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1 | INTRODUCTION

| Berta Alsina

Abstract

Sensory neurons of the head are the ones that transmit the information about
the external world to our brain for its processing. Axons from cranial sensory
neurons sense different chemoattractant and chemorepulsive molecules during
the journey and in the target tissue to establish the precise innervation with
brain neurons and/or receptor cells. Here, we aim to unify and summarize the
available information regarding molecular mechanisms guiding the different
afferent sensory axons of the head. By putting the information together, we
find the use of similar guidance cues in different sensory systems but in dis-
tinct combinations. In vertebrates, the number of genes in each family of guid-
ance cues has suffered a great expansion in the genome, providing
redundancy, and robustness. We also discuss recently published data involving
the role of glia and mechanical forces in shaping the axon paths. Finally, we
highlight the remaining questions to be addressed in the field.
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neurons. In the case of olfactory neurons, their somas
reside in the olfactory epithelium, whereas the rest of cra-

The survival of a living organism depends on its capacity
to sense and respond to the environment. The cranial
sensory systems (visual, auditory/vestibular, olfactory,
somatosensory, and gustatory) allow organisms to
respond to external and internal stimuli. Except for the
retinal neurons that derive from the central nervous sys-
tem (CNS), the rest of the cranial sensory cells arise from
neural crest cells or the cranial placodes, specialized neu-
ral regions of the ectoderm adjacent to the central ner-
vous system.

These sensory systems are composed of specialized
cells with receptors that capture external sensory inputs,
which are then transmitted to the brain by either the
same receptor cells or first-order sensory afferent

nial afferent neurons' cell bodies reside in the cranial
ganglia [V (trigeminal ganglion), VII (geniculate gan-
glion), VIII (cochleovestibular ganglion), IX (superior
and petrosal ganglia), and X (jugular and nodose gang-
lia)]. Sensory neurons vary across systems: olfactory and
auditory/vestibular neurons are bipolar and extend a
dendrite and an axon and two axons, respectively. The
other cranial sensory neurons are pseudo-unipolar, and
they extend a single axon with two branches: one inner-
vating the target sensory tissue and the other directed to
second-order neurons of the CNS (Figure 1).

The patterns of innervation of cranial afferent neu-
rons are stereotyped but highly complex. The axons' long
route to reach their targets is guided by the ability of the
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FIGURE 1

To facial skin

Depiction of cranial ganglia and associated sensory organs. (A) In the mouse embryo, the neural crest and the cranial

placodes (olfactory, otic, trigeminal, and epibranchial) give rise to sensory cells and neurons. The somas of olfactory neurons reside in the

olfactory epithelium, whereas the rest of the sensory somas reside in the trigeminal, cochleovestibular, geniculate, petrosal, and nodose

ganglia. (B) The sensory epithelium of the inner ear contains hair cells and supporting cells. The bipolar neurons that innervate the hair

cells cluster in the statoacoustic ganglion (SAG), from which they extend one axon toward the hair cells in the otic epithelium and another
one directed to the brainstem. (C) Olfactory sensory neurons (OSNs) in the olfactory epithelium are surrounded by supporting cells. OSNs
are bipolar: they extend dendrites to the lumen of the olfactory epithelium to sense odor information and an axon toward the olfactory bulb.
OSN axons converge in glomeruli in the olfactory bulb, a specialized forebrain structure, that serves as the first relay station in the pathway
toward the CNS. (D) The sensory neurons of the trigeminal and geniculate ganglia are pseudo-unipolar. They extend a single axon with two

branches: one innervating the sensory target (facial skin and tongue, respectively) and one branch directed to second-order neurons in

the CNS

growth cone to sample signals in the environment. Many
decades of work in Drosophila and vertebrate models
have permitted uncovering the main molecular mecha-
nisms and cues orchestrating the growth of axons toward
their innervation sites (for reviews' ). Extending neurites
navigate under the influence of chemoattractant and che-
morepellent cues of either long or short-range that

modify cytoskeletal elements on the growth cone to regu-
late its dynamics and pathway. The molecular nature of
these guidance cues is diverse and elicits particular sig-
naling transduction cascades and gene transcription, but
a local activation of calcium at the growth cone seems to
be a common feature.*> Throughout the years, it has
been difficult to functionally assess the roles of these
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molecules as they often work in concert and redundantly,
leading to mild or no clear phenotypes when abrogated.
Some of the identified molecular mechanisms are shared
between CNS and PNS; however, while CNS axons navi-
gate mainly between neurons, glial cells, and endothelial
cells, PNS axons encounter a greater variety of cells sur-
rounding them, such as neural crest cells, mesodermal
cells, glia, endothelial cells, and other neurons.

Here we will discuss data obtained in mouse, chick,
and zebrafish studies to summarize the main molecules
involved in PNS afferent sensory axon pathfinding and
targeting, describe the similarities and differences in the
establishment of peripheral innervation of the different
sensory systems and species, and provide some directions
for future axon guidance studies.

