–voltage (Q–V) function is well described by a two-state
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Boltzmann function12,13:

QðVÞ ¼
Qmax

1 þ b
ð1Þ

b ¼ exp
2 zeðVm 2 V bÞ

kT

� �
where Qmax is the maximum nonlinear charge moved, Vh is the
voltage at half-maximal gating-charge transfer, Vm is the membrane
potential, z is the valence, e is the electron charge, k is Boltzmann’s
constant and T is the absolute temperature.

When the stimulated OHC (OHC 1) is depolarized, gating
currents are seen in the adjacent OHC (OHC 2). The ratio of
charge movement (Q2/Q1) in adjacent OHCs can be up to 0.1. The
induced gating current in OHC 2 is not generated by electrical
interactions between the cells. Individually isolated cells that are
positioned to touch each other do not show this charge coupling.
Furthermore, collapse of OHC 1 by negative pipette pressure (−0.25
to −0.5 kPa), which abolishes the cell’s normal mechanical activity13,
eliminates gating currents in adjacent OHCs (Fig. 1b).

As in OHC 1, the magnitude of the gating currents in OHC 2
reflects the rate of charge redistribution; in this case, however, the
rate mirrors that of the deformation of OHC 2. This is indicated by
the significant correlation between the OHC 1 clamp time constant
(which controls the rate of the OHC mechanical response under
whole-cell voltage clamp6) and gating current magnitude in OHC 2
(r2 ¼ 0:63; n ¼ 21). This is expected, because the OHC gating-
current magnitude resulting from stretch is related to the velocity of
stretch15. The charge redistribution in OHC 2 generates a voltage
with a time course that depends on the cells’ membrane time
constant (tm ¼ Rm 3 Cm). We looked at this induced voltage
under current clamp. In seven cells, the average time constant of
voltage decay induced by the impulsive gating current was 8.8 ms.
The average membrane resistance of these cells was 272 6 28 MQ
(mean 6 s:e:), the membrane capacitance (at the holding potential)
was 35:1 6 2:02 pF and, consequently, tm ¼ 9:5 ms. The initial
voltage magnitudes were up to 1.2 mV. The polarity of the induced
voltage was negative, corresponding to the movement of positive
charge to the outside of the cell membrane. The polarity of the
voltage change in mechanically coupled cells is opposite to that
of the electrically stimulated cell. Direct currents (d.c.) were not
observed in adjacent OHCs, confirming the absence of gap-junc-
tion-mediated electrical coupling.

Additional evidence indicates that the transient currents and
voltages in adjacent OHCs result from mechanical coupling
between OHCs, and that these electrical responses are generated
by the displacement of motility/voltage sensors. Figure 2 shows that
salicylate, a known blocker of OHC gating currents and motility20,21,
abolishes the gating currents in adjacent OHCs. In our experiments,
salicylate probably has two effects: it blocks both the mechanical
response of the stimulated cell and the charge movement in the

Figure 1 Adjacent OHCs are mechano-electrically coupled. a, Schematic

illustrating two adjacent OHCs mechanically coupled through Deiters’ cells and

the recording configuration.b, Each cell in a pair was whole-cell voltage clamped

to −40mV. Depolarization of OHC 1 to 50mV (Vc1) generates outward transient

currents in both OHC 1 and OHC 2 (IG1, IG2, respectively; top two traces).

The charge ratio (Q2/Q1) is 0.08. Following application of negative pressure

(,−0.5 kPa; middle two traces) to the patch pipette of OHC 1, the response in OHC

2 was abolished. The response in the voltage-stimulated cell is decreased

somewhat, as expected, owing to a negative shift in its Q–V function16. c, OHC 1

was held under voltage clamp and OHC 2 under current clamp. As a con-

sequence of the impulsive gating current evoked in OHC 2, a negative voltage

is developed across its membrane. The trace depicts the average induced

potential (n ¼ 7) in OHC 2. Dotted line: single exponential fit of 8.8ms.

Figure 2 Both OHCs were voltage clamped to −80mV, and OHC 1 was stepped to

70mV (Vc1). The top trace shows the gating current (IG2) evoked in OHC 2.

Perfusion of the cells with 10 mM salicylate abolishes the gating current.
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adjacent cell. Further evidence derives from the polarity of the
gating currents in adjacent cells (Fig. 3a, b). As expected for a
process dependent on the stimulated OHC’s mechanical response,
the gating current polarity of the adjacent cell reverses at the holding
potential of the stimulated cell; depolarization from this potential
causes contraction of the cell, whereas hyperpolarization produces
elongation. The deformation of adjacent cells will alter the tension
on their lateral membranes. Reduced tension effectively shifts the
voltage dependence of the Q–V function in the negative direction,
and will evoke a positive gating current16. This agrees with the effects
measured in adjacent OHCs. The magnitude of charge movement
induced by this shift depends on the adjacent cell’s membrane
(holding) potential and is given by the difference between the two
shifted Boltzmann functions15:

QðVÞ ¼ 2 QmaxdVh

ze

kT

b

ð1 þ bÞ2 ð2Þ

where dVh is the magnitude of the Vh shift induced by a change in
membrane tension, and b is as in equation (1).

Indeed, this behaviour is seen in our experiments (Fig. 3c, d). The
magnitude of gating charge in the adjacent OHC depends on its
holding potential, and the bell-shaped function of equation (2)
satisfactorily describes the relationship. As the Q–V function
mirrors the OHC’s motility function16, the mechanical activity of
coupled OHCs will be affected similarly.

Our data show that, as a result of OHC mechanical activity, lateral
interactions exist within the organ of Corti that may significantly
affect its responsiveness to sound. We have explored some of the
consequences of these interactions. When two pure-tone frequen-
cies are presented to a subject, auditory illusions of additional tonal
frequencies and measurable physiological counterparts result22,23.
Additionally, one tone can be suppressed by another. This distortion
arises from nonlinearities in the peripheral auditory system, and in
the mammal it results from OHC activity24,25. Even within single
isolated hair cells, distortion evoked by two-frequency stimulation

can be generated by nonlinearities of the sterociliar transducer or by
OHC motility26–28. We tested whether this type of distortion can
arise from interactions between OHCs by simultaneously and
independently stimulating each cell of coupled pairs with differing
voltage frequencies (OHC 1, f 1 ¼ 813:8 Hz; OHC 2, f 2 ¼ 976:5 Hz)
and observing nonlinear interactions. Under these stimulation
conditions, both frequencies are present in the current responses
of each cell (Fig. 4). The magnitude of the mechanically induced
frequency component (for example, f2 in OHC 1) is a bell-shaped
function of holding potential, indicating, as above, that this com-
ponent is generated by frequency-following shifts in the voltage
dependence of the Q–V function of the cell. Furthermore, this
mechanically generated frequency component suppresses the vol-
tage-evoked frequency component by up to 10%. Finally, the
interaction of the two frequency components gives rise to nonlinear
intermodulation distortion in each cell (Fig. 4b). The sum and
difference distortion components (f 2 þ f 1, f 2 2 f 1) can be observed
as little as 20 dB below the mechanically induced primary.

Our data show that nonlinear mechanical interactions occur
among OHCs within Corti’s organ, and that these interactions
generate distortion and suppression that are similar to those found
in the intact organ. The generated distortion, seen only in coupled
OHCs, may arise not only from the interaction of intrinsic cellular
nonlinearities27,28, but also from nonlinearity in the visco-elastic
coupling between cells. The mechanical coupling strength, based on
ratios of charge or current, is up to 10%. However, the degree of
mechano-electrical coupling among OHCs may be greater in vivo
than is demonstrated here, as physical coupling in our preparations
was probably compromised by the isolation procedure.

It is believed that passive basilar-membrane tuning is enhanced
by feedback from OHC mechanical activity3; however, based solely
on mechanical activity evoked by passive tuning, sharpening would
not be expected. The consequence of OHC coupling is twofold for
adjacent cells; the voltage dependence of motility is altered, and a
voltage of opposite phase is evoked. These mechanically generated

Figure 3 Gating currents are a function of both OHCs’ holding potential. a, Both

OHCs were voltage clamped to −40mV, and OHC 1 was stepped for 5ms from −
130 to 70mV (Vc1) in 20mV steps. Gating currents (IG2) in an adjacent OHC are

shown in the top trace. Thepolarity of the currents depends on that of the stimulus

voltage in OHC 1. b, the Q–V plot (on and off charge in OHC 2 versus voltage of

OHC 1) shows a reversal of gating charge sign at the OHC 1 holding potential. The

nonlinearity of the response partially reflects the nonlinear nature of the motility

function. c, The magnitude of gating current (IG2, top traces) in OHC 2 induced bya

fixed voltage step in OHC 1 depends on the membrane (holding) potential of OHC

2. d, The Q–V plot (on charge in OHC 2 versus holding voltage of OHC 2) shows

that charge magnitude is a bell-shaped function of OHC 2 holding potential. The

data were fit (solid line) to equation (2) with Qmax (prior determination from Q2–Vc2

function) fixed at 2.99pC. dVh ¼ 2:5mV; Vh ¼ 2 23:5mV; z ¼ 0:65.
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lateral interactions may allow basilar membrane motion to be
selectively enhanced at a particular location where passive vibration
is maximal. In nonlinear systems, 10% feedback can have enormous
consequences. The likely increase in OHC coupling with increasing
frequency, supported by morphological evidence17, may explain the
finding that tuning is sharper at higher characteristic frequencies. In
this model, distortion in the cochlea arises from the very process
that promotes greater frequency resolution. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Pieces of the organ of Corti, containing between 3 and more than 50 OHCs with
associated Deiters’ cells, were freshly isolated from the guinea-pig cochlea, and
adjacent OHCs were separately whole-cell voltage clamped at room
temperature using an Axon 200A and 200B amplifier. Membrane voltages
were corrected for the effects of residual series resistance, which ranged from 3
to 7 MQ. We used ionic blocking solutions to remove voltage-dependent ionic
conductances so that capacitive currents could be analysed in isolation29.
Gating currents were extracted using the P/-4 technique30. Pipette crosstalk
artefacts at the onset of traces (first 50 ms) were subtracted from the data, using
the artefacts obtained in the absence of mechanical coupling. All data collection

and most analyses were performed with an in-house-developed, Windows-
based whole-cell voltage-clamp program, jClamp (www.med.yale.edu/surgery/
otolar/santos/jclamp.html), using a Digidata 1200 board (Axon).
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Figure 4 Both OHCs were voltage clamped to −40mV and independently

stimulated with pure sine-wave voltages. a, The upper two traces show the

voltage stimuli delivered independently to each cell. During the initial part of the

stimulus duration, each cell received a 20mV peak sine wave at f1 ¼ 813:8Hz;

in the latter three-quarters of the stimulus duration, the OHC 2 frequency was

switched to 976.5Hz. Fast Fourier transform analysiswas limited to the last half of

stimulus duration to avoid transient responses. Comparisons were made before

and after uncoupling by collapsing OHC 2. The upper plot shows the ratio of

mechanically induced f2 current (If2) in OHC 1 due to f2 voltage stimulation in OHC

2. The ratio of the power of the f1 component in the response of OHC 1 before and

after OHC 2 was collapsed was also obtained. The change in this ratio (DPf1) is

shown in the lower plot. Negative percentage means that the f1 response after

collapse of OHC 2 was larger than that before; in other words, the mechanically

induced f2 component in OHC 1 suppressed the f1 response in OHC 1. b, The

spectrum of current response in OHC 2. The magnitude (in dB) is referenced to f2

magnitude. Besides harmonic distortion products, the peak of sum frequency

distortion (f1 þ f2) is clearly visible.
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Understanding how the ageing process is regulated is a fascinating
and fundamental problem in biology. Here we demonstrate that
signals from the reproductive system influence the lifespan of the
nematode Caenorhabditis elegans. If the cells that give rise to the
germ line are killed with a laser microbeam, the lifespan of the
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Abstract. The organ of Corti has been found to have
multiple gap junction subunits, connexins, which are lo-
calized solely in nonsensory supporting cells. Connexin
mutations can induce sensorineural deafness. However,
the characteristics and functions of inner ear gap junc-
tions are not well known. In the present study, the volt-
age-dependence of gap junctional conductance (Gj) in
cochlear supporting cells was examined by the double
voltage clamp technique. Multiple types of asymmetric
voltage dependencies were found for both nonjunctional
membrane voltage (Vm) and transjunctional (Vj) voltage.
Responses for each type of voltage dependence were
categorized into four groups. The first two groups
showed rectification that was polarity dependent. The
third group exhibited rectification with either voltage po-
larity, i.e., these cells possessed a bell-shapedGj-Vj or
Gj-Vm function. The rectification due toVj had fast and
slow components. On the other hand,Vm-dependent gat-
ing was fast (<5 msec), but stable. Finally, a group was
found that evidenced no voltage dependence, although
the absence ofVj dependence did not precludeVm de-
pendence and vice versa. In fact, for all groupsVj sen-
sitivity could be independent ofVm sensitivity. The data
show that most gap junctional channels in the inner ear
have asymmetric voltage gating, which is indicative of
heterogeneous coupling and may result from heterotypic
channels or possibly heteromeric configurations. This
heterogeneous coupling implies that single connexin
gene mutations may affect the normal physiological
function of gap junctions that are not limited to homo-
typic configurations.

Key words: Voltage dependence — Gap junction —
Hybrid coupling — Supporting cell — Inner ear —
Hearing loss

Introduction

Connexins, the basic protein subunits of vertebrate gap
junction channels, derive from a homologous gene fam-
ily. More than 15 connexin genes have been cloned.
Gap junctions comprised of different members of the
connexin family have differing voltage gating properties
either to transjunctional voltage (Vj) or to membrane po-
tential (Vm or Vi-o) (seereviews: Bennett et al., 1991;
Dahl, 1996; Kumar & Gilula, 1996). Each gap junction
channel is composed of two hemichannels (connexons)
and each hemichannel is composed of six connexin sub-
units (Perkins et al., 1997). A homotypic channel con-
sists of two identical connexons and has symmetric volt-
age gating on either side owing to its symmetric struc-
ture. A heterotypic channel is formed by two different
connexons and its voltage gating can be asymmetrical
owing to its asymmetrical constitution (Barrio et al.,
1991; Rubin et al., 1992a;Verselis et al., 1994; White et
al., 1994a). A heteromeric channel possesses hemichan-
nels formed by different connexin subunits and little is
known about its voltage gating (Brink et al., 1997; Lee &
Rhee, 1998).

Physiological and anatomical evidence for gap junc-
tional coupling among the supporting cells of Corti’s
organ has been obtained both in vivo and in vitro
(Jahnke, 1975; Gulley & Reese, 1976; Iurato et al., 1976;
Hama & Saito, 1977; Santos-Sacchi & Dallos, 1983;
Santos-Sacchi, 1987; Zwislocki et al., 1992; Kikuchi et
al., 1995; Forge et al., 1997; Zhao & Santos-Sacchi,
1998). Connexin 26 (Cx26) is extensively distributed
among cochlear nonsensory cells, including the support-
ing cells of Corti’s organ (Kikuchi et al., 1995; Forge et
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al., 1997). More recently, Lautermann et al. (1998) re-
ported that cochlear supporting cells also contained Cx30
and Cx43; moreover, Cx30 was extensively expressed in
a pattern similar to that of Cx26. Ultrastructural, immu-
nohistochemical and physiological studies have found no
evidence indicating that sensory cells (inner and outer
hair cells) have gap junctions. However, mutations of
connexin genes, for example,GJB2 which encodes
Cx26, have been identified in association with a high
incidence of nonsyndromic sensorineural deafness
(Kelsell et al., 1997; Denoyelle et al., 1998; Estivill et al.,
1998; Xia et al., 1998). Little is known about the mecha-
nism by which such a mutation may cause deafness. To
some extent, the lack of a complete characterization of
the biophysical properties of inner ear gap junctions lim-
its our understanding.