2 | INNERVATION OF THE
AUDITORY AND VESTIBULAR
SYSTEM

The inner ear, a highly complex three-dimensional organ
of our head, is the sensory organ responsible for hearing
and balance. Sensory information is captured in special-
ized sensory patches: the ventral organ of Corti detects
auditory stimuli, the saccule, and the utricle sense linear
movements, and the three cristae perceive rotation. Each
of these sensory patches contains hair cells which are
mechanosensory transducers and supporting cells that
provide a structural scaffold to enable the function of hair
cells. Neurons from the statoacoustic ganglion (SAG) that
innervate both hair cells of the inner ear and neurons of
the brainstem® are located anteroventrally and outside of
the otic epithelium (Figure 1B).

The inner ear development begins with the establish-
ment of the otic placode that invaginates and pinches off
from the ectoderm to form a hollow ovoid structure
named the otic vesicle. During this period, a neurogenic
domain emerges at the anteroventral domain of the otic
vesicle in which neuronal progenitors become specified.
Otic neuroblasts then delaminate out of the otic vesicle to
coalesce in the SAG.”'® As the otic vesicle grows and
matures, sensory specification follows. Sensory progeni-
tors emerge initially in a broad domain shared with the
neurogenic domain that later splits into individual sen-
sory patches. New sensory patches not coming from pre-
vious neurogenic domains also appear as described in
cell lineage experiments in chicks and mouse'"'?
(Figure 2A).

In adult mice, auditory neurons are located ventrally
and relatively near the organ of Corti of the cochlea in
the Rosenthal canal, while vestibular neurons are located
more dorsally and project to the anterior, lateral, or

posterior crista of the saccule or utricle (Figure 2A).
There are distinct subpopulations of fibers within audi-
tory neurons. Type I auditory neurons are more abun-
dant, innervate the inner hair cells, and are responsible
for encoding sound."® Type II auditory neurons innervate
the outer hair cells and are proposed to play a role in
sensing damage.'* The chick's auditory sensory organ is
known as the basilar papilla. It is located in the cochlear
duct and is functionally equivalent to the mammalian
organ of Corti."” Fish do not contain a specialized hear-
ing organ analogous to the organ of the Corti or the basi-
lar papilla. Instead, the sacculus and the lagena are
involved in the hearing function, in addition to their ves-
tibular roles.'® Moreover, fish also have an external
mechanosensory system called the lateral line. It is
formed by cycles of progenitor cell migration that arrange
in clusters along with the lateral line named neuromasts.
Each neuromast contains support cells, mechanorecep-
tors (hair cells), and mantle cells.'”

2.1 | [Initial auditory and vestibular
peripheral outgrowth

Early work suggested that the first afferent sensory neu-
rons forming the SAG send projections back to the otic
vesicle by re-tracing the migratory path used by neuro-
blasts after delamination from the otic vesicle."”® How-
ever, an improved understanding of lineage relationships
between neurogenic and sensory (hair cell forming) terri-
tories indicates that not all sensory patches harboring
hair cells have generated neuronal precursors previ-
ously.’>** Hence, axonal projections cannot re-track pre-
vious paths but need novel guidance cues emanating
from the target cells.

Initially, the axon guidance events of neurons begin
independent of hair cells, as axons reach the proximity of
their target days before hair cells are fully differenti-
ated.”’ Accordingly, null mice for the genes Pou4f3,
Atohl, or FGF10 that fail to either differentiate hair cells
or develop the posterior crista, still receive normal inner-
vation.”>** At this initial period of neurite outgrowth
(E4-6 in the chick, E11-14 in the mouse and rat), axonal
growth is most probably favored by trophic factors
secreted by the otocyst. Two cytokines, the macrophage
migration inhibitory factor (MIF), and the monocyte che-
motactic protein 1 (MCP1) promoted directed axon out-
growth toward the otic tissue in in vitro assays, and
knockout (KO) mice lacking MCP1 or MIF displayed
hearing deficits.>*® Other morphogens such as Shh,
Wnt, BMP4, and several FGFs have also been shown to
promote directed neurite outgrowth in chicken SAG
explants.”
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FIGURE 2 Innervation of the auditory and vestibular system. (A) Development of the mouse inner ear. The otic placode arises as a
thickening of the ectoderm that invaginates to generate the otic vesicle. Within the vesicle, a population of neuroblasts from the neurogenic
domain located anteroventrally delaminate and coalesce into the statoacoustic ganglion (SAG). Sensory progenitors that will give rise to the
hair cells in the inner ear arise in a broad domain shared with neurogenic cells to then split into individual sensory patches. Sensory neurons
distribute into the auditory and vestibular ganglia, from which they extend axons to innervate the hair cells in the different sensory patches
of the inner ear. (B) SAG axons directed to the organ of Corti penetrate the sensory epithelium between two walls of EphA4-expressing cells.
Slit2 secreted by the spiral limbus restricts the position of auditory neurons in the Rosenthal canal to ensure proper targeting into the otic
epithelium. (C) In the vestibular sensory patches, Sema3A halts axons that target the anterior crista, so they do not overgrow past this area.
(D) Type II auditory neurons innervate the cochlea's three rows of outer hair cells. Axons travel past the row of inner hair cells to make a
90° turn toward the base of the cochlea and ascend to reach the outer hair cells. Noncanonical Wnt signaling promotes Vangl2 and Fzd3
protein asymmetries in opposite basolateral walls of supporting cells, which establish a planar polarity axis that instructs the turn of the
axon toward the cochlear base. (E) The vestibular system of fish also contains the lateral line. Pioneer axons extending from the posterior
lateral line ganglion (pLLG) set the path for follower axons forming the posterior lateral line (pLL) nerve. Guidance of pioneer axons occurs
through GDNF/Ret51 signaling that evokes a transcriptional response that upregulates Myo10 in the growth cone and results in the
subsequent regulation of filopodia dynamics