Inner ear gap junctions can be modified by a variety
of treatments, such as altering the intracellular activities
of Ca++ and H+, temperature and membrane tension
(Santos-Sacchi, 1985, 1986, 1991; Sato & Santos-
Sacchi, 1994; Zhao & Santos-Sacchi, 1998). In the pres-
ent report, the effects of voltage on inner ear gap junc-
tions were explored by a double voltage clamp tech-
nique. The principal finding is that cochlea supporting
cells display a variety of voltage dependencies, typified
by asymmetrical rectification. The variety of asymmetri-
cal voltage gating is indicative of complex heterotypic
and/or heteromeric coupling. This heterogeneous cou-
pling implies that single connexin gene mutations may
affect the normal physiological function of gap junctions
that are not limited to homotypic configurations.

Preliminary accounts of this work have been pre-
sented (Zhao & Santos-Sacchi, 1997, 1999).

Materials and Methods

The guinea pig’s organ of Corti was freshly isolated and subsequently
dissociated by shaking for 5–15 min in nominally Ca++-free Leibovitz
medium containing 1 mg/ml of trypsin. The dissociated cells were
transferred into a recording chamber. Hensen cells are distinguishable
by their bright lipid vacuoles under Hoffman optics (Fig. 1A). A clas-
sical double voltage-clamp technique was used to measure transjunc-
tional conductance (Gj). Each cell in a Hensen cell pair was separately
voltage-clamped using an Axopatch 200A and 200B (Axon, CA) (Fig.
1A). Test voltages were applied to one cell (cell 1) and transjunctional
current (Ij) was measured in the adjacent cell (cell 2). To accurately
obtain Gj–voltage relations, calculations were made with corrections
for electrode access resistance (Rs) and nonjunctional membrane resis-
tance (Rm) (Neyton & Trautmann, 1985):

Vj 4 Vc1 − Vc2 − (DI1Rs1 − DI2Rs2) (1)

Gj =
Ij

Vj
=

−DI2S1 −
Rs2

Rm2
D

Vj
(2)

WhereVc1 andVc2 are the clamp voltages applied to cell 1 and cell 2,
respectively;DI1 andDI2 are the holding current changes in cell 1 and

cell 2 caused by the test voltage in cell 1.Rm2 is the nonjunctional
membrane resistance of cell 2, whereIj was measured (Fig. 1A). It is
clear from recent work that in cases wereRm is greater than 500MV,
Rs dominates errors in junctional estimates (Van Rijen et al., 1998), and
is readily corrected for. Our residual series resistance is quite small and
stable, and membrane resistance is typically greater than 1GV (see
below). Furthermore, cell pairs that hadGj greater than 20 nS were not
included in the data analysis. Data collection and analysis were per-
formed with an in-house developed Window’s based whole-cell volt-
age clamp program,jClamp (http://www.med.yale.edu/surgery/otolar/
santos/jclamp.html), utilizing a Digidata 1200 board (Axon, Foster
City, CA.) All experiments were tape recorded and performed at room
temperature.

To limit interference from nonjunctional voltage-dependent ionic
currents, cells were continuously perfused by an extracellular ionic
blocking solution that was composed of (in mM): NaCl 100, TEA 20,
CsCl 20, CoCl2 1.25, MgCl2 1.48, HEPES 10, pH 7.2 and osmolarity
300 mOsm (Santos-Sacchi, 1991; Zhao & Santos-Sacchi, 1998). Patch
pipettes were filled with an intracellular solution that contained (in
mM): 140 CsCl, 5 EGTA, 2 MgCl2, and 10 HEPES, pH 7.2. After
blocking nonjunctional voltage dependent ionic channels, Hensen cells
had linearI-V relationships and high membrane resistances (Rm > 1 GV)
(Fig. 1C).

Patch pipettes (Borosilicate Glass, MTW150-4, World Precision,
FL) were pulled by a laser, based pipette puller (P-2000, Sutter, CA).
A pair of pulled pipettes was used in each double voltage-clamp re-
cording to promote symmetrical recording conditions. Pipettes had ini-
tial resistance of 2.5–3.5MV in bath solution. After whole cell con-
figuration was established, the residual series resistance of the electrode
was in a range of 3.9–9.8MV, which was measured by the peak of the
uncompensated whole cell capacitance current (Huang & Santos-
Sacchi, 1993) as both cells were simultaneously stimulated by an iden-
tical test pulse.Rs was stable and was 6.09 ± 0.22MV and 6.23 ± 0.34
MV (mean ±SE, n 4 64) before and after experiments, respectively.
In 11 cell pairs,Rs was further validated after one cell of the cell pairs
was broken or pulled away by an electrode so thatRs could be un-
equivocally determined under single whole cell configuration. The
measuredRs was 6.17 ± 0.62MV consistent with those values which
were determined under double voltage-clamp configuration.

Results

Gap junctions in Hensen cells had asymmetric responses
to positive and negative transjunctional voltages (Vj).
Macroscopic transjunctional currents were both time and
voltage dependent (Fig. 1), and consequently, nonlinear
Ij-Vj relationships were obtained at voltage onset and
steady state.Gj–Vj relations could be classified into
four groups, including one with no apparent voltage-
dependence (Fig. 2D). The purpose of our categorizing
junctional (and nonjunctional—see below) voltage de-
pendencies was to simplify our dealings with the data,
emphasize the diversity of response, and make some
comparisons to published data.

Two basic asymmetricalVj-dependencies were iden-
tified which showed opposite polarity sensitivities. The
one whose conductance increased asVj was made posi-
tive (Fig. 2A) is similar to that obtained from heterotypic
channels containing Cx26 components (Barrio et al.,
1991; Rubin et al., 1992a,b;Verselis et al., 1994; Dahl et
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al., 1996). The other had a conductance that decreased
with positiveVj but changed less with negativeVj (Figs.
1 and 2B). The last group evidenced a slightly asymmet-
ric bell-shapedGj–Vj relationship (Fig. 2C). WhileVj–
inducedGj changes typically ranged between 40–50%, in
some casesGj decreased below 20%; this variability
probably reflects the heterogeneity of the channel popu-
lation.

In most cell pairs, theVj asymmetry was character-
ized by alternating the stimulus configuration, such that
transjunctional conductance was measured in both direc-
tions between a cell pair (cell 1→ cell 2 and cell 2→

cell 1). An example is shown in Fig. 3. When cell 1 of
the pair was stepped to positive potentials, while holding
cell 2 constant, steady-state transjunctional conductance,
Gjss, decreased. On the other hand, when cell 2 was
stepped to negative potentials,Gjss decreased. Unlike
the asymmetry ofGjss, Gj0 was insensitive toVj gradi-
ents. These data illustrate that the asymmetric response
to Vj in this cell pair resulted from a junctional conduc-
tance decrease only when cell 1 was depolarized, a clear
transjunctional effect, and not due to possible asymmet-
ric recording conditions. Furthermore, the conductance
plots are nearly mirror images of each other, indicating
an absence ofVm contribution in this case. ThisVm in-
sensitivity was independently verified by direct measures
(see below).

To rule out fast gating effects, we determined the
ratio of Gjss/Gj0 in all cells that showedVj dependence
(Fig. 2 A–C). From these cells we found indications of
slow (steady state) rectification in 9 out of the 28 cell
pairs (Fig. 4). The ratio shows no voltage dependence
until positiveVj values are reached, whereupon the ratio
falls. This type of behavior strongly indicated that
Hensen cells have heterotypic gap junctions, such as
those containing Cx26 subunits as observed in oocyte
pairs (Barrio et al., 1991; Rubin et al., 1992a,b;Verselis
et al., 1994; Dahl et al., 1996).

Interestingly, Hensen cells demonstrate rapid volt-
age sensitivity of gap junctional coupling with theVj

protocol (Figs. 1 and 2).Vj–Gj functions obtained from
onset currents displayed the same asymmetrical behavior
as steady state functions. In fact, in some cell pairs, no
slow Vj-sensitive gating was observed, and it should be
noted that nonlinear onset responses such as these might
result not only fromVj sensitivity, but also fromVm

sensitivity. This is further investigated below.
Vm-dependent gating was found in most (29/45)

Hensen cell pairs (Figs. 5 and 6). In Fig. 5,Gj changes
occurred within 5 msec or less after alteringVm, and
remained stable for the full recording period. SlowVm-
dependent gap junction gating was never detected in
Hensen cells. However, we only explored time periods
up to 5 sec.

As with theVj dependent conductance data,Vm de-
pendent junctional sensitivities could be categorized into
four groups, including one that showed no dependence
(Fig. 6). One group showed a decrease in coupling upon
depolarization, while another showed the opposite effect
(Fig. 6 A and B). The third group demonstrated a bell
shapedGj–Vm function (Fig. 6C).

Vm gating was independent ofVj-gating. This is il-
lustrated in Fig. 7, where comparisons betweenVj andVm

dependence are made within the same cell pairs. Figure
7A shows data from a cell pair that lackedVj-dependent
gating; neitherGj0 nor Gjss showedVj sensitivity. How-
ever,Gjm decreased with cell depolarization. In another

Fig. 1. (A) Schematic drawing and video-captured image illustrate the
double voltage-clamp recording in a Hensen cell pair. Scale bar is 20
mm. Both cells were initially voltage-clamped at −40 mV.Vj was
produced by 2 sec voltage steps (Vc1) applied to cell 1 in 20 mV
increments from −150 to +70 mV and cell 2 (Vc2) continuously held at
−40 mV; the change inVj is equal to ±110 mV. Depolarization of the
stepped cell corresponds to positiveVj and produces a downward cur-
rent in cell 2 (I2). (B) Transjunctional currents in response toVj stimu-
lation were obtained from a Hensen cell pair. Initial and steady-state
transjunctional currents (Ij) were measured at onset (5 msec) and end (2
sec) of voltage steps and are represented by solid circles and squares,
respectively. InitialIj as well as steady-stateIj increased nonlinearly for
Vjs greater than +50 mV. The dotted line indicates a conductance of 5.7
nS. (C) Typical example of membrane current (Im) of single isolated
Hensen cell as a function of membrane potential (Vm) obtained with the
ionic blocking solutions used for coupling studies (seeMaterials and
Methods). Membrane resistance is greater than 1GV, and theIm − Vm

curve is linear.
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cell pair the opposite behavior is illustrated (Fig. 7B).
In this case, transjunctional conductance exhibited an
asymmetricVj-dependence, but was insensitive toVm.
Additionally, slow Vj-sensitive gating was undetectable
sinceGjss mirroredGj0; this further indicates that only a
pure fastVj-dependent gating is present.

Discussion

The most pronounced property of gap junctional voltage
gating within cochlear supporting cells is its diverse
asymmetry. This asymmetric gating is likely indicative
of asymmetric channel structure within each cell, i.e.,
heterotypic and/or heteromeric junctional channels. Evi-
dence is mounting that nonsyndromic deafness is asso-
ciated with connexin gene mutations, such as Cx26
(Kelsell et al., 1997; Denoyelle et al., 1998; Estivill et al.,
1998; Xia et al., 1998). While a variety of connexin
types are present in supporting cells (Lautermann et al.,
1998), functional impairments induced by single gene

mutations can not be rescued by other coexisting con-
nexins. Our data provide evidence for the occurrence of
hybrid gap junction channels in cochlea supporting cells,

Fig. 2. Gap junctional coupling of Hensen cells
presented differing voltage sensitivities forVj

stimulation. Initial transjunctional conductance
(Gj0) and steady state conductance (Gjss) were
normalized to the mean conductance at the
average ofVj at ±10 mV.Gj (mean ±SE; n 4 28)
was 11.8 ± 1.31 nS. Cell pairs that hadGj greater
than 20 nS were not included. Holding potential
was −40 mV. Error bar representsSE.

Fig. 3. Vj applied to either cell in the same cell
pair identified rectifiedVj-dependence. PositiveVj

polarity corresponds to depolarization in the
stepped cell. (A) Cell 1 was held and cell 2 was
voltage-stepped. Rectification occurred at negative
Vj, i.e., during cell 2 hyperpolarization. (B)
Voltage steps were delivered to cell 1 while cell 2
voltage was held constant. At positiveVj (cell 1
depolarized),Gjss decreased. In this cell pair,Gjss

always rectified at relatively positive polarity ofVj

referring to cell 1. For each case onset
conductance was fairly stable across voltage. The
transjunctional conductance in this cell pair was
about 13 nS.Rs1 4 4.3 MV, Rs2 4 4.9 MV, Rm1

4 1591MV, andRm2 4 962 MV.

Fig. 4. Ratio ofGjss:Gj0 indicates slowVj-dependent gating in response
to Vj stimulation. Each symbol and line represents a cell pair.
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and indicate that single gene mutations will impair more
than just those channels destined to be homotypic. In
heterotypic or heteromeric channels, the presence or ab-
sence of a single subunit type can have dramatic effects
on junctional voltage dependence (Dahl et al., 1996;
Brink et al., 1997; He et al., 1999; Li & Simard, 1999)
and possibly other gating characteristics (Lee & Rhee,
1998). Thus, the potentially pervasive influence of
single connexin gene mutations on diverse gap junction
channel types may contribute to its devastating effects on
hearing. This indicates, as well, that the diversity of
channel types is important for cochlea function.

Cx26 and Cx30 are colocalized in cochlear support-

ing cells (Lautermann et al., 1998). In the paired oocyte
expression system, Cx26 can form heterotypic gap junc-
tion channels with Cx30 (Dahl et al., 1996). The voltage
gating of this heterotypic channel demonstrates remark-
able differences from those of the corresponding homo-
typic channels (Jarillo et al., 1995; Dahl et al., 1996).
One of the most distinguishable properties of this het-
erotypic channel is its slowVj-dependent gating, rectify-
ing with positive Vj on the Cx30 side of the junction
(Dahl et al., 1996). It is likely that this type of hetero-
typic channel exists in the organ of Corti, since we find
similar gating characteristics in cochlear supporting cells
(Figs. 1, 3 and 4).