Recently, Druckenbrod and colleagues have exam-
ined the colocalization of auditory neurons and glial pre-
cursors during the initial steps of auditory axon
projection. They showed that glial precursors establish a
scaffold for SAG axons to extend along them. Neurons
from the rear of the SAG are the first ones to contact glial
precursors and extend along them. In contrast, auditory
neurons closer to the border of the ganglion use the rear
glial-axon projections as a scaffold to grow toward the
otic epithelium.*® Interestingly, cochleae depleted of glial
cells still receive innervation, albeit less efficiently, due to
neurite-neurite fasciculation.**** Thus, glial precursors
seem to synergize with neurons to improve the efficiency
of innervation. In zebrafish, neural crest cells have also
been shown to guide inner ear afferent pioneer axons to
the neural tube.*?

2.2 | Axon navigation toward the otic
epithelium

Once neurites have begun extending, classic chemoat-
tractants and repellants contribute to actively guiding
axons to the hair cells present in sensory patches. The
Eph-ephrin molecules are involved in short-range attrac-
tion or repulsion. In mice, the SAG neurites penetrate
the sensory area of the organ of Corti through a channel
between two walls of cochlear duct EphA4-producing
cells.** EphA4 might repulse ephrin-B24- axons to pro-
mote their fasciculation and make them advance straight
through the EphA4-free channel while preventing their
growth in the wrong direction® (Figure 2B). Hence, in
this context, EphA4 acts as a repulsive signal. On the
other hand, SAG neurons also express EphA7. Since its
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loss reduces the number of type I fibers and inner hair
cells afferent targeting, it is suggested that EphA7 acts as
a promoter of axon outgrowth.*® It remains to be estab-
lished if the Eph-ephrin system is also relevant for target-
ing other species such as zebrafish, in which unpublished
data describe that EphA?7 is also expressed.

Other guidance cues are Netrins, Slits, and Semaphor-
ins. The Netrin receptor, Deleted in Colorectal Carci-
noma (DCC), expressed in SAG neurons, seems to guide
axons to their targets in the cochlea and vestibular
patches. In mouse embryos mutant for DCC, axons are
misrouted and show disrupted bifurcation patterns.’”*®
However, the expression of Netrin in the cochlea is weak,
and KO mice show normal auditory innervation. There-
fore, it remains to be determined whether other secreted
molecules could serve as DCC ligands in the cochlea.

In chick, the chemorepellents Slit2 and Slit3 are
expressed in the sensory patches of the otocysts during
neurite extension (E2-E7.5), while their receptor Robo?2 is
expressed in neurons of the SAG. It has been proposed
that when axons encounter a sensory patch that is still
not their target, Slits emanating from the incorrect sen-
sory patch induce the activation of Robo2 in SAG neu-
rons. This process may (1) make the axons unresponsive
to the positive cues deriving from the sensory patches or
(2) alter the balance of attracting and repelling cues
favoring the repulsion and bypassing these sensory
domains to reach farther sensory organs to innervate.>**
In mice, Slit2 expression in the spiral limbus of the organ
of Corti seems to prevent the dispersal of auditory neu-
rons outside the Rosenthal canal (Figure 2B). Mice lack-
ing Slit2 and Robol/2 display disrupted coalescence of
auditory neurons and fail to innervate hair cells.*!

Another set of chemorepulsive cues, Semaphorins,
signal through multimeric receptor complexes formed by
Plexins and Neuropilins (Npn) and provide a stop signal
to growing neurites. Mice lacking the Neuropilin receptor
show steering errors among their SAG neurons. Vestibu-
lar axons fail to stop when they reach their target in the
anterior and lateral cristae, then traverse the Sema3A-
expressing epithelium, and grow dorsally to reach the
skin**** (Figure 2C). In the cochlea, restricted inhibitory
expression of Sema3F in the outer hair cells activates
Npn2 in type I auditory neurons, which causes the retrac-
tion of axons contacting outer hair cells so they can be
directed to their correct target in the inner hair cells.*”
Axons reaching the sensory epithelia then undergo a pro-
cess of branch refinement whereby auditory neurons lose
extra axon branches to form unramified synaptic contacts
with specific inner hair cells. Instead of playing the classi-
cal role of axon repulsion, in this case, Sema5B expressed
by immature hair cells acquires a novel function and acts
as a crucial regulator of axon debranching. Activation of
its receptor PlexinA on type I fibers leads to fewer

neurons that bear longer terminal branches, whereas
Sema5B KO mice show an abundant number of neurons
but shorter terminal branches. This finding emphasizes
the role of Sema5B-PlexinAl signaling in limiting audi-
tory neuron terminal debranching without causing axo-
nal repulsion, so the correct number of synapses in the
cochlea is ensured.*

In the organ of Corti, type II auditory neurons inner-
vate the three rows of outer hair cells. To reach their tar-
gets, they extend axons past a single row of inner hair
cells to then make a 90° turn toward the cochlear base*’
and ascend apically to reach the different rows of outer
hair cells (Figure 2D). This turn takes place between the
basolateral walls of the supporting cells surrounding the
outer hair cells, and it is not altered when classical guid-
ance cues or neurotrophins are absent.*’

Planar cell polarity (PCP) signaling, which regulates
the polarity of cells along the axes of tissues, has been
previously linked to a variety of developmental events,
including axon outgrowth and guidance.**>' In the
cochlea, intercellular signaling via PCP core proteins
seems to have a crucial role in promoting type II auditory
axons' turn to innervate the three layers of outer hair
cells. In a model established by Ghimire and colleagues
in 2019, it was proposed that noncanonical Wnt signal-
ing through the receptors Fzd3 and Fzd6 promotes pro-
tein asymmetries in the supporting cells of the cochlear
duct that are relayed between neighbors: the protein
Vangl2 is distributed along the basolateral wall of sup-
porting cells but is enriched on the side of cells facing
the cochlear apex’’ in opposition to Fzd3 which is
enriched on the side facing the cochlear base.’® This
establishes a planar polarity axis that provides directional
information to the incoming growth cone (Figure 2D).
When Vangl2 is absent in a KO mouse, SGN fibers turn
incorrectly toward the apex, emphasizing the role of
Vangl2 in axon guidance.’® The same phenotype is seen
when all Wnt secretion and signaling are disrupted by
targeting the gene Porcn—encoding for an O-
acyltransferase that is required for Wnt palmitoylation,
secretion, and biologic activity—in the cochlea or when
the receptors Fzd3 and Fzd6 are double-knocked out,
which results in the loss of the Vangl2 asymmetric posi-
tioning and axon turning errors.”® Altogether, this PCP
signaling pathway seems crucial for correct type II audi-
tory axon turning; however, it is unknown how the axon
detects this asymmetry and can respond to it. It would be
worth investigating whether the axon contains comple-
mentary PCP proteins that interact with the supporting
cells' to receive the information to turn, or if the polariza-
tion of supporting cells changes the subcellular distribu-
tion of membrane-bound axon guidance cues such as
Ephrins or Semaphorins that the axon can detect and
respond to.
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2.3 | Targeting and wiring of auditory
and vestibular axons

Neurotrophins have mainly been involved in axonal sur-
vival in many systems. However, a role in axon guidance
in the inner ear has also been postulated. In the inner
ear, genetic manipulation of Neurotrophin expression
does not perturb peripheral axon growth but compro-
mises the correct wiring of their specific targets. In vivo
experiments revealed that once the first fiber projections
are established via the other guidance cues, there is an
upregulation of Neurotrophin expression that enables
them to perform their role in axon targeting.>* Brain-
derived neurotrophic factor (BDNF) and Neurotrophin-3
(NT3) are the main Neurotrophins involved in late guid-
ance and trophic support of SAG axons in the mamma-
lian inner ear. BDNF is prominently expressed in the
vestibular organ, while its expression in the cochlea fol-
lows an apex to base gradient.”>® Conversely, NT3
expression follows a base to apex gradient in the cochlea
and shows very low expression in the vestibular organ. In
the cochlear basal turn, NT3 precedes the expression of
BDNF, which later on invades the base of the cochlea.
Interestingly, mice expressing BDNF under the control of
the NT3 promoter display exuberant projection of vestib-
ular neurons to the base of the cochlea, suggesting a role
of BDNF in axon guidance.>*

In the zebrafish, pioneer axons from the posterior lat-
eral line ganglion are guided by the posterior lateral line
primordium. The primordium expresses the neurotrophic
factor glial-derived neurotrophic factor (GDNF),”” which
exerts action in the pioneer sensory axons through its
receptor Ret51. GDNF/Ret51 signaling elicits a transcrip-
tional response mediated by Jip3 that results in the upre-
gulation of Myol0 in the growth cone, which regulates
filopodia formation and thus pioneers axon extension®®
(Figure 2E). BDNF is also expressed in the hair cells of
the neuromasts® but whether it functions as a trophic
factor only or also has a guidance role is unknown.