However, in addition to characteristics that are
found in known heterotypic channels, we observed prop-
erties that are atypical, possibly indicating the existence
of heteromeric channels. Although few physiological
studies have suggested the existence of heteromeric
channels (Brink et al., 1997; Lee & Rhee, 1998), bio-
chemical analyses clearly reveal their presence (Stauffer,
1995; Jiang & Goodenough, 1996; Brink et al., 1997).
In our experiments, several observed gating properties
might arise from heteromeric channel behavior. First,
the existence of fast asymmetricVj-dependent gating that
is distinct from slow Vj-dependent gating andVm-
dependent gating (Figs. 2 and 7B) is inconsistent with
behaviors of known heterotypic and homotypic channels
(Rubin et al., 1992a,b;Verselis et al., 1994). Second, the
occurrence of multipleVm-sensitivities found in coupled
Hensen cells is unusual. While a depolarization-induced
increase in conductance (as in Fig. 6A) has been ob-
served in oocyte preparations of vertebrate Cx26 con-
nexins (Rubin et al., 1992a,b), decreases in conductance,
as in Fig. 6B,are only seen in insect preparations (Obaid
et al., 1983; Verselis et al., 1991; Bukauskas et al., 1992).
Bell-shapedVm dependencies (Fig. 6C) have never been
previously reported. Finally, the independence ofVm

andVj gating within the same cell pair is unique (Fig. 7).
Considering this evidence and the high probability of
heteromeric connexon formation within supporting cells
(since at least Cx26, 30 and 43 are coexpressed), hetero-
meric channels likely exist in inner ear gap junctions.

Although contrary evidence initially existed (Spray
et al., 1984, 1986; Riverdin & Weingart, 1988), it is
currently accepted that vertebrate gap junctions are gated
by voltage, eitherVj or Vm (Moreno et al. 1991; 1992;
Kumar & Gilula, 1996). Interestingly, although most
Hensen cells present voltage-gated junctional conduc-
tances, we find an absence of voltage dependence, either
to Vj or Vm, in a large proportion of Hensen cells. While
this might be expected for coupling derived from cyto-
plasmic bridges between cells, we typically find that
Hensen cell coupling is sensitive to agents that uncouple
gap junctions, e.g., octanol or low pH (Santos-Sacchi,
1985; 1991; Sato & Santos-Sacchi, 1994). It should also

Fig. 5. Gap junction channels in Hensen cells are sensitive to mem-
brane potential (Vm or Vi−o). A Voltage protocols. Both cells were
simultaneously stimulated with voltage steps (Vc1 andVc2) from −130
to +70 mV in 40 mV increments, for a 5 sec duration. A test pulse (10
mV, 10 msec) was superimposed on cell 1 at different times to elicit
transjunctional current. For clarity, the full length of waveforms is not
shown. Example current traces at different membrane potentials are
zeroed and superimposed. (B andC) Vm-dependent transjunctional con-
ductance (Gjm) at different times is plotted.Gjm of the cell pair in panel
B increased as the cells were depolarized, whereas in panelC Gjm

decreased as the cells depolarized. Despite the opposite polarity de-
pendence of the two coupled pairs,Gjm remained stable throughout the
recording period.
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be noted that we have used techniques (seeMaterials and
Methods) that enable us to accurately deliver voltage and
assess its delivery to the cells, so that we can be sure that
voltage-clamp problems are minimized. The voltage-
gating properties of homotypic and heterotypic channels
comprised of connexins identified in supporting cells
(Cx26, 30 and 43) show clear voltage depen-
dence. Channels derived from Cx26 and 30 exhibit
markedVj-dependence, whereas homotypic channels de-
rived from Cx43 exhibit weak steady-state voltage de-
pendence (Moreno et al., 1992; Veenstra et al., 1992;
Miyoshi et al., 1996). In the inner ear, the expression of
Cx43 in cochlear supporting cells was described as rela-
tively weak (Lautermann et al., 1998). Indeed, Forge et
al. (1997) did not detect Cx43 antibody labeling in the
supporting cell region in gerbil and guinea pig cochlea.
Thus, the lack of voltage dependence in many supporting
cells is possibly due to either the summed opposed char-
acteristics of the channel populations found in the cell
pair or due to heteromeric configurations. Voltage sen-
sitivity may be modulated by allosteric interactions be-
tween opposing connexons (White et al., 1994a). It may
also be that voltage sensitivity can be modulated by het-
eromeric interactions within a connexon.

It is well established thatVm-sensitive gating occurs
in invertebrate gap junctions (Obaid et al., 1983; Verselis
et al., 1991; Bukauskas et al., 1992). Only recently,
however, hasVm-dependence been documented in verte-
brate gap junctions either in natural tissues (Verselis et
al., 1993) or in the paired oocyte expression system (Bar-
rio et al., 1991, 1997; Rubin et al., 1992a;White et al.,
1994b;Jarillo et al., 1995). The conductance of channels
possessing Cx30 and 43 decreases with depolarization
(White et al., 1994b;Jarillo et al., 1995), similar to what
we observed in Hensen cells. AVm dependent conduc-
tance also arises when channels possess either Cx26 or

Fig. 6. Coupling of Hensen cells showed multiple
Vm-dependences.Vm-dependentGjm was
normalized to that at the Hensen cell’s holding
potential of −80 mV. Error bar representsSE. (A)
Conductance increases during depolarization.(B)
Above −40 mV, conductance decreases.(C)
Conductance is a bell-shaped function of
membrane voltage.

Fig. 7. Voltage-dependent Hensen cell coupling shows independentVj

and Vm sensitivities. (A) In the same cell pair,Vm depolarization re-
duced junctional conductance butVj was without effect. (B) In this cell
pair the sensitivity is reversed. Coupling was sensitive toVj stimulation
but insensitive toVm (or Vi−o). Note that this pair had fastVj-dependent
gating, but no slowVj-dependent gating.
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45; however, conductance increases upon depolarization
(Barrio et al., 1991, 1997; Rubin et al., 1992a). Some
Hensen cell pairs have similar gating characteristics to
that of Cx26 and 45 (Figs. 5Band 6A). However, while
the voltage sensitivity expressed in Hensen cells is
greater than that of Cx26, it is quite similar to that of
Cx45 (Barrio et al., 1997). Whether Cx45 is present in
the inner ear remains to be seen; nevertheless, mutation
studies indicate that connexins other than those already
identified histochemically also exist (see below).

Hensen cells, in vivo, are bathed in different media,
endolymph (high K+ and +80 mV) apically and peri-
lymph (low K+ and 0–10 mV) basally. They contribute
to a barrier against ionic diffusion from the endolymph to
perilymph caused by the gradients of ions and voltage.
These gradients are vitally important for normal sensory
function, and it has been proposed, though still remains
unproved, that supporting cells help maintain these gra-
dients by sinking K+ released during hair cell and neural
excitation (Santos-Sacchi, 1987; 1991). Recently, an
anatomical substrate for the directional sinking of ions
through gap junctions has been proposed (Kikuchi et al.,
1995). It is currently held that differing connexins may
contribute to the formation of functional junctional path-
ways with variable gating sensitivities and permeabilities
(Elfgang et al., 1995; Mills & Massey, 1995; Brink,
1996; Trexler et al., 1996). In fact, non-uniform, direc-
tionally limited dye spread in the intact organ of Corti
has been found (Santos-Sacchi, 1986; Oberoi & Adams,
1998). Our data that establishes the likelihood of hybrid
gap junction channels underscores the possibility of
functional pathways within the organ of Corti. It may be
that the nonsyndromic hearing loss that arises from con-
nexin mutations occurs because functional pathways are
disturbed. So far, three connexin genes,GJB1(encoding
Cx32), GJB2 (encoding Cx26) andGJB3 (encoding
Cx31), have been identified in association with hearing
impairment (Bergoffen et al., 1993; Kelsell et al., 1997;
Denoyelle et al., 1998; Estivill et al., 1998; Xia et al.,
1998). These data indicate that the potential variability
in heteromeric combinations is even greater than the im-
munohistochemical data suggest. Furthermore, it is
likely that mutations of Cx30 and 43 could also alter
heterotypic- or heteromeric-like gap junctional coupling
in the inner ear, thus leading to hearing impairment.

This work was supported by NIDCD grant DC 00273 to JSS. We thank
Margaret Mazzucco for technical help.
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A B S T R A C T

Background: Fluorescent proteins (FPs) have widespread uses in cell biology. However, the practical applications
of FPs are significantly limited due to their rapid photobleaching and misfolding when fused to target proteins.
New Method: Using a combination of novel and known mutations to eGFP, we developed a well folded and very
photostable variant, SiriusGFP.
Results: The fluorescence spectrum indicated that the excitation and emission peaks of SiriusGFP were red-
shifted by 16 and 8 nm, respectively. Co- operative effects of two key mutations, S147R and S205 V, contribute to
its photostability. SiriusGFP tagged to the mitochondrial outer membrane protein Omp25 showed sustained
fluorescence during continuous 3D-scanning confocal imaging (4D confocal) compared to eGFP-tagged Omp25.
Furthermore, with super-resolution structured illumination microscopy (SIM) we demonstrate marked im-
provements in image quality and resolution (130 nm in XY axis, and 310 nm in Z axis), as well as, decreased
artifacts due to photobleaching.
Comparison with Existing Method(s): Compared to eGFP. SiriusGFP shows a 2-fold increase in photostability in
vitro, and folds well when fused to the N- and C- termini of cytoplasmic and membrane proteins. While its
quantum yield is ˜3 fold lower than eGFP, its decreased brightness was more than compensated by its in-
creasedphotostability in different experimental paradigms allowing practical experimentation without dynamic
adjustment of light intensity or fluorescence sampling times.
Conclusions: We have developed a variant of eGFP, SiriusGFP, that shows over a two fold increase in photo-
stability with utility in methods requiring sustained or high intensity excitation as in 4D confocal or SIM ima-
ging.

1. Introduction

Fluorescent proteins (FPs) are widely used in cellular imaging for
recording subcellular events and detailed dynamic processes, including
in vivo imaging. In the nervous system, fluorescent proteins have been
used for temporospatial migration of individual cells and to ascertain
numerous physiological phenomena including changes in membrane
potential and Ca2+ and Cl− levels (Baker, Mutoh et al. 2008; Chen,
Wardill et al. 2013; Zhong, Navaratnam et al. 2014). Compared to
chemical dyes, genetically encoded FPs have many benefits including 1)
precise targeting with fusion proteins 2) avoidance of chemical
loading/labelling with consequent cell toxicity and dye leakage/

delocalization. Perhaps the most distinguishing advantage of FPs is
genetic labeling that allows potential development of cell-lines and
transgenic animals with the gene-editing tool CRISPR/Cas9 and tissue-
specific gene expression.

Recently, the expansion in 3D time-lapse (4D) confocal imaging of
cells during development and super-resolution microscopic technolo-
gies have required brighter, photostable fluorophores for imaging.
Photobleaching is one of the major problems for FPs, which limits their
applications in biological investigation. Reduced light emission due to
photobleaching can be compensated by increases in excitation light
intensity and exposure time. These two compensatory mechanisms also
accelerate photobleaching (Cranfill, Sell et al. 2016). Moreover, these

https://doi.org/10.1016/j.jneumeth.2018.12.008
Received 6 November 2018; Received in revised form 11 December 2018; Accepted 11 December 2018

⁎ Corresponding author at: Dept of Neurology, Yale School of Medicine, New Haven, Connecticut, 06511, United States.
E-mail address: dhasakumar.navaratnam@yale.edu (D. Navaratnam).

Journal of Neuroscience Methods 313 (2019) 68–76

Available online 19 December 2018
0165-0270/ © 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/01650270
https://www.elsevier.com/locate/jneumeth
https://doi.org/10.1016/j.jneumeth.2018.12.008
https://doi.org/10.1016/j.jneumeth.2018.12.008
mailto:dhasakumar.navaratnam@yale.edu
https://doi.org/10.1016/j.jneumeth.2018.12.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jneumeth.2018.12.008&domain=pdf


compensatory mechanisms are not possible for the fast imaging times
used in modern fluorescence imaging techniques. For confocal micro-
scopy and almost all superresolution microscopy methods, photo-
stability is as important a factor as brightness for imaging quality. For
super-resolution structured illumination microscopy (SIM), in parti-
cular, the requirement of at least 15 frames (3 angles and 5 phases per
angle) to generate a single image makes it more sensitive to photo-
bleaching than conventional confocal microscopy (Rego and Shao,
2015; Hong, Wilton et al. 2017).

The green fluorescent protein (GFP) and its variants derived from
jellyfish Aequorea victoria are the most extensively used FPs. eGFP is the
most widely used FP, but has significant drawbacks in biological ap-
plications. The chromophore in GFPs, para-hydroxybenzylidene-imi-
dazolinone (p-HBDI), is formed by sequential autocatalytic cyclization
and dehydration/oxidation, after initial folding of the polypeptide
chain into a β-barrel conformation. For p-HBDI, the Z-E isomerization
on the exocyclic double bond is the major internal conversion pathway,
the non-fluorescent alternative pathway of energy dissipation of the
excited fluorophore. The fluorescence quantum yield (φf) of p-HBDI
(without the surrounding β-barrel) is< 0.001 in gas phase (Huang,
Cheng et al. 2013), and even lower (˜ 0.0001) in solvents, while the
quantum yield (φZE) of Z-E isomerization is ˜0.5 (Yang, Huang et al.
2008; Chatterjee, Mandal et al. 2015). The β-barrel scaffold of GFP
provides hydrophobic isolation and a rigidly constrained environment
for the chromophore, functioning as a protective nest for efficient
production of fluorescence. As a result, the quantum yield of GFP can
reach up to 0.77 (as reference, 0.80 for frozen p-HBDI at 77 K, where
the internal conversion pathway is almost eliminated) (Niwa, Inouye
et al. 1996; Nielsen, Lapierre et al. 2001).

How irreversible photobleaching of the chromophore in FPs occurs
is not clear, although oxygen concentration dependence on photo-
bleaching has been confirmed in many GFP-like FPs. The destruction of
chromophores in chemical dyes is preceded by ROS formation from
redox reactions with the excited chromophore. The formation of ROS is,
in turn, strongly dependent on the local redox environment. The da-
mage to the chromophore in GFP is likely caused by endogenous and
exogenous singlet oxygen. For wtGFP or eGFP, self-generated en-
dogenous singlet oxygen (1O2) occurs when exposed to illumination
(Greenbaum, Rothmann et al. 2000; Jimenez-Banzo, Nonell et al. 2008;
Bogdanov, Bogdanova et al. 2009). The formation of superoxide was
postulated to be the gateway initiating a series of chemical reactions
leading to the destruction of the chromophore (Chatterjee, Mandal et al.
2015). Furthermore, solvated electrons produced from solvent radi-
olysis outside the β-barrel can migrate to the chromophore cavity
through a water tunnel near residue His148. Therefore, it is possible to
reduce photosensitized 1O2 by limiting the accessibility of molecular
oxygen to the chromophore; a tighter β-can or an allosteric block are
two potential ways.

Based on the knowledge of fluorophore photochemistry, we devel-
oped a series of eGFP derivatives to increase photostability that can
tolerate higher intensity illumination and longer exposure. The best
variant, SiriusGFP, contains several folding mutations and two key
mutations, S147R and S205 V, both of which contribute to significant
improvement in photostability over eGFP. Although SiriusGFP has re-
duced brightness compared to eGFP, it is more than compensated for by
an increase in photostability. Practically, this allowed for improved 4D
confocal imaging as it eliminated dynamic adjusting of exposure time.
Furthermore, SIM images with SiriusGFP show resolution improve-
ment, especially in the Z axis. The optical properties were determined
with purified protein of SiriusGFP, and compared to eGFP. The pho-
tobleaching mechanism of SiriusGFP was determined to be oxygen-
dependent under oxygen-depletion in both high and low intensity il-
lumination. This contrasts with eGFP that shows different mechanisms
and sensitivities to oxygen with high and low laser power. Our new
green FP, SiriusGFP, provides improved capabilities for superresolution
and time-lapse microscopy.

2. Methods

2.1. Gene construct and mutations & cell culture

Mutagenesis was performed using the Quick Change method
adapted from Stratagene QC protocol. Mutations were verified by DNA
sequencing the entire gene. We used EGFP-N1 as the backbone vector.
HEK-293 and HeLa cells were cultured in Dulbecco's modified Eagle's
medium (DMEM, high glucose) containing 50 U/ml penicillin and
streptomycin (1%), 10% fetal bovine serum (FBS) at 37 °C in a
CO2incubator (5%).

The sequences of SiriusGFP and the intermediates of SG205 and
SG147 are as followed.

SG205: eGFP-S205V/A206K
SG147: eGFP-S147R/A206K
SiriusGFP: eGFP-S30R/Y39 N/F99S/N105 T/S147R/M153 T/

V163 A/S205V/A206K

2.2. Fluorescent protein extraction from cell lysis

Cultured HEK-293 cells were grown in 10 cm dishes and transiently
transfected with eGFP and SiriusGFP plasmid, respectively. After 48 h
of incubation, the cells were scraped with a plastic scraper after a brief
rinse in DPBS. Cells were resuspended in 200 ul of EBC buffer (50mM
Tris, 120mM NaCl, 0.5% NP40, pH 7.5) containing Protease Inhibitor
cocktail (ThermoFisher, PI-88665), vortexed at 4 °C for 15min to lyse
the cells, and then centrifuged at 14,000 rpm for 20min (4 °C). The
supernatant containing solubilized fluorescent proteins was aspirated
and used for further experimentation.

2.3. Expression and purification of eGFP and SiriusGFP

SiriusGFP and eGFP proteins were expressed in E. coli and purified
by immobilized metal ion affinity chromatography. eGFP and SiriusGFP
genes were subcloned in the pQE-80 l vector (Qiagen) using BamHI and
HindIII restriction sites. The vector is designed to provide a six-histidine
tag on the N-terminus of the expressed EGFP and SiriusGFP for affinity
purification. The complete tag sequence fused to the actual eGFP and
SiriusGFP proteins was MRGSHHHHHHGS. The constructs were trans-
formed in E. coli BL21(DE3), spread on LB plates containing 100 μg/ml
ampicillin (LBA), and incubated overnight at 37 °C A single colony from
each construct was inoculated in 50ml LBA and incubated for 16 h at
37 °C without shaking. The resulting seed culture was added to 500ml
LBA in a 2-liter baffled Erlenmeyer flask, and incubated at 37 °C in an
orbital shaker (150 rpm) until OD600 reached 0.6-0.7. The flasks were
quickly cooled under running tap water and the cultures injected with
0.5 mM isopropyl β -D-1-thiogalactopyranoside (IPTG) to induce protein
expression. The cultures were incubated with shaking (150 rpm) for a
further 22 h at 15 °C until it reached a final density OD600 ˜5. Cells were
pelleted by centrifugation (4000 g/10min) and the pellets resuspended
in 40ml Buffer A: 50mM NaH2PO4 (titrated to pH 8 with NaOH),
300mM NaCl. Temperature was kept at 4C throughout cell lysis and
purification steps. After addition of protease inhibitor cocktail (10 μg/
ml each of aprotinin, leupeptin, pepstatin, chymostatin) and 10mM
imidazole, the cell slurry was sonicated using a Brenson digital sonifier
(6 cycles of 30 s each, at 67% amplitude). Cell lysates were centrifuged
for 40min at 15,000 g, and the supernatant added to a 1ml bed volume
of Ni-NTA agarose resin (Qiagen) and gently nutated for 1 h. The resin
was loaded on a column and sequentially washed with 10ml Buffer A
plus 10mM imidazole, and 10ml Buffer A plus 20mM imidazole.
Fluorescent proteins were eluted using Buffer A containing 250mM
imidazole and dialyzed against 1 L of 20mM Tris (titrated to pH 7.5
with HCl) and 150mM NaCl. Protein concentration was measured with
the Bradford method (Bradford, 1976; Thermoscientific/Pierce
Coomassie Protein Assay Kit), using bovine serum albumin as a cali-
bration standard. Both eGFP and SiriusGFP proteins ran as a single band
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at ˜25 kDa molecular weight on SDS-PAGE gel (Bio-Rad Mini-Protean
TGX gel, 4–15%). Typical protein yields for both eGFP and SiriusGFP
were about 40mg per liter of culture.

2.4. Optical properties

The absorbance spectroscopy of purified FPs was performed in
150mM NaCl, 20mM Tris, pH 7.5 with an Agilent 8453 UV–vis spec-
troscope. The fluorescence spectra of purified FPs was obtained in the
same buffer in a FluoroMax-3 (Jobin Yvon Horiba). The quantum yields
were calculated from the spectral readout.

2.5. Wide-filed photobleaching on live cells

The cultured cells were grown on glass coverslips (No.1, 0.13-
0.16mm thick, 15 mm round, Warner Instr., USA). Transient transfec-
tion with the plasmid of interest was performed using lipofectamine-
2000 (Invitrogen, Life technologies). After transfection, the coverslips
were mounted on a quick change chamber and platform (RC-42LP and
QE-1, Warner Instr., USA). Fluorescence images were acquired using an
oil-immersion objective (N.A.= 1.30, Plan Fluor 100× Objective,
Nikon, Japan) with a Nikon Eclipse Ti equipped with a 200W metal-
halide lamp (Lumen200, Prior Scientific, USA) as the fluorescence il-
lumination source. Shutter and filter wheel (Lambda10-3 optical filter
changer with smart shutter, Sutter Instr., USA) were connected between
the microscope and the illumination source, in which Semrock ET430/
24x-32 was used as the excitation filter for CFP, Semrock ET500/20x-32
as the excitation filter for YFP and Chroma HQ520LP as the emission
filter. A 14-bit back-illuminated EMCCD camera system (128×128
pixels, 24 μm array, Andor iXonEM+ DU-860E, USA) was used to record
the fluorescence images under 430 or 500 nm excitation. All peripheral
hardware control, image acquisition and image processing were
achieved and/or synchronized on a PC computer via a 16-bit/1-MHz
USB Data Acquisition System (Personal Daq/3000 Series, IOtech, USA)
by using customized software (jClamp & FastLook, SciSoft, USA; www.
SciSoftCo.com). Photobleaching data and fluorescence images were
achieved with our ratiometric imaging system controlled by jClamp &
FastLook. Photobleaching efficiency at a wavelength of 430 nm is
higher than at 500 nm, although the absorption at 430 nm is much
lower than 500 nm. Because of this enhanced bleaching capability and
to optimize our identification of photostable products, we bleached GFP
variants at 430 nm (approximately 1mW with the 100X objective).
Stable optical power at the utilized wavelengths was confirmed using
an analog optical power meter (ThorLabs PM30-130, w/ S130 A Slim
Sensor). The 430 nm filter was used for 60ms at the beginning of each
episode and then the filter changed to 500 nm, an image acquired, and
then the filter changed back to 430 nm for bleaching for a further 2 s.
This procedure was performed reiteratively for 400 episodes. Filter
changes required 100ms. There is a 200ms interval time between two
successive episodes, and the excitation filter remained at 430 nm be-
tween successive episodes. The photobleaching curves were measured
in GFP variants expressed in the cytosol of HEK-293 cells. The average
fluorescence intensity of regions of interest (ROI) was measured, and
the background fluorescence was subtracted using FastLook and
ImageJ. Data were analyzed with Matlab, Origin 2016 and SigmaPlot
10.0.

2.6. Confocal photobleaching on live cells

The photobleaching of live Hela cells was performed on a Zeiss LSM
710 duo confocal scanning microscope with an OPSS laser at 489 nm
(100mW at maximum power). Hela cells were grown on 35mm glass-
bottom culture petri dishes (P35GC-1.0-14-C, MatTek, USA), and
transfected with eGFP/SG205/SG147/SiriusGFP plasmids using
Lipofectamine 2000 (Invitrogen, USA) followed by 24 h incubation at
37 °C. Before imaging, culture media in petri dishes was changed to a

neutral buffer of 0.2mM NaCl, 100mM sodium Malate, 300 mOsm, pH
7.20 after a rinse with PBS. All photobleaching data were fit by a single
exponential decay function, = +

−Y Y Ae x t
0

/ , where Y0 is the constant
offset representing the residual fluorescence after photobleaching
reaching a steady state (R2 ranged from 0.97-0.99). The laser power
was measured with an analog optical power meter (ThorLabs PM30-
130, w/ S130 A Slim Sensor).

2.7. Oxygen-depletion photobleaching

The photobleaching of PFA-fixed Hela cells are performed in the
same Zeiss LSM 710 duo confocal microscope. The oxygen-depletion
buffer containing COT was prepared as previously described (Olivier,
Keller et al. 2013). Mercaptoethylamine (MEA, Sigma-Aldrich 30,070)
was dissolved in deionized water as 1M stock solution, then adjusted to
˜pH 8 by glacial acetic acid (Avantor Performance Materials). The stock
solution was stored at 4 °C and used within a week. β-mercaptoethanol
(BME, Sigma M3148) was used without dilution as a 14.3M solution.
Cyclooctatetraene (COT, Sigma-Aldrich 138,924) was diluted in DMSO
as 200mM stock solution and stored at 4 °C. Protocatechuic acid (PCA,
Sigma-Aldrich 37,580) was dissolved in deionized water as 100mM
stock solution, then adjusted to pH 9 with KOH aq. The stock solution
was stored at 4 °C and used within a month. Protocatechuate 3,4-di-
oxygenase from Pseudomonas sp. (PCD, Sigma-Aldrich P8279) was
dissolved in 100mM Tris−HCl (pH 8) containing 50mM KCl, 1 mM
EDTA and 50% glycerol as 5 μM stock solution, and stored at −20 °C.

Before oxygen-depletion treatment and confocal imaging, HELA
cells transfected with eGFP-Omp25 or SiriusGFP-Omp25 were fixed
with 4% PFA for 10min, and the coverslips rinsed with PBS 3 times.
Cells were treated with 0.2% Triton X-100 in PBS for 15min to per-
meabilize cell membranes. Coverslips were rinsed with PBS 3 times.
Confocal imaging was performed with a Zeiss LSM710 Duo confocal
scanning microscope in freshly made oxygen-depletion solution of
10mM PBS-Tris (pH 7.5) containing 10% (w/v) glucose, 10 mM MEA,
50mM BME, 2mM COT, 2.5mM PCA and 50 nM PCD. This oxygen-
depletion solution was abbreviated as pcaPCD in the Fig. 2. Controls
were in 10mM PBS-Tris buffer containing 10% glucose. The maximum
optical power of the OPSS laser is 100mW, and 5% (low intensity) and
50% (high intensity) were the percentage of laser power used for
photobleaching.

2.8. Photobleaching on purified protein embedded in gel

Photobleaching rates on purified proteins of GFPs embedded in
polyacrylamide gel were measured by Zeiss LSM710 laser-scanning
confocal microscopy, following a previously described protocol
(Cranfill, Sell et al. 2016). This experiment was designed to produce a
homogenous population of immobilized protein of known concentra-
tion which was photobleached. Briefly, 20% polyacrylamide-1uM FP
solution was polymerized by addition of ammonium persulfate and
TEMED. The 20% polyacrylamide-1uM FP solution was then injected
into a space between a coverslip and glass slide. After polymerization of
the acrylamide the outside edges of the coverslip were sealed with
Cytoseal to prevent dehydration around the edges. The slides were
maintained in the dark at 4 °C overnight before photobleaching and
imaging.

2.9. Confocal 4D imaging

Confocal 4D imaging of live HeLa cells transfected with eGFP-
Omp25 and SiriusGFP-Omp25, respectively. We used a Yokogawa CSU-
X1 spinning disc confocal microscope for image acquisition. The 3D
confocal Z-stack scanning was done continuously to maximize photo-
bleaching.
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2.10. Structured illumination microscopy (SIM)

HEK-293 or Hela cells were transfected with eGFP-Omp25 or
SiriusGFP-Omp25, and incubated at 37 °C in a CO2incubator (5%). The
targeting protein embedded in the outer membrane of mitochondria in
HEK-293 or Hela cells. Before imaging, cells were fixed with 4% PFA
and then rinsed with PBS buffer. Structured Illumination Microscopy
(SIM, DeltaVision-OMX, Applied Precision, GE life) was performed in
PBS. The XY and Z resolution were measured with the lines perpendi-
cularly across individual mitochondrial membranes at XY and XZ/YZ
axes, respectively. Gaussian fitting of the readout traces gives full width
at half maximum (FWHM) of each peak. Averages of over 100 peaks in
SIM images were measured to ascertain the resolution of the imaging
technique.

3. Results

3.1. Optical properties of SiriusGFP

Mutations of F99S/M153 T/V163 A in Cycle3 GFP help folding and
maturation by avoiding aggregation traps (Fukuda, Arai et al. 2000),
and S30R/Y39 N/N105 T help fast folding in super-folder GFP/YFP
(Pedelacq, Cabantous et al. 2006; Andrews, Schoenfish et al. 2007;
Ottmann, Weyand et al. 2009). A206 K mutation makes GFP fully
monomeric even at high concentrations (Zacharias, Violin et al. 2002),
which eliminates the multimerization/ aggregation of GFP in fusion
proteins.

Upon illumination, the neutral chromophore HBDI of wtGFP is ex-
cited and converted to the anion excited state, via excited state proton
transfer (ESPT), in the picosecond timescale. It was reported that the
mutant S205 V of wtGFP has ESPT 30 times slower than in wtGFP
through an alternative proton wire via T203 to E222 (Shu, Leiderman
et al. 2007; Fang, Frontiera et al. 2009). And ESPT in S205 A is 15 times
slower than wtGFP (Erez, Gepshtein et al. 2011; Wineman-Fisher,
Simkovitch et al. 2014). Our previous work on chloride-sensitive YFP
also indicated that S205 V in eYFP substantially increased the photo-
stability (Zhong, Navaratnam et al. 2014). However, the double mutant
of eGFP-T203 V/S205 V is still fluorescent when excited at 488 nm
(data not shown), confirming that the majority of its chromophore stays
in the anionic state, and ESPT is not necessary for fluorescence emission
in eGFP.

Currently, Emerald GFP is the most photostable GFP variant, but
exhibits a very fast initial fluorescence decay to about 50% before
reaching a photostable state (Tsien, 1998; Cubitt, Woollenweber et al.
1999). This fast decay component makes Emerald less ideal for long
term imaging or superresolution imaging. The key mutation in Emerald
GFP is N149 K. We tested this mutation based on SG205 (S205 V/
A206 K) by generating several mutants including N149 K, S147 H/
N149 K, and Y145 F/S147 P/N149 K, respectively. However, all of these
mutants still showed the fast initial decay (data not shown).

Based on the photobleaching results of the intermediate mutant
SG147 (S147R/A206 K), we generated a mutation S147R that also in-
creased both fluorescence lifetime (Tau) and residual fluorescence after
photobleaching (Y0). The increased Tau and Y0 may be attributed to the
protective effect of charge repulsion of positive ions (including protons)
by the bulky Arginine side chain. Consistent with this possibility
SiriusGFP has a pKa of 5.29 that also implies a proton repulsion effect of
S147R near the phenolic group of the chromophore (Fig. S1D).