3 | INNERVATION OF THE
OLFACTORY SYSTEM

The olfactory system is responsible for our ability to sense
odors. It is composed of the olfactory epithelium, which
is found in the nasal cavity and contains the somas of the
olfactory sensory neurons (OSNs); and the olfactory bulb,
a specialized structure of the forebrain that acts as a first
relay station in the pathway toward the CNS®
(Figure 1C). OSNs in the olfactory epithelium project in
spherical neuropil structures called glomeruli, localized
in the olfactory bulb (Figure 1C). Each OSN expresses a

specific olfactory receptor®’®* whose expression defines

to which odorants the neuron responds and in which glo-
merulus of the olfactory bulb it assembles. Same olfactory
receptor-expressing OSNs are not ordered in the epithe-
lium and are heterogeneously fasciculated in their path-
way®; however, they end up converging in the olfactory
bulb, where they segregate to innervate the glomeruli dis-
tributed in the three dimensions of the bulb, establishing
a topographic map.®*

3.1 | Initial outgrowth of olfactory axons
At the time of axon extension, the tissues surrounding
and in contact with olfactory axons suffer large morpho-
genetic processes, such as folding, convergence-exten-
sion, migration, polarization, and division, among many
others. Lately, there has been an interest in understand-
ing the influence of mechanical cues on axonal growth or
guidance.®*’

In vivo imaging studies in the zebrafish have shown
that a combination of cell movements occurring in the
olfactory placode promotes the elongation of olfactory
pioneer axons through a process called retrograde exten-
sion. Unlike the classical paradigm of the axon growing
forward to connect the neural tube, the cell bodies of
olfactory pioneer axons are pulled away from the axon
tips that remain attached to the brain surface (the olfac-
tory bulb in the telencephalon).®® First, olfactory placode
cells move in parallel to the brain, actively converge
toward the center of the placode, and squeeze out central
neurons from the brain surface (Figure 3A). Then, the
evagination of the developing optic cup in the proximity
of the olfactory placode exerts lateral traction forces on
the olfactory placode cells, pushing the neurons’ cell bod-
ies away from the brain (Figure 3A). Consequently, when
the optic cup does not form in eyeless rx3 mutant
embryos, placode movements are reduced, and axons are
shorter and less stretched.®” Thus, pioneer axon elonga-
tion is mediated by mechanical forces but not by guid-
ance or trophic molecules. While these findings have not
been confirmed in other species, these movements could
also explain pioneer olfactory axon formation in mam-
mals and humans. Another study using explants of
mouse olfactory epithelia has quantified the force of
axon-axon adhesion during fasciculation.”” Hence, new
biophysical studies are shedding light on the biomechan-
ics behind axon growth and adhesion.

As in the inner ear, glial cells also play an important
role in guiding extending OSNs. Olfactory ensheathing
cells are the glia from the primary olfactory system.”*
During both development and regeneration, these cells
migrate ahead of the axons and establish the path over
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FIGURE 3 Establishment of the olfactory innervation. (A) Zebrafish pioneer olfactory axons form by retrograde extension. Extrinsic
convergent forces and lateral movements emanating from the developing optic cup pull the cell bodies away from the axon tips attached to
the brain region of the future olfactory bulb. (B) Activation of same-olfactory receptor-expressing axons (orange) leads to high levels of
cAMP and low levels of EphrinA3 and EphrinAS5, which drives olfactory axons to converge in posterior glomeruli. Axons with low olfactory
receptor activity (blue) have low levels of cAMP and high EphrinA3 and EphrinAS5 expression, which drives axons to converge in anterior
glomeruli. Npnl increases position variability, but its net effect on olfactory axons is unknown. (C) Neurons in the dorsal region of the
olfactory epithelium express high levels of Robo2 and target the dorsal region of the olfactory bulb where Slit levels are low. The first
established dorsal axons secrete Sema3A, which repels newly extending axons expressing high levels of Npn2, driving them to the ventral
region of the olfactory bulb. (D) High levels of IGF in the lateral region of the olfactory bulb attract IGFR+ axons. Sema3A expressed in the
midline of the olfactory bulb steers Npnl+ axons toward lateral positions, whereas Npnl-axons seem to target medial regions of the
olfactory bulb by default. A, anterior; D, dorsal; DM, dorsomedial; L, lateral; OB, olfactory bulb; OE, olfactory epithelium; P, posterior; V,
ventral; VL, ventrolateral

which the axons will extend to reach their targets in the ahead and create a permissive substrate for later-born
olfactory bulb.” It is possible that olfactory ensheathing OSNs; however, this idea still has to be addressed experi-
cells also use the pioneer olfactory axons to migrate mentally. Some studies also suggest that olfactory
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ensheathing cells could secrete specific neurotrophic fac-
tors’>’* contributing to olfactory neurite growth and
guidance. One of these factors seems to be Frzb, a
secreted Wnt inhibitor expressed in olfactory ensheathing
cells abutting the olfactory bulb and whose deletion in
mice disrupts olfactory axon targeting and maturation.””
How Frzb guides OSNs or the identity of other olfactory
ensheathing cell-secreted molecules that may participate
in OSN axon pathfinding remains to be elucidated.