The UV-VIS spectroscopy of purified FPs revealed that SiriusGFP has
a major excitation peak at 504 nm and a minor peak at 396 nm
(Fig. 1A), indicating that the chromophore has two protonation states of
the phenolic group, and that the protonated state is responsible for the
minor peak. The extinction coefficient of SiriusGFP and eGFP are not
significantly different (56,600 M−1 cm−1 at 504 nm for SiriusGFP,
compared to 55,000 M−1 cm−1 at 488 nm for eGFP). The emission peak
of SiriusGFP is at 516 nm (with a shoulder at ˜550 nm) instead of

508 nm for eGFP (with a shoulder at ˜540 nm). When excited at 400 nm
SiriusGFP has the same emission peak at 516 nm (Fig. S1E), implying
that ESPT occurs in SiriusGFP. Since the main proton pathway via
Ser205 to Glu222 for ESPT was blocked by the mutation of S205 V, the
alternative pathway via T203 is probably involved in ESPT of Sir-
iusGFP. A proportion of Glu222 in SiriusGFP should be in the anionic
state as a proton acceptor, while the majority of molecules maintains its
chromophore in an anionic state along with a neutral Glu222. The ratio
between the absorption intensities of the bands A:I in SiriusGFP (peak
at 396 and 504 nm, respectively) is 1:3.75, whereas this ratio is 4 : 1 in
wtGFP (peak at 400 nm and 488 nm). The fluorescence quantum yield
(φf) of SiriusGFP is significantly reduced compared to eGFP (0.214 for
SiriusGFP and 0.60 for eGFP) (Fig. S1C). Thus, the brightness (extinc-
tion coefficient X quantum yield) of SiriusGFP is 12,112 M−1 cm−1,
while eGFP is 33,000 M−1 cm−1. These results imply that there are
more competing pathways for deactivation of the excited state of Sir-
iusGFP than that of eGFP. The decreased φf could be attributed to the
increased τ-torsion on the chromophore by an absence of a constrained
H-bond between Ser205 and the phenolic group of p-HBDI, which
makes the phenolic group in SiriusGFP more flexible than that in eGFP.
The τ-torsion (less than 90°) on the methylene bridge (the only exo-
cyclic double bond) facilitates internal conversion and deactivation to
ground state (Huang, Cheng et al. 2013) that can compete with the
radiative relaxation as fluorescence.

The excitation and emission peak are both red-shifted from eGFP
(Ex 488 nm, Em 508 nm) to SiriusGFP (Ex 504 nm, Em 516 nm), im-
plying that the energy gap in SiriusGFP is narrower than that of eGFP
and has more vibration levels in the S0 and S1 state.

When photobleaching transfected Hela cells with a scanning laser at
489 nm (˜1500 μW at the objective) in a confocal microscope, ex-
ponential decay curves with different lifetimes (Tau) and residue offsets
Y0 were noted, and shown in Fig. 1B. The average lifetime (Tau) of
SiriusGFP (118.3 s) is more than twice that of eGFP (50.1 s), with the
intermediate mutants having values that lay between (Tau of SG205 is
104.4 s and SG147 is 76.3 s (Fig. 1C)). An ANOVA analysis on fluor-
escence lifetimes (Tau) among the four GFP variants indicates highly
significant differences (p< 0.01). Thereafter, using Tukey-Kramer
Multiple Comparisons Test for Tau pairwise comparison, Q values were
23.4 for eGFP and SiriusGFP, 19.2 for eGFP and SG205, 8.6 for eGFP
and SG147, 5.1 for SiriusGFP and SG205, 13.7 for SiriusGFP and
SG147, and 9.3 for SG205 and SG147. Note that a Q value of 3.6 or
greater denotes a significant difference. Y0 is the offset value with single
exponential decay fitting, and represents the residual steady state
fluorescence after photobleaching. Y0 for SiriusGFP is 15.1% and is
three fold that of eGFP (5.1%). Similar to Tau, the intermediate mutants
had values that lay between that of eGFP and SiriusGFP (7.2% for
SG205 and 12.5% for SG147 (Fig. 1C, D)). An ANOVA analysis on Y0

among the four GFP variants also indicates significant differences
(p < 0.01). As with Tau, these intermediate values resulted in a
smaller degree of confidence in statistical differences of Y0 between the
SiriusGFP and the intermediate mutants when compared to SiriusGFP
and eGFP. The Q values for Y0 pairwise comparison were 36.7 for eGFP
and SiriusGFP, 8.2 for eGFP and SG205, 27.6 for eGFP and SG147, 27.8
for SiriusGFP and SG205, 8.9 for SiriusGFP and SG147, 18.9 for SG205
and SG147. These data suggest that mutation of S205 V and S147R both
contribute to the increase of Tau and Y0. The combination of S205 V
and S147R makes SiriusGFP superior to eGFP, although with a tradeoff
in φf.

To compare brightness and photostability with the same amount of
eGFP and SiriusGFP, the normalized photobleaching curves showed
that the two variants have different rates of decay, and intersect at 167 s
under constant laser power (˜1500 μW) (Fig. 1E). The integrated area
under curves are 423 for eGFP and 437 for SiriusGFP. The residual
fluorescence of SiriusGFP is near four-fold higher than that of eGFP at
the end of the long tail. With greater light intensity, the decay curves
intersect at a shorter time point. Thus, for experiments requiring high
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intensity light SiriusGFP offers significantly greater advantages when
longer exposures are required. These data also indicate that SiriusGFP
emits more photons during long exposures or under high power illu-
mination, although less than eGFP at the onset of exposure. In fact, at a
given light intensity, the longer the exposure time the greater the

differential advantage in photons emitted by SiriusGFP.
We also measured the photobleaching rates of GFPs with purified

proteins embedded in polyacrylamide gel by laser-scanning confocal
microscopy (Fig. 1F). This log-log plot of photobleaching rates versus
illumination power showed nearly linear relationships that indicates an

Fig. 1. Optical properties of SiriusGFP compared to eGFP. (A) The UV–vis spectrum of SiriusGFP indicates that the protonate chromophore exists in a minor
proportion. Shown is the UV–vis absorbance and fluorescent spectrum of purified SiriusGFP in a buffer of 150mM NaCl, 20mM Tris, pH7.5. SiriusGFP has a major
excitation peak at 504 nm and a minor peak at 396 nm, implying that the protonated chromophore exists in minor proportion. (B) SiriusGFP is more photostable than
eGFP. Shown are the photobleaching curves of eGFP, SG205, SG147, and SiriusGFP expressed in Hela cells. Fluorescence was detected by laser irradiation of live cells
at 489 nm on a Zeiss confocal microscope (Zeiss LSM 710 duo). We determined that the photostability of SiriusGFP is> 2.4 fold higher than that of eGFP. The ratio of
integrated areas under the curves is 1 : 1.99 : 1.88 : 3.34 for eGFP : SG205 : SG147 : SiriusGFP. The optical power of scanning laser at 489 nm was ˜1500 μW. Each
curve is the average of> 100 cells with standard error accounting for the variability in the thickness of each line. (C) SiriusGFP shows increased photobleaching time
constants compared to eGFP. Photobleaching data can be fit by a single exponential decay function, = +

−Y Y Ae x t
0

/ , where Y0 is the constant offset representing the
residual fluorescence after photobleaching reached a steady state (R2 ranged from 0.97-0.99). The single exponential fitting on photobleaching curves determined
that the lifetime (Tau) of SiriusGFP is 118.3 s, 102.9 s for SG205, 76.3 s for SG147, compare to 50.1 s for eGFP under the same photobleaching conditions. The cell
numbers (n) are shown on the top of each sample. The error bar is standard error. ANOVA analysis of Tau values shows high confidence in statistically significant
differences (p-value 2.42×10−50). (D) Residual fluorescence in SiriusGFP is greater than eGFP after prolonged photobleaching. Y0 represents the residual fluor-
escence after photobleaching; 15.1% for SiriusGFP compared to 12.5% for SG147, 7.2% for SG205 and 5.1% of eGFP. The error bar is standard error. (E) The choice
of eGFP and SiriusGFP depends on the intended duration of an experiment. The normalized photobleaching curves with the same amount of eGFP and SiriusGFP
show the two curves crossing at 167 s. At the end of long tail, the residual fluorescence of SiriusGFP is 3.76-fold higher than that of eGFP. The integrated area is 423.4
for eGFP, and 437.6 for SiriusGFP, confirming that SiriusGFP emits more photons upon prolonged exposure. Conversely, the number of photons emitted in short
durations is greater in eGFP, which is therefore preferred in experiments with short fluorescence emission. (F) Across a range of light intensities SiriusGFP maintains
its superior photobleaching characteristics compared to eGFP. Shown is a log-log plot of photobleaching rates versus illumination laser power of the laser-scanning
confocal microscope using purified SiriusGFP and eGFP embedded in polyacrylamide (see method section). SiriusGFP shows slower rates of photobleaching at
different light intensities compared to eGFP. Data were fitted to the equation log(F) = -αlog(P) + c, where F is the photobleaching half-time constant and P is the
illumination power, α is 0.61 for eGFP and 0.75 for SiriusGFP, while c is 4.1 for eGFP and 4.7 for SiriusGFP.

S. Zhong et al. Journal of Neuroscience Methods 313 (2019) 68–76

72



accelerated photobleaching of eGFP and SiriusGFP (Cranfill, Sell et al.
2016). The decay slope of SiriusGFP is similar to that of eGFP, but the
lifetime is almost doubled. The photobleaching results measured with
purified FPs in gel are similar to that in transfected cells.

Due to the long fluorescence tail of SiriusGFP, normal 3D confocal
microscopy or superresolution microscopy, such as SIM, imaging
quality can benefit.

3.2. Oxygen-depletion photobleaching

To explore the mechanisms of photobleaching in SiriusGFP we
carried out photobleaching experiments with confocal microscopy
under conditions of oxygen depletion. HELA cells separately transfected
with eGFP-Omp25 and SiriusGFP-Omp25 were fixed in 4% PFA fol-
lowed by oxygen-depletion treatment. Omp25 is a mitochondrial outer
membrane protein, localized to the mitochondrial outer membrane
anchoring by a single transmembrane segment at the C-terminal.
Overexpression of OMP25 results in perinuclear clustering of mi-
tochondria in transfected cells (Nemoto and De Camilli, 1999). eGFP
and SiriusGFP were fused on the N terminus of Omp25. Photobleaching
of eGFP and SiriusGFP was performed under aerobic and anaerobic
conditions at low and high laser power. When photobleaching with low
laser power (˜150 μW) both eGFP and Sirius GFP show sensitivity to
oxygen. In contrast, at high laser power (˜1500 μW) photobleaching of
eGFP is not oxygen dependent, while SiriusGFP shows oxygen-depen-
dence (Fig. 2). In all these conditions SiriusGFP remained more pho-
tostable than eGFP. It is believed that GFP’s differential sensitivity to
oxygen under differing intensities of light points to different mechan-
isms of photobleaching (Tsien, 1998; Greenbaum, Rothmann et al.
2000; Jimenez-Banzo, Nonell et al. 2008; Grigorenko, Nemukhin et al.
2015). High photon flux may lead to higher-order photobleaching due
to a multi-photon effect (Chen, Zeng et al. 2002). Our data indicate that
the photobleaching mechanisms of SiriusGFP are different from that in
eGFP, particularly in high intensity light. We infer that SiriusGFP is
resistant to high-order photobleaching in high intensity light.

3.3. Practical applications 1. 4D confocal scanning

To test the performance of SiriusGFP in confocal microscopy, we

carried out an experiment with 4D confocal imaging on live HeLa cells.
Cells were transfected with eGFP-Omp25 and SiriusGFP-Omp25 and
imaged live in PBS (Fig. 3). In this experiment, 3D confocal Z-stack
scanning was done in continuous mode to maximize photobleaching.
The 4D confocal imaging results indicate a dramatic improvement of
image clarity due to the photostability of SiriusGFP (more than 30min)
compared to eGFP (˜10min). Indeed, after longer exposure (60min)
under the same conditions, SiriusGFP-Omp25 cells continued to exhibit
vivid images of intracellular mitochondria (Fig. S3). For instance, the
outline of mitochondria were not visible after 60min of continuous
imaging of OMP25 eGFP, but were clearly visible with Sirius GFP.

3.4. Practical applications 2. Structured illumination microscopy (SIM)

We sought to ascertain if SiriusGFP improved the quality of super-
resolution microscopy, where the demands on photostability are pro-
nounced. We used structured illumination microscopy (SIM) to explore
the advantages of SiriusGFP. The SIM images of fixed HEK-293 cells
expressing SiriusGFP-Omp25 was compared to eGFP-Omp25. The
image resolution of SIM with SiriusGFP was significantly improved
(Fig. 4).

Quantitative measures in Z planes, in particular, show marked im-
provement in image quality. We repeated the SIM imaging of fixed Hela
cells expressing SiriusGFP-Omp25 and eGFP-Omp25, respectively. Peak
to peak Gaussian fitting of over 100 peaks showed an XY resolution of
SiriusGFP-Omp25 to be 130 ± 1.4 nm, similar to eGFP-OMP25 with an
XY resolution of 131 ± 1.8 nm (p= 0.546). In contrast, the Z axis
resolution of SiriusGFP-Omp25 was 310 ± 4.6 nm and significantly
improved (p=0.0017) over that of eGFP-Omp25 at 335 ± 5.6 nm.
These values of SiriusGFP are approaching the limit of SIM resolution
(Gustafsson, 2000; Heintzmann and Huser, 2017). Both total photon
number and point of spread function (PSF) are key determinants of
image quality and resolution. The increased resolution in the Z axis
indicates that more photons were collected by the photoelectronic de-
tector with SiriusGFP-Omp25 compared to eGFP-Omp25 since the PSF
should be similar.

Although the XY resolution is similar by analysis of profile peaks
after the Gaussian fitting of SIM, absent in the quantitative assessment
were the qualitative differences in these two FPs. The majority of mi-
tochondria using eGFP-OMP25 demonstrated absent membrane seg-
ments on the Z reconstructions (top and bottom profiles) while those
using SiriusGFP-OMP25 were much more integrated (Fig. 4). In the XY
plane, the mitochondrial membrane labeled with SiriusGFP-OMP25
showed very clear and detailed images; for instance, fission-fusion
processes and twisted structures under stress. In contrast, many parts of
the mitochondrial membrane labeled with eGFP-OMP25 showed
broken/ discontinuous profiles that are likely artifacts from photo-
bleaching (Fig. 5) (Figure.S4). The slower photobleaching of SiriusGFP
made superresolution imaging better with more detailed information of
subcellular organelles, and also produced less imaging artifacts than
eGFP.

4. Discussion

We have developed an improved version of eGFP, named SiriusGFP,
that shows a more than 2-fold increase in photostability compared to
eGFP and is able to fold well with both N and C terminal fusion pro-
teins. Prestin-SiriusGFP with SiriusGFP fused to the C-terminus of
prestin, and SiriusGFP-OMP25 with SiriusGFP fused to the N-terminus
of Omp25 both fold well. We have confirmed the obvious biological
applicability of SiriusGFP using SIM and 4D confocal microscopy, and
explored photobleaching mechanisms for SiriusGFP and eGFP. A
number of points about the mechanism of photostability bear discussion
below.

In GFPs, there is a seesaw-like action on protonation between the
chromophore (p-HBDI) and Glu222. In wtGFP, the chromophore is

Fig. 2. Photobleaching of SiriusGFP-Omp25 is oxygen dependent across a range
of light intensities and contrasts with eGFP-Omp25. Shown are the photo-
bleaching time constants of eGFP and SiriusGFP in PFA-fixed Hela cells with
(pcaPCD – see section 7 in Methods) and without (control) oxygen-depletion
solution under low and high optical power illumination, respectively. The
percentage of laser power (5% and 50%) at 489 nm used for photobleaching
corresponded to measured light intensities of 150 μW (5%) and 1500 μW (50%)
at the objective. The error bar is standard error. At high and low intensity light,
photobleaching of SiriusGFP is oxygen dependent. In contrast, eGFP is oxygen
dependent only in low intensity light.
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mainly protonated (80% in neutral state), while Glu222 is corre-
spondingly in a deprotonated anion state. This proton movement is
brought about by excited state proton transfer (ESPT). In contrast, the
chromophore of eGFP is deprotonated (anion state) while Glu222 is
protonated (neutral) at physiological pH (Bettati, Pasqualetto et al.
2011). In SiriusGFP, the chromophore is mixed with the major depro-
tonated (anion state) and the minor protonated form at a ratio of 4:1
(80% in anion state), and the same emission peak can be observed when
excited at ˜398 nm, indicating ESPT exists in SiriusGFP. But the minor
protonated population that absorbs at 396 nm may not be the reason
why SiriusGFP is more photostable than eGFP because wtGFP has larger
absorption peak at 400 nm, while it is less photostable than eGFP.

Photobleaching in GFPs induced by UV/visible light or X-ray was
determined to be related to Glu222 decarboxylation as a point of pri-
mary damage and the consequent rearrangement of the H-bond net-
work (van Thor et al., 2002; Bell, Stoner-Ma et al. 2003; Royant and
Noirclerc-Savoye, 2011; Arpino, Rizkallah et al. 2012). Glu222

contributes to the rigidity of the chromophore cavity by H-bonding
adjacent residues and a cluster of water molecules. The decarboxylation
of Glu222 results in the collapse of the H-bonding network next to the
chromophore, and further promotes non-irradiative relaxation to the
ground state or chromophore destruction (Royant and Noirclerc-
Savoye, 2011). Still, there is a gap in our understanding of Glu222
decarboxylation and final chromophore destruction.

Light or X-ray irradiation on FPs can produce radical species by
electron transfer (ET) from the excited chromophore. It was suggested
that in wtGFP and PA-GFP the excitation of chromophore may promote
charge transfer from Glu222 to the chromophore. This induces a bir-
adical state that then relaxes back to the ground state or occasionally
leads to decarboxylation of Glu222 that, in turn, leads to permanent
chromophore destruction (Adam, Carpentier et al. 2009). The Kolbe
mechanism was proposed to be responsible for the photoinduced dec-
arboxylation of Glu222 in wtGFP (van Thor et al., 2002). However,
after ultrafast ESPT in femtosecond scale the excited chromophore is

Fig. 3. Continuous confocal 4D imaging of live HeLa cells, in PBS, transfected with eGFP-Omp25 (A, upper panel) and SiriusGFP-Omp25 (B, lower panel), re-
spectively. The confocal Z-stack scanning was continuous, and lasted 30min. The color table for intensity is shown in the images. The data show SiriusGFP to be
significantly resistant to photobleaching with markedly improved image quality even at 30min. In contrast eGFP shows rapid degradation of image quality owing to
photobleaching even at 7 min (429 s). The sale bar is 15 μm.

Fig. 4. SiriusGFP enhances SIM image quality, particularly in the Z axis. (A) Shown is the XYZ profile of SiriusGFP-Omp25 transfected HEK-293 cells captured by
Structured Illumination Microscopy (SIM, DeltaVision-OMX, Applied Precision, GE life). The blue and red lines indicate the locations where the YZ (upper panel) and
XZ (left panel) profiles were obtained. One can distinguish individual mitochondria even from Z axis images. The same image with extended focus has been attached
to the left-upper corner. Two line measurements (white line) were performed on individual mitochondria in the Z and XY axes (right inset), respectively. We then
used Gaussian fitting of the readout traces to obtain estimates of full width at half maximum (FWHM). (B) Shown is the XYZ profile of eGFP-Omp25. Many of Z profile
of mitochondrial outer membrane were missing, and even some of XY profile also showed many discontinuous lines. The scale bar in A is 2.5 μm and B is 2.2 μm.
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turned to an anionic state that may not be able to be an electron ac-
ceptor. Moreover, in eGFP the chromophore is dominantly in the anion
state. Another photophysical pathway had been proposed that triggers
redox reactions inside GFP (Bochenkova, Klaerke et al. 2014), in which
the chromophore anion HBDI− undergoes an photodetachment upon
absorption of one-photon UV or multi-photon visible light to produce a
solvated electron and a radical chromophore. Thereafter, the photo-
oxidized radical chromophore can accept an electron as an oxidant in
Glu222 decarboxylation.

The interruption of the proton wire between HBDI and Glu222 by
S205 V may hinder the electron transfer, therefore reducing the possi-
bility of the biradical state and further chromophore destruction.
However, the double mutant of eGFP-T203 V/S205 V that lacks both
possible pathways of ESPT also shows photobleaching (data not
shown), implying that the photobleaching pathway may not be limited
by Glu222 damage.

4.1. Z-E isomerization

Upon excitation of chromophore p-HBDI of GFPs, the Z-E iso-
merization undergoes the τ-torsion around the only exocyclic double
bond with a τ angle smaller than 90°, followed by internal conversion
(IC) mostly to the ground state of Z isomers. The τ-torsion transiently
disrupts the conjugated π-electron system for reversible loss in fluor-
escence, which could be the major non-radiative decay channel for the
excited state S1 of p-HBDI in GFPs (Chatterjee, Mandal et al. 2015).

In eGFP, the first excited state S1 deactivates mainly via fluores-
cence with high quantum yield (˜0.60) attributed to limiting τ-rotation
around the only exocyclic double bond by H-bond network.

That the quantum yield φf of SiriusGFP is smaller than that of eGFP
is probably due to less constraints on the phenolic group of p-HBDI; the
lack of H-bond binding on Ser205 facilitates τ- torsion and thereby
could increase internal conversion by facilitating τ-torsion along the
methylene bridge between imidazolinone and phenolate moieties.
Meanwhile, the τ-torsion with less constraints in SiriusGFP may also
increase the possibility of internal conversion from Sn to Sn-1 (e.g., S1
⟵ S2 or S2 ⟵ S3). This in turn can decrease the possibility of electron-
detachment and subsequent chromophore destruction. Quantum yield
is proportional to brightness, but may not directly affect photostability.

That is, lower quantum yield does not mean higher photostability. For
instance, most red FPs have low quantum yield (< 0.20) but are still
easily photobleached (Cranfill, Sell et al. 2016). The electron transfer
during deactivation may be the critical step for chromophore damage.

The methylene bridge between imidazolinone and phenolate moi-
eties can perform τ-torsion for internal conversion or lead to Glu222
decarboxylation and chromophore destruction, depending on how
many photons are absorbed by the chromophore and if ROS or solvated
electrons nearby are available. A nearby oxygen can accept a photo-
electron from the anionic GFP chromophore to form superoxide radicals
on the exocyclic methylene bridge of the chromophore. This superoxide
radical consequently undergoes a further series of chemical reactions
resulting in the cleavage of the exocyclic bridging bond of the chro-
mophore resulting in permanent bleaching (Grigorenko, Nemukhin
et al. 2015). The electron transfer in eGFP may occur from the chro-
mophore anion to external oxidants via an intermediate aromatic re-
sidue, Tyr145 (Bogdanov, Acharya et al. 2016). Substitution of key
residues controlling electron transfer to external oxidants would be
expected to increase photostability, although the detailed effects on
different substituted residues need further investigation (Hosoi,
Hazama et al. 2015). We tested mutation of Y145 l and Y145E in eGFP
and SiriusGFP. Both mutants showed dimmed fluorescence (data not
shown), perhaps due to the over 3-fold decrease in the extinction
coefficients of Y145 l or Y145E (Bogdanov, Acharya et al. 2016). S147R
associating with H148 at the entrance of access to the phenolic group of
the chromophore may help block exterior ROS. Both its positive charge
and bulky side chain could contribute to the photostability without the
fast decay phase seen in N149 K in Emerald-GFP. The photobleaching
results (Fig. 1B) suggest that S147R may play an important role in
blocking the entrance of external oxidants or, alternatively, affecting
the electron transfer efficiency to external oxidants.

In summary, photobleaching is one of the major problems for ge-
netically encoded FPs, which limits their application in biological in-
vestigations. We have developed a FP, SiriusGFP, that shows significant
improvement in photostability over eGFP in high and low intensity il-
lumination. While Sirius GFP has reduced brightness compared to
eGFP, its 2-fold increase in photostability allows for much improved
imaging requiring high or prolonged intensity light. In practical terms
this gain in stability allows imaging without a dynamic adjustment in

Fig. 5. (A) SiriusGFP shows qualitative enhancement in SIM images in the XY plane. A SIM image of SiriusGFP-Omp25 in Hela cells. This sample was fixed with 4%
PFA and imaged in PBS. The insets are the enlarged area of the white boxes. The uniformity of the mitochondrial outer membrane and the z-axis accumulation was
very well achieved. A number of details can be discerned in the high quality images including mitochondrial fusion/fission (A1-3, arrows) and bended/twisted (A-4,
arrows) structures shown in the insets.
(B) In the XY plane of eGFP is qualitatively inferior to SiriusGFP in SIM imaging. A SIM image of eGFP-Omp25 in Hela cells. This sample was fixed with 4% PFA and
imaged in PBS. The insets are the enlarged area of the white boxes. The uniformity of the mitochondrial outer membrane was interrupted by obvious breaks (B1-4,
arrows) and the Z-axis accumulation cannot be well achieved due to the photobleaching of eGFP. The patchy depletion of the mitochondrial outer membranes are
notable (B, B1-4). These images are in contrast to those obtained with SiriusGFP, where mitochondrial outer membranes show consistent and uniform patterns with
no artifactual loss (A, A1-4). The scale bars are 0.5 μm.
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exposure time and light intensity with increasing experimental time.
Our new FP will provide improved capabilities for superresolution and
time-dependent confocal microscopy.
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Abstract

Background: Chloride is the major anion in cells, with many diseases arising from disordered Cl2 regulation. For the non-
invasive investigation of Cl2 flux, YFP-H148Q and its derivatives chameleon and Cl-Sensor previously were introduced as
genetically encoded chloride indicators. Neither the Cl2 sensitivity nor the pH-susceptibility of these modifications to YFP is
optimal for precise measurements of Cl2 under physiological conditions. Furthermore, the relatively poor photostability of
YFP derivatives hinders their application for dynamic and quantitative Cl2 measurements. Dynamic and accurate
measurement of physiological concentrations of chloride would significantly affect our ability to study effects of chloride on
cellular events.

Methodology/Principal Findings: In this study, we developed a series of YFP derivatives to remove pH interference,
increase photostability and enhance chloride sensitivity. The final product, EYFP-F46L/Q69K/H148Q/I152L/V163S/S175G/
S205V/A206K (monomeric Cl-YFP), has a chloride Kd of 14 mM and pKa of 5.9. The bleach time constant of 175 seconds is
over 15-fold greater than wild-type EYFP. We have used the sensor fused to the transmembrane protein prestin (gerbil
prestin, SLC26a5), and shown for the first time physiological (mM) chloride flux in HEK cells expressing this protein. This
modified fluorescent protein will facilitate investigations of dynamics of chloride ions and their mediation of cell function.

Conclusions: Modifications to YFP (EYFP-F46L/Q69K/H148Q/I152L/V163S/S175G/S205V/A206K (monomeric Cl-YFP) results
in a photostable fluorescent protein that allows measurement of physiological changes in chloride concentration while
remaining minimally affected by changes in pH.
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Introduction

Chloride is the major anion in cells, and plays various

physiological roles. For example, chloride is a key determinant

of intestinal fluid secretion and cell volume primarily through

affecting osmotic gradients [1–3]. Chloride is also important in

setting neuronal resting membrane potential through a number of

chloride channels and inhibitory neurotransmitter receptors that

have chloride conductance [4]. As a natural consequence of

affecting these diverse phenomena many diseases result from

disordered Cl2 regulation [5]. These diverse effects of chloride

underscore the need to accurately and dynamically measure

physiological intracellular chloride concentration.

While many proteins work to regulate intracellular Cl2, others

are regulated by intra- and extracellular Cl2. For example, the

unique membrane protein prestin in outer hair cells (OHCs),

SLC26a5, functions as an ultrafast molecular motor, converting

electrical to mechanical energy. This protein is thought to bring

about cochlea amplification in mammals, which is responsible for

the exquisite sensitivity of mammalian hearing. Intracellular

chloride ions in the 0–10 mM range regulate the behavior of

prestin, shifting its voltage responsiveness by 22 mV per mM of

chloride (with gluconate as the counter anion). These in vitro

findings have been supported by in vivo experiments demonstrating

effects of chloride on cochlear amplification [6]. Hence, dynamic

monitoring of intracellular Cl2 concentrations near prestin’s

intracellular chloride binding site will aid in understanding

chloride’s role in cochlear amplification. We previously have used

the fluorescent dye MQAE to measure chloride flux in OHCs [7],

but the technical problems with this approach are overwhelming.

Consequently, we have worked to develop a genetically encoded
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chloride sensor that can be tagged on the intracellular C-terminus

of prestin, sensing chloride fluctuation during prestin activity.

Over the last decade, engineered fluorescent proteins (FPs) were

developed as genetically encoded indicators allowing non-invasive

monitoring of intracellular ion fluctuations, such as Cl2 [8–11],

pH [12,13], and Ca2+ [14–16]. FPs are also quite useful for

measuring membrane potential [17–19] and other cell biological

phenomena. Most of them are GFP-based variants or FRET pair

probes, like CFP-YFP.

EYFP, GFP-S65G/V68L/S72A/T203Y, has proven to re-

spond rapidly and reversibly to concentration changes of halides,

which enables YFPs to be genetically encoded Cl2 sensors in living

cells. YFP-H148Q and its derivatives [8], including CFP-YFP-

based Clomeleon [9], were introduced as genetically encoded

chloride indicators, in which H148Q enhances the halide affinity

due to better binding cavity access via a solvent channel, thereby

favoring chromophore protonation following halide binding to

reduce fluorescence [20]. The Kd of YFP at pH 7.5 is 777 mM,

and 154 mM for YFP-H148Q, far removed from intracellular

[Cl2] under physiological conditions. In the YFP-H148Q library,

I152L and V163S exhibit higher chloride affinity with a Kd of

88 mM and 62 mM, respectively [10,21,22]. The triple mutant of

YFP-H148Q/I152L/V163S was adopted in the CFP-YFP-based

emission ratiometric Cl2 indicator (Cl-sensor) [11]. In Cl-sensor,

the real sensor for chloride is the YFP mutant itself with Kd

,30 mM, instead of requiring a peptide linker between CFP and

YFP, or an extrinsic sensor such as calmodulin in Cameleon [23].