Developmental Dynamics

3.2 | Innervation along the
anteroposterior axis of the olfactory bulb

Besides odor detection, olfactory receptors have an
instructive role in axon targeting along the anteroposter-
ior (AP) axis of the olfactory bulb.”®”® Olfactory receptors
are G-protein-coupled receptors that, when activated,
induce cAMP production.®® Since ablation of adenylyl
cyclase compromises olfactory receptor-specific axon con-
vergence in the AP axis of the bulb, a model was pro-
posed in which cAMP levels regulated the transcription
of genes for distinct axon guidance molecules such as
Npn1,*! EphrinA5, and EphrinA3.%* This model entailed
that high cAMP levels in OSN axons promoted the
expression of high levels of Npnl and low levels of
EphrinA5, which guided axons to innervate glomeruli in
more posterior regions of the olfactory bulb and vice
versa (Figure 3B).

The proposed influence of Ephrin levels in axon con-
vergence was consistent with experiments in which over-
expression of EphrinA5 and EphrinA3 produced an
anterior shift in the glomeruli location.** However,
another study cast doubt on the established role of Npnl
in olfactory AP patterning. The work concluded that the
conditional absence of Npnl in OSN axons did not result
in a simple anterior shift of the M71 glomerulus; instead,
the switch had different direction components.** There-
fore, while it is true that Npn1 absence increases the posi-
tional variability of glomeruli, this variance does not
show a clear set of rules (Figure 3B). The timing could
also be essential for the axons' ability to respond to Npnl.
In an in vivo mice study of OSN targeting, it was observed
that deletion of Npnl signaling at early stages produces
an anterior shift of the M71 and M72 glomeruli, whereas
deletion of Npnl at later stages promotes OSNs targeting
dorsally. These findings suggest that young OSNs might
be more sensitive to Npnl expression than older ones.®*
However, more OSNs populations should be studied to
elucidate the exact role of Npn1 in axon guidance and tar-
geting along the AP axis of the olfactory bulb.

In summary, olfactory receptor signaling seems to be
a critical determinant for innervation along the AP axis

of the olfactory bulb. However, other sets of molecules
contribute to establishing glomeruli's position along the
dorsoventral and mediolateral axis.

3.3 | Innervation along the dorsoventral
axis of the olfactory bulb

The location of the soma of an OSN in the olfactory epi-
thelium determines the dorsoventral (DV) position of the
glomerulus that its axon innervates in the bulb.®**>%
Olfactory receptor expression in the epithelium is contin-
uous, which rules out its role in DV targeting.®”*® Thus,
spatial information may be governed by graded expres-
sion of signaling cues and receptors across the DV axis of
the olfactory epithelium.

One of the cues expressed in a graded manner is the
Slit-Robo system. Robo2 is expressed in a high dorsome-
dial to low ventrolateral gradient in the olfactory epithe-
lium during development, whereas its ligand Slitl is
expressed in the ventral region of the olfactory bulb®*°
(Figure 3C). OSNs expressing high levels of Robo2 target
the dorsal region of the olfactory bulb, where Slit1 levels
are low. Mutant mice for both of these molecules show
dorsal axons misrouted toward the ventral aspect of the
olfactory bulb.*>°° Therefore, Slit1-Robo2 repulsive
interactions stimulate the dorsoventral segregation of
axons in the olfactory bulb by restricting the access of
dorsally targeting axons into the ventral region. None-
theless, only a subset of axons is affected by Robo2 and
Slitl mutations, which indicates that other factors may
act in combination to guide the OSN axons toward their
target. One candidate seems to be Robol, provided by
associated olfactory ensheathing cells to the OSN axons
that repel the Slit ligands from the ventral region of the
olfactory bulb.”® How exactly OSNs are instructed by
olfactory ensheathing cell-expressed Robol is still
unknown.

The receptor Neuropilin2 (Npn2) expression in the
olfactory epithelium follows the opposite gradient to
Robo2: high on the ventral region of the olfactory epithe-
lium and low on the dorsal aspect (Figure 3C). Its ligand,
Sema3A, is secreted by the axon terminals of dorsally
projecting OSNs that have previously innervated the
olfactory bulb.®*®* Later born high expressing Npn2
axons avoid contact with Sema3A in the dorsal aspect of
the bulb and direct their axons toward the ventral
region®® (Figure 3C). In zebrafish, Npn2a/b, together
with Sema3fa, also regulates olfactory bulb targeting.”
Thus, OSN axon convergence along the DV axis is influ-
enced by complementary chemorepellent gradients of
Slitl and Sema3A, being the mechanism conserved
among vertebrates.
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3.4 | Innervation along the mediolateral
axis of the olfactory bulb

Similar to the DV axis, there seems to be a light correla-
tion between the position of an OSN in the olfactory epi-
thelium and the place of the glomerulus it innervates in
the mediolateral (ML) axis of the olfactory bulb. Neurons
located in lateral or medial regions of the epithelium
innervate the lateral or medial areas of the olfactory bulb,
respectively.”®

During development, insulin growth factor (IGF) is
expressed at the anterior part of the olfactory bulb in a
low medial to high lateral gradient, while IGFR (its
receptor) is found in OSNs (Figure 3D). Disruption of
genes encoding for IGF ligands (IGF1 and IGF2) or the
receptor (IGFR) leads to severe misrouting of lateral tar-
geting OSN axons toward an ectopic medial location.”’
However, the fact that all OSNs express IGFR®? does not
explain the different responsiveness of some axons to
IGF. One possibility is that the default option for axons is
to innervate the medial region; therefore, only axons
exposed to high levels of IGF will innervate the lateral
side. However, other unknown mechanisms could be
involved in the ability of OSNs to respond to IGF.

Furthermore, the chemorepellent Sema3A, expressed
in the ventral midline of the olfactory bulb (Figure 3D),
is capable of steering subsets of Npnl+ OSN axons
toward lateral areas. In mice carrying a Sema3A null
mutation, the mediolateral sorting of Npnl+ axons is
lost,”**® highlighting its role in ML guidance of axons
in the olfactory bulb. In summary, the ML organization
of OSN axons along the olfactory bulb is controlled by
the laterally attractive cue IGF and the medially repulsive
expression of Sema3A (Figure 3D).

3.5 | Axon convergence in the different
glomeruli

The combination of AP, DV, and ML patterning estab-
lishes the coarse topography of olfactory innervation.
However, the olfactory map in the olfactory bulb is dis-
crete: each glomerulus receives innervation from same-
olfactory receptor-expressing OSNs. The process of homo-
geneous axon fasciculation is intrinsic to the OSNs and
does not rely on cues secreted by the olfactory bulb.'*1%
Instead, similar to the establishment of the AP axis, the
refinement to constitute the discrete map also depends
on olfactory receptor activity. However, it takes place at
later stages.

Neuronal activity in the OSNs through the olfactory
receptors regulates the expression of genes coding for
adhesion and guidance molecules at the axon termini.

These molecules include Kirrel2, Kirrel3, and
EphA5-EphrinA5.”7'%® Axons with low neuronal activity
express high levels of Kirrel3, which promotes their
homotypic adhesion and fasciculation. Conversely, axons
with high neuronal activity express high levels of Kirrel2
and fasciculate together.”” On the other hand, heterotypic
axons—activity-low vs activity-high—segregate from
each other through the expression of repulsive EphrinA5
and EphAS5, respectively.””**'%* Other adhesion mole-
cules such as BIG2 have also been found to be regulated
by olfactory receptor activity. However, the correspond-
ing binding molecule for BIG2 has not been found yet,
and, therefore, the function of BIG2 in local OSN axon
sorting remains to be determined.'®>

In summary, homogeneous axon convergence into a
single glomerulus seems to be governed by discrete olfac-
tory receptor-activity-dependent adhesion and guidance
cues. This process ensures that a single type of OSNs
innervates each glomerulus.

4 | INNERVATION OF THE
FACIAL SOMATOSENSORY SYSTEM
(TRIGEMINAL)

The vertebrate trigeminal system is responsible for receiv-
ing facial somatosensory stimuli such as touch, tempera-
ture, pressure, vibration, and proprioception. The
different regions of the face are innervated by first-order
neurons whose cell bodies reside in the trigeminal gan-
glion (TG), from which they extend central projections
toward the brainstem. Peripherally, trigeminal axons seg-
regate in three branches—the ophthalmic, maxillary, and
mandibular nerves—which follow specific routes to
innervate mechanoreceptors, thermoreceptors, and noci-
ceptors in the face, oral cavity, and nasal cavity.'*®

4.1 | Initial trigeminal axon outgrowth
Newly growing trigeminal axons seem to rely on chemor-
epulsion to acquire the peripheral direction. In fish, the
chemorepellent Sema3D expressed in the roof plate
repulses axons to the periphery.'”” Even though this
mechanism has not been confirmed in other vertebrates,
the expression of semaphorins in the chick TG such as
Sema3C in the early stages of axon growth'®® could indi-
cate the action of a similar system to direct trigeminal
axons outside the TG, toward the periphery and away
from the brain.