In YFPs, the halide-binding cavity near the chromophore has the

ability to modulate the protonation state of the chromophore, and

this is the basis of YFP’s chloride sensitivity. In the CFP-YFP based

indicator, CFP is insensitive to halides, providing an in situ

ratiometric calibration for YFP.

Compared to calcium FP-sensors, the YFP-based chloride

sensor has less sensitivity (high mM scale instead of mM or nM),

less photostability and is usually accompanied by significant,

confounding pH effects near physiological pH. To date, YFP-

based Cl2 indicators are limited in their application because of

these three reasons. In this study, we developed a series of YFP

mutants extending previous work. We introduced a positive

charged residue, Q69K, into the halide-binding cavity to decrease

pKa, and two folding mutations, F46L/S175G, to enhance

folding. Furthermore, we uncovered a key mutation in the proton

delivery pathway, S205V, which 1) increased the time constants of

photobleaching 15-fold greater than wild-type EYFP, 2) lowered

the pKa away from physiological pH, and 3) enhanced the

chloride sensitivity to 14 mM. These improvements provide for a

superior chloride sensor. Finally, using this new enhanced chloride

sensor, we demonstrate dynamic flux of chloride in the mM range

into prestin expressing HEK cells.

Results

ClsM, a YFP Modification with Intermediate Chloride
Sensitivity and pH Dependence

In designing a chloride sensitive YFP we evaluated and adopted

a number of amino acid changes that had previously been shown

to enhance fluorescence and stability. The maturation of YFP

includes two phases, peptide chain folding and chromophore

formation. F46L significantly accelerates chromophore oxidation,

while the well-known folding mutations of F64L, M153T, V163A

and S175G facilitate the folding process of the peptide chain

[20,24]. These mutations that affect folding and the rate limiting

chromophore oxidation step also affect chloride sensitivity. F64L

counteracts the conformational change in orientation caused by

V68L in the YFP variant Venus, and also induces reduced halide

sensitivity by preventing halide ion access to its binding site [24].

V68L is included in native EYFP, and we therefore opted to not

include F64L in our new Cl2 sensor. Since V163A may also be

involved in eliminating chloride sensitivity in Venus by presumed

shortening of the side chain, we introduced V163S, with a longer

side chain that enhances halide sensitivity [10] while simulta-

neously maintaining photostability. Similarly, S175G that breaks

an existing hydrogen bond network facilitates folding and enhances

fluorescence intensity of Venus [24,25] and ECFP [25], and was

incorporated in our constructs. M153T by virtue of its smaller side

chain and increased flexibility [26] has also been shown to

facilitate folding and increase fluorescence intensity. However, this

mutation seemed to affect the expression of YFP in several of our

constructs and was therefore not incorporated in our final

constructs.

There are nine residues in the halide-binding cavity near the

chromophore of YFP that have direct interaction or a distance of

less than 5 Å from the binding halide anion, namely, Q69, R96,

V150, I152, V163, F165, Q183, L201 and Y203 [20]. T203Y is

the key mutational difference between YFP and GFP, and I152L/

V163S already exist in the sequence of EYFP-H148Q/I152L/

V163S from which we began our development effort. Q69 is fairly

close to the chromophore anion inside the b-barrel of YFP. It was

previously reported that Q69K could promote the anionic form of

the chromophore to hinder its protonation, and therefore reduce

the apparent pKa to 6.1, with little effect on its other sensitivities

[27]. But we found that the mutant Q69K when added to EYFP-

H148Q/I152L/V163S folds poorly at 37uC, which was previously

reported in EYFP-V68L/Q69K [27], possibly resulting from the

extra length of the Lysine side chain and disturbing the hydrogen-

bond network in the halide-binding cavity. Fortunately, this

folding problem of Q69K can be compensated by the folding

mutation of F46L. F46L can greatly accelerate the oxidation of the

chromophore at 37uC, the rate-limiting step of maturation of

chromophore, without changing the pKa of EYFP [24]. The new

construct, EYFP-F46L/Q69K/H148Q/152L/V163S, which we

term ClsM, expressed very well in HEK-293 cells, showing bright

fluorescence. The pKa of ClsM was reduced to 6.5,7.1 and was

dependent on the chloride concentration (0.2 mM and 140 mM,

respectively). The chloride sensitivity of ClsM remained at

,30 mM (data not shown). Interestingly, the alternative replace-

ment of Q69 with arginine could barely fold to exhibit

fluorescence in transiently transfected HEK-293 cells, probably

because of the large side chain of the arginine residue. In this

study, all further mutants are made based on ClsM.

Mutations to Reduce pH Sensitivity Resulted in Enhanced
Photostability and Further Increased Chloride Sensitivity

Positive charges in the halide-binding cavity close to the YFP

chromophore not only increase the affinity of halide binding, but

also promote the anion state of the chromophore, which in turn

can reduce the pKa of the chromophore by dispersing negative

charge over the conjugated structure of the chromophore. So our

first strategy for improvement was introducing more positively

charged residues into the halide-binding cavity.

We evaluated the addition of another positive charge besides

Q69K into the halide-binding cavity of ClsM attempting to

reduce confounding pH effects by single-site mutation of the

individual residues V150, F165, Q183, L201 to lysine or arginine.

However, all of the double-charge mutants (V150K/R, F165K/R,

Q183K/R, L201K/R, each in combination with Q69K) could

not fold to exhibit fluorescence, even in the presence of two

additional folding mutations of M153T and S175G, as well as

Enhanced Chloride Sensor

PLOS ONE | www.plosone.org 2 June 2014 | Volume 9 | Issue 6 | e99095



F46L. The double-charge mutants of Q69K/F165K and Q69K/

L201K express somewhat better, but still showed lower than

normal YFP fluorescence. We concluded that the double-charge

residues in the halide-binding cavity can significantly affect the

folding of YFP. We speculate that this could result from difficulty

in burying an extra positive charge (in addition to R96 and Q69K)

into the cavity proximal to the chromophore, due either to excess

electrostatic forces or cavity size limitations.

The other strategy to lower the pKa of the YFP-based chloride

sensor is to set a barrier within the proton delivery pathway to the

phenolate anion of the chromophore, which is protonated via a

hydrogen bond network composed of the main chain of residue

N146, the side chain of S205 and a bridging water molecule linked

with a surface water molecule. The protons are delivered from the

external solvent into the YFP b-barrel through this hydrogen bond

network. If the proton delivery pathway is blocked or impeded,

lower pH (higher [H+]) is needed to overcome the obstructed

proton access, indicating that pKa is reduced. We chose S205 as

the essential target site to impede proton access. S205 was

substituted with other neutral residues without hydroxyl groups,

such as alanine, leucine, isoleucine, and valine. Interestingly, we

found that in addition to its influence in altering pKa, S205

substitutions also enhanced photostability. Valine substitution of

S205 has the best photostability. The percentage of residual

fluorescence after photobleaching is the highest with this mutant

S205V. Thus, the time constant of fluorescence photobleaching is

175 s compared to the ClsM bleaching time constant of ,10 s

(Fig. 1). Note that the folding mutations S175G or M153T does

not enhance photostability.

Work from the Tsien laboratory has shown that the tendency

for YFP dimerization can be greatly reduced or eliminated by

mutating the hydrophobic amino acids in the dimerization

interface to positively charged residues [28]. The order of

effectiveness is A206K.L221K.F223R. The dissociation con-

stant Kd of mYFP-A206K derived from the association constant

(Ka) is much higher than that of mYFP-L221K and mYFP-F223R

[29]. Because prestin can oligomerize, we included the A206K

mutation into the construct to make a monomeric version that will

avoid aggregation when making fusion proteins with a targeting

protein. Therefore, EYFP-F46L/Q69K/H148Q/I152L/V163S/

S175G/S205V and its monomeric version with A206K, now

termed Cl-YFP and mCl-YFP (or mClY for short), respec-

tively, were characterized in detail to determine their pKa and

chloride sensitivity.

Cl-YFP and mCl-YFP are significantly less pH sensitive than

ClsM, with a pKa of ,5.3 for Cl-YFP (data not shown) and a pKa

of ,5.9 for mCl-YFP (Fig. 2A), both of which are far removed

from physiological pH conditions. The pKa of mCl-YFP is slightly

higher than that of Cl-YFP, indicating better access for protons to

reach the chromophore. This is likely due to a smaller steric

barrier on the dimer interface. Although Cl-YFP and mCl-YFP

have similar time constants for photobleaching, about 175 s, the

percentage of residual fluorescence after bleaching was different;

50% and 65%, respectively (Fig. 1). Finally, mCl-YFP has a

higher chloride sensitivity of 14.4 mM (Fig. 2B) compared to the

previously reported best value of ,30 mM for all YFP variants

[11]. It should be noted that the larger reduction in fluorescence

(F/F0) for low pH (Fig. 2A) versus high chloride (Fig. 2B) likely

arises because protonation of the chromophore directly quenches

the fluorescence of YFP, while chloride binding would change the

proton affinity of chromophore, consequently reducing fluores-

cence intensity. Residual fluorescence that we measure likely

depends on the oxidation equilibrium of fluorophor under the

given spectrum and level of illumination such as optical power. It

might be that if we changed these photobleaching conditions or

solution pH that these asymptotic levels would differ. The point

that we make is that under the same photobleaching conditions the

relative response differs among mutations, with our mCl-YFP

showing the best bleaching time constant, best pKa and best Kd for

chloride as well as the strong capability of removing YFP

dimerization. The important point about bleaching is that it is

minimized during the course of an experiment.

Figure 1. Photobleaching dynamics of YFP chloride sensor mutations. (A) Representative traces of some YFP variants photobleached at
430 nm. All variants are based on the EYFP-F46L/Q69K/H148Q/I152L/V163S (ClsM). Photobleaching data were fit by a single exponential decay
function, Y~Y0zAe{x=t , where Y0 is the constant offset representing the residual fluorescence after photobeaching (R2 ranged from 0.96–0.99). It is
notable that the mutant ClsM-S175G/S205V/A206K (mClY, green curve) has a long time constant of 175 s under our photobleaching conditions,
which is much longer than wild-type YFP and ClsM each at ,10 s. (B) The red columns are the time constants of fluorescence decay during
photobleaching, and Y0 is the constant offset of fluorescence exponential decay by photobleaching, representing the residual fluorescence when
photobleaching reached a stable state. The folding mutations of S175G and M153T did not enhance the photostability of ClsM, while the mutations
of S205 did increase the time constants of fluorescence decay.
doi:10.1371/journal.pone.0099095.g001
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The Outer Hair Cell Protein Prestin Shows Dynamic
Chloride Movement that is Demonstrable with the
Enhanced Chloride Sensor

To test our improved chloride sensor, mCl-YFP was fused to the

C-terminus of the OHC motor protein, prestin, and transfected

the construct into HEK-293T cells. After 24 hrs of incubation,

chloride flux into the transfected cells was monitored during

changes in extracellular chloride from 0.2 mM Cl2 to 140 mM

Cl2 (Fig. 3). The standard bath solution contained 0.2 mM

chloride. Upon perfusion with higher chloride solutions, the

fluorescence dropped immediately demonstrating chloride influx.

The most sensitive response was near the Kd of the sensor.

Standard calibration of the sensor with 100 mM TBT and 50 mM

nigericin provides a translation of fluorescence response to

chloride concentrations. TBT and nigericin are ionophores that

allow Cl2 and H+ ions to pass freely through the cell membrane.

In experiments using prestin-mClY, we noted a decrease in

fluorescence upon exposure to increasing concentrations of

extracellular chloride, compared to mCl-YFP fused to the control

membrane protein CD80 (a B cell protein, the extracellular

portion of which acts as a co-stimulatory molecule of T cells, and

has no known chloride transport function). The relative reduction

in fluorescence was proportional to the concentration of extracel-

lular chloride applied to the cell. Although the differences in

individual mean fluorescence did not reach statistical significance,

the rates of change per extracellular Cl2 were significantly

different (slope difference: 0.02 unit/100 mM Cl2; p,0.05), and

indicates a more rapid transmembrane flux of Cl2 with prestin

when extracellular Cl2 increases. The dilution of sub-membra-

nous Cl2 into the cytosolic pool of Cl2 likely limits the

accumulation of the anion near the plasmalemma. Importantly,

prestin-mClY demonstrated unchanged prestin function evidenced

in parameters of charge movement in the membrane (non-linear

capacitance, data not shown). Moreover, there was tight correla-

tion between estimates of intracellular chloride concentration

determined by changes in voltage at peak capacitance (Vh) [7,30]

and decrease in fluorescence intensity in prestin-mClY. Both

methods of estimating Cl2 concentration are concordant with a

rise in intracellular peri-membranous Cl2 concentration of ,

10 mM, when cells were perfused with 140 mM Cl2. Note that

there was an increase in intracellular chloride concentrations with

both prestin-mClY and CD80-mClY, although the reduction in

fluorescence with prestin was more marked. We interpret these

data to suggest that prestin enhances a basal Cl2 influx into the

cell. The rise in intracellular juxta-membrane chloride concentra-

tion is due to a complex contribution from prestin activity

(conductance or transport), native channels and transporters in the

HEK cell, and diffusional dilution into the cytoplasm away from

the plasma membrane. Resolving these issues will require

additional work.

Discussion

Here we report the development of a powerful fluorescent

chloride sensor that displays 1) superior photostability, 2) reduced

susceptibility to [H+] fluctuations near physiological pH, and 3)

enhanced chloride sensitivity to permit assessment of low-level

physiological changes in [Cl2]. For example, the Kd estimates of

Prestin sensitivity to chloride range from 1–6 mM [7,31,32], and

the fused Prestin/mCl-YFP sensor will be ideal for monitoring

chloride levels in the OHC sub-plasmalemmal compartment

where chloride concentrations have been speculated to fluctuate

and affect prestin function [33–35]. Additionally, we demonstrate

here dynamic changes in intracellular chloride concentration in

response to changes in extracellular chloride that we attribute to

prestin. It is unclear if this increase in intracellular chloride

concentration is a result of transporter activity or a more channel-

like conductance [36–38]. We are confident that the benefits of the

probe will extend to other physiological preparations, as well.

Protonation & Cl2 Binding
We used known characteristics of YFP and previous iterations of

other chloride sensor homologues to engineer our new sensor. In

Figure 2. pH-sensitivity and chloride sensitivity of mCl-YFP measured by local perfusion of individual cells. (A) The pH-sensitivity of
mCl-YFP fluorescence with a pKa of 5.88 calibrated with a fixed 0.2 mM Cl2 solution containing 100 mM TBT and 50 mM Nigericin. F0 is the initial
fluorescence at pH 7.20. For each data point, fluorescence data of more than 35 cells were averaged. Note in each case that the pKa is far removed
from physiological pH. (B) The chloride sensitivity of mCl-YFP with a Kd of 14.4 mM at a fixed 0.2 mM Cl2 solution using 100 mM TBT and 50 mM
nigericin at pH 7.20. F0 is the initial fluorescence under 0.2 mM Cl2. For each data point, fluorescence data of more than 25 cells were averaged. The
sensitivity is doubled compared to previous YFP-based Cl2 sensors, and within the physiological range of cellular Cl2 changes.
doi:10.1371/journal.pone.0099095.g002
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Figure 3. Prestin dependent Cl2 flux in HEK-293T cells. (A) Two panels show representative fluorescence change on HEK-293T cells transiently
transfected with CD80-mClY (upper) and Prestin-mClY (lower), respectively, under local perfusion of high K+ solution with different Cl2 concentration,
indicating a chloride flux into the cells. In the image panel, the perfused chloride concentration was ,0.2 mM (left), 50 mM (middle), and 140 mM
(right). All images were acquired at the same time. The bar in middle lane was 10 mm. These three lanes were in the same time scale. (B) The graph
illustrates the effects on mean (+/2se, standard error) YFP fluorescence intensity upon local perfusion by High K+ (Na+-deficient) solution with
different Cl2concentrations (19 cells expressing Prestin-mClY and 12 cells expressing CD80-mClY). The decrease in YFP fluorescence is more marked
in cells expressing Prestin-mClY than CD80-mClY. All data have been compensated for photobleaching according to the photobleaching curve that
was measured just prior to perfusion. Inset shows YFP fluorescence changes in two typical cells expressing Prestin-mClY and CD80-mClY, when
perfused with 140 mM Cl2 from the bath solution containing 0.2 mM Cl2. This active but slower movement of Cl2 is contrasted with the rapid
passive equilibration of intracellular Cl2 achieved by the addition of the ionophores TBT (100 mM) and nigericin (50 mM) while perfusing with 140 mM
extracellular Cl2.

doi:10.1371/journal.pone.0099095.g003
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previous published YFP variants, alterations in the Cl– sensitivity is

usually accompanied by alterations in confounding pH effects

because halide binding promotes the protonation of the chromo-

phore, and vice versa [8,11,20]. The relationship of pKa and

halide sensitivity of YFP variants exhibits features that imply

positive cooperativity of protonation and halide-binding [8,39]. In

some variants of GFP, pH-sensitivity is exploited to measure

compartmental pH [12,40], but for FRET-based studies, the

sensitivity of YFP to environmental pH is highly undesirable

because it can interfere with the interpretation of the energy

transfer efficiency or distance estimation between donor and

acceptor. Indeed, YFP variants with low pH and halide sensitivity

have been developed, namely Venus [24,25] and Citrine [27].

Despite the apparent interdependence of pH and halide sensitivity,

each can be separated.

In YFP, pKa is mainly determined by two factors: the negative

charge density on the phenolic oxygen of the chromophore and

the local proton availability in the surrounding environment. The

negative charge of chromophore anion mainly distributes on the

phenolic oxygen or the carbonyl oxygen of imidazolinone as two

major resonance structures. If the phenolate negative charge can

delocalize over the conjugated skeleton to the carbonyl oxygen of

imidazolinone, the phenolic oxygen would have less negative

charge to attract protons for protonation, indicating that the pKa

would decrease. Our first strategy to decrease pKa was to

introduce as many positive charged residues as possible into the

halide-binding cavity that is adjacent to the carbonyl oxygen of

imidazolinone. Positive charges can help maintain the chromo-

phore’s anionic state, and also likely provide a large fraction of

anion-binding energy for increasing halide sensitivity. In our study,

Q69K decreased the pKa to 6.5–7.1 from 7.1–8.0 depending on

the chloride concentration, and F46L resolved the folding problem

caused by Q69K.

The local proton availability around the phenolic group of

chromophore is proportional to the pH value of the external

solution depending on proton accessibility. If the proton has

unencumbered access to the phenolic anion of the chromophore,

the pKa will be higher. When proton access along the proton

delivery pathway is encumbered, the pKa value will decrease,

indicating that a higher H+ concentration is needed to overcome

the more difficult delivery. Therefore, the other strategy to

decrease the pKa was to identify mutations of some key residues

that can block or raise the barrier within the proton delivery

pathway to the phenol group of the chromophore. In the proton

delivery pathway from the external solvent to the phenolic group

of the chromophore, a water molecule adjacent to the chromo-

phore phenolate forms H-bonds with the side chain of S205 and

the main chain of N146, linking the chromophore phenolate with

a surface water molecule within H-bond range (Fig. 4). Upon

binding a halide ion, the distance between the bridging water

molecule and the nearest surface water molecule increases to

4.7 Å, likely due to conformational rearrangement. S205 is the

only residue that can be mutated to affect the bridging water

molecule linked with a surface water molecule. Interestingly, S205

plays an important role for photostability, as it links E222 and the

chromophore. In keeping with this possibility we also found that

S205 mutations affect the photostability of the fluorophore, in

addition to its effects on pKa.

Photostability
Using selective screening assays and directed evolution strate-

gies, highly photostable variants of mOrange and TagRFP were

developed by Tsien’s group [41]. Nevertheless, the YFP photo-

bleaching mechanism and details of the photo-reactive process

remain poorly understood. We tried to endow our chloride sensor

with higher photostability using a structure-guided strategy.

As noted above, we view S205 as being important for both

proton delivery and photostability because of the hydrogen-bond

chain network between the chromophore phenolate, S205 and

E222 (Fig. 4B). Both GFP and YFP show decarboxylation of

E222, evidenced as a loss of 44 Daltons (CO2), upon intense

illumination, and in the case of YFP it is associated with

photobleaching [42–44]. Continuous illumination irreversibly

photobleaches YFP into a weakly fluorescent species, which

absorbs at 390 nm and fluoresces at 460 nm, similar to its

spectroscopic properties as free chromophore [42]; this behavior

indicates that the photon-induced chemical destruction happens

within the chromophore via excited states, while the protein is

partially unfolding and aggregating [43,44]. Though the detailed

mechanism of how the E222 decarboxylation of YFP induces

chromophore destruction remains to be determined, it could

involve the hydrogen bond network between the chromophore

and E222. In YFP-H148Q, E222 could be either H-bonded to

S205 or to the nitrogen on the imidazole ring of the chromophore,

but not to both at the same time (Fig. 4).

We found that the mutation S205V increased YFP photosta-

bility (bleach tau = ,175 s) more than 15 fold over wild-type YFP

or ClsM. In fact, not only is its photostability enhanced, but the

possible H-bond network rearrangement afforded by the mutation

of S205 reduces pKa, and improves chloride sensitivity, indicating

that a new equilibrium was reached between the chromophore

protonation and halide-binding. S205A, S205L and S205I

similarly cannot support proton transfer in the absence of a

hydrogen bond donor or acceptor at position 205. S205A, which is

less bulky than S205V, provides a bleach time constant of ,30 s.

S205L and S205I, which have larger side chains than S205V,

show bleach time constants of ,110 s and ,220 s, respectively.

This may indicate that side chain size or rotational freedom of

residue 205 is important for photostability.

Interestingly, it was reported that wtGFP-S205V and wtGFP-

S205A slow down the travel time through the excited-state proton

transfer pathway (ESPT) from several tens of picoseconds to a few

nanoseconds by rearranging E222 and Thr203 to form an

alternative ESPT pathway without S205 [45,46]. It is unlikely

that this would occur in YFP because it lacks the corresponding

neutral form of the chromophore that wtGFP possesses, and the

orientation of Y203 in YFP cannot permit its phenolic group to

interact in an alternative H-bonding network for proton transfer.

Furthermore, any potential effects of these mutations on GFP

photobleaching were not reported.

In summary, we have developed an YFP-based chloride sensor

that has enhanced chloride sensitivity and photostability, while

possessing reduced confounding pH effects. We have used it to

measure sub-membranous chloride flux in HEK cells when fused

to the transmembrane protein prestin, and show that it is capable

of monitoring changes in intracellular chloride at levels expected

to have physiological impact. We also note that the stability of our

YFP mutants could be useful in studies where photobleaching

plays a key role, for example in single molecule [47] and

superresolution microscopy [48] methodologies.

Methods

1. Gene Construct and Mutations
Mutagenesis was performed using the Quick Change method

adapted from Stratagene QC protocol. Mutations were verified by

sequencing the entire gene. The vector is EYFP-N1. The
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sequences of EYFP-H148Q/152L/V163S and ClsM were

synthesized by GeneWiz (USA).

2. Cell Culture & Excitation Ratiometric Imaging System
HEK-293T cells were cultured on glass coverslips (No. 1, 0.13–

0.16 mm thick, 15 mm round, Warner Instr., USA), which were

mounted on a quick change chamber and platform (RC-42LP and

QE-1, Warner Instr., USA). Transient transfection with the

plasmid of interest was done using lipofectamine-LTX with Plus

Reagent (Invitrogen, Life technologies). Fluorescence images were

acquired using an oil-immersion objective (N.A. = 1.30, Plan Fluor

1006Objective, Nikon, Japan) with a Nikon Eclipse Ti equipped

with a 200W metal-halide lamp (Lumen200, Prior Scientific, USA)

as the fluorescence illumination source. Shutter and filter wheel

(Lambda10–3 optical filter changer with smart shutter, Sutter

Instr., USA) were connected between the microscope and the

illumination source, in which Semrock ET430/24x-32 was used as

the excitation filter for CFP, Semrock ET500/20x-32 as the

excitation filter for YFP and Chroma HQ520LP as the emission

filter. A 14-bit back-illuminated EMCCD camera system

(1286128 pixels, 24 mm array, Andor iXonEM+ DU-860E,

USA) was used to record the fluorescence images under CFP or

YFP excitation. All peripheral hardware control, image acquisition

and image processing were achieved and/or synchronized on a PC

computer via a 16-bit/1-MHz USB Data Acquisition System

(Personal Daq/3000 Series, IOtech, USA) by using customized

Figure 4. The H-bond network comprising the proton transfer pathway within the chromophore (in Yellow) of YFP-H148Q drawn
with PyMol. Water molecules displayed as red balls. (A) YFP-H148Q without halide-binding (PDB: 1F0B). The phenolic oxygen of the chromophore is
H-bonded to a water molecule that is also H-bonded to the side chain of S205 and the main chain of N146; additionally, there is a H-bond to a surface
water molecule that is exposed to exterior solvent. E222 is H-bonded to the nitrogen on the imidazole ring, indicating that E222 is protonated, while
the phenolic group of Y203 forms H-bond with Q69 and a nearby water molecule. Notably, there is no H-bond between S205 and E222 whose
nearest distance is 3.9 Å. (B) iodide-bound YFP-H148Q (PDB: 1F09). The water molecule H-bonded to N146, S205 and the phenolic oxygen of the
chromophore was separated away from the surface water molecule, whose distance increased to 4.7 Å. The deprotonated E222 forms H-bond to
S205 that is in the H-bond chain with protonated chromophore, while the phenolic group of Y203 is near H-bonding distance with iodide, which may
be a reason why YFPs are halide-sensitive since Y203 is the unique residue of YFP from GFP.
doi:10.1371/journal.pone.0099095.g004
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software (jClamp & FastLook, SciSoft, USA; www.SciSoftCo.

com). The average fluorescence intensity of regions of interest

(ROI) was measured, and the background fluorescence was

subtracted using ImageJ. The excitation ratios (F500/F430) of

fluorescence intensity were then determined. The emission

spectrum of mCl-YFP has the same shape as wt-YFP, with the

peak around 527 nm. This was determined at an excitation of

485 nm using a microplate reader (TECAN infiniti M1000 Pro).

The determinations of photobleaching, pKa and chloride sensi-

tivity were made using HEK-293 cells expressing YFP mutants

directly in the cytosol, and not with membrane bound fusion

proteins, which avoids the possibility of confounding results caused

by limited expression or dim fluorescence. Data were analyzed

with Matlab, Origin 8.0 and SigmaPlot 10.0.

3. Photobleaching
Photobleaching data and fluorescence images were achieved

with our ratiometric imaging system controlled by jClamp &

FastLook. Photobleaching efficiency at a wavelength of 500 nm is

lower than at 430 nm, although the absorption at 430 nm is much

lower than 500 nm. Because of this enhanced bleaching capability

and to optimize our identification of photostable products, we

bleached at the CFP excitation wavelength of 430 nm (approx-

imately 17 mW). At the beginning of every episode, the excitation

filter was changed to the YFP filter (500 nm) by the filter wheel

and an image was captured by the camera and then the excitation

filter was changed back to CFP filter (430 nm) for bleaching until

the next acquisition. Filter change and acquisition took about

100 ms. The protocol includes 400 episodes and 200 ms interval

time between each episode. CFP excitation remained on during

intervals. Stable optical power at the utilized wavelengths was

confirmed using an analog optical power meter (ThorLabs PM30–

130, w/S130A Slim Sensor). Photobleaching of mCl-YFP did not

shift its emission peak.

4. pKa Measurement
The pKa of the YFP mutants were directly measured from the

fluorescence change of the transfected HEK-293T cells under

local perfusion (Y-tube) with low [Cl2] solutions (0.2 mM Cl2) at

different pH values containing 50 mM nigericin and 100 mM TBT,

which eliminates pH and Cl2 gradients across the cell membrane,

respectively. A Hill function (SigmaPlot, unconstrained, 4 param-

eters, y~y0z
axb

cbzxb
) was fitted to the data points to calculate the

apparent pKa.

5. Chloride Sensitivity Calibration
The chloride sensitivity of YFP mutants was measured from the

fluorescence change of the transfected HEK-293T cells under

local perfusion (Y-tube) with near neutral solutions (pH 7.20) of

different [Cl2] containing 50 mM nigericin and 100 mM TBT,

according to the standard nigericin-tributyltin equilibrating

protocol. A Hill function (SigmaPlot, unconstrained, 4 parameter)

was fitted to the data points to calculate the apparent Kd. Local

perfusion were performed with high K+ solution (Na+-deficient) to

minimize any pH effect on the chloride sensor by native

membrane Na+/H+ exchanger.

6. Chloride Flux Promoted by Local Perfusion
The chloride flux into HEK-293 cells expressing prestin-mClY

or CD80-mClY was measured by fluorescence change during local

perfusion using high K+ solutions containing different chloride

concentrations at pH 7.20. Photobleaching compensation was

corrected based on the photobleaching time constant that was

measured prior to Cl2 perfusions. ImageJ was used to define a

region of interest around membrane sections that were free from

movement artifact in which fluorescence intensity changed with

perfusion with different Cl2 concentrations. Perfusion data were

analyzed using mixed model repeated measurements with a group-

specified compound symmetry structure within SAS software. The

repeated-measures design was used for the experiment of

comparing the Cl2 influx pattern between prestin and CD80

constructs. Since each cell was perfused with a series concentration

of extracellular Cl2, fluorescence measured within each cell was

correlated. A repeated measures analysis using the procedure of

Proc Mixed in SAS software (Cary, NC) was performed to model

the change of fluorescence per extracellular Cl2. The dependency

between repeated measures for same cell was incorporated into

analysis by using a group specified compound symmetry covari-

ance structure, which assumes common variance and covariance

within group and accounts for the heterogeneous structure

between groups. The interaction between group and concentra-

tion of Cl2 was included in the model to examine the difference of

rate of change in fluorescence between groups [49,50].

7. Data Availability Statement
All data are supplied in the manuscript, including information

on point mutations. Further requests can be made to the

corresponding author.
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