There is debate on whether or not neurotrophins are
required for the early stages of trigeminal neurite out-
growth. While some studies showed that neurites could
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emerge from TG explants when cultured in a
neurotrophin-free medium,'***** Bax/NGF KO experi-
ments indicated that some neurons depend on nerve
growth factor (NGF) signaling at the early stages of
peripheral axon outgrowth.''* Nonetheless, this require-
ment seems to affect only specific subpopulations of tri-
geminal neurons. For years, it was thought that BDNF
and NT3 emanating from maxillary tissues acted as a
long-range chemoattractant for maxillary trigeminal
axons. However, the KO mice for these molecules
showed no effect on trigeminal axon guidance.'’® This
finding and the fact that BDNF and NT3 are both
expressed in the target epithelium and in the pathway
mesenchyme point to the role of these molecules as
short-range attractants.

In the search for a long-range attractant candidate, a
recent study examined the role of Neuregulin 4 (Nrg4) in
trigeminal axon outgrowth."'* Nrg4 was able to promote
maxillary fiber outgrowth independent of neurotrophins
in vitro, being most responsive at E12. In vivo, this stage
corresponds to the day after the earliest trigeminal neur-
ites reach the maxillary cutaneous tissue. At E12,
Ngr4 '~ mice showed diminished maxillary innervation
in vivo. The neurites' path was correct, but they had just
not grown as far. Therefore, Nrg4 from the skin has no
influence in guiding the direction of growth, ruling out
its function as a long-range attractant. Since the axon
growth-promoting effect of Nrg4 is transient and does not
persist further than E16, it is possible that some fibers,
like the maxillary ones, use Nrg4 to sustain their initial
outgrowth until they reach an area closer to the target
where they can begin to depend on target-derived neuro-
trophins''* as development advances. Therefore, neuro-
trophin dependence of trigeminal axons varies across
axon types and timeframes.

4.2 | Trigeminal axon navigation to and
targeting

Once axons have begun extending, pathway regionaliza-
tion of trigeminal axons seems to be governed by contact
guidance. In chick, the TG is bilobed: one lobe contains
the neurons comprising the ophthalmic branch, and the
other lobe contains the neurons from the maxillary and
mandibular branches. Axons from the ophthalmic
branch differentially express EphA3, while maxillary and
mandibular axons have low levels of EphA3. EphrinA5
and EphrinA2 repress ophthalmic axons expressing high
levels of EphA3 from entering the first branchial arch
mesenchyme (the pathway for maxillary and mandibular
axons). Therefore, repulsive Eph-Ephrins interactions act
as an obstacle to prevent the entrance of high EphA3

expressing ophthalmic axons in improper regions''’
(Figure 4A).

In the innervation of the rodent whisker pad by max-
illary axons, Ephrin signaling has a different function.
Maxillary neurites access the developing whisker pad
from a caudal to a rostral direction. As axons enter the
whisker pad, they spread into fascicles that divide into
five-row nerves (rows A to E; Figure 4B) to then envelope
developing hair follicles (whiskers)."'® EphA4 is
expressed in the ventral region of the peripheral whisker
pad. EphA4~/~ mice exhibit a perturbed whisker pattern-
ing in which the dorsal rows show expected axon inva-
sion (rows A to D), but the whiskers and axons from the
most ventral row (E) are lost (Figure 4B). In the mutant
mice, ventral axons defasciculate abnormally and do not
associate with follicles.""” Thus, EphA4 seems to provide
a repulsion cue for axons approaching the ventral whis-
ker pad to prevent them from prematurely dissociating so
that accurate terminals innervate each whisker at the
correct time (Figure 4B).

During axon navigation toward the target, Sema3A
and Sema3F, expressed following a unique pattern in the
rodent face, restrict inappropriate innervation areas for
trigeminal PlexinA3+ and PlexinA4+ axons (Figure 4B).
Accordingly, the KO for these molecules results in the
defasciculation of trigeminal axons, more prominently
from the ophthalmic branch, leading to the invasion
areas from which they are usually blocked.''® In the
mandibular branch, which innervates the teeth, Sema3A
appears to be responsible for coupling tooth innervation
and morphogenesis by restricting the time axons can
access their innervation fields. Mice deficient in Sema3A
show premature innervation of the presumptive dental
mesenchyme.' "’

BMPs are other signaling cues that, in addition to pat-
terning, also have a role in axon guidance.'”” BMP4 is
expressed in the developing facial region, acts as a repul-
sive cue,"” and defines a specific permissive field for
ophthalmic axons to advance in the right direction in
between BMP-expressing regions (Figure 4B). Trigeminal
ophthalmic axons can sense this path and mediate a
response through the expression of Megf8, a modifier of
BMP signaling. Loss of Megf8 prevents axons from sens-
ing the BMP4 inhibition and leads to ophthalmic axon
defasciculation and reduced growth.'*?

4.3 | Trigeminal axon branching

When axons arrive in the vicinity of the skin, axon
branching is vital to spread out terminals across the facial
area. Although Slit/Robo signaling is usually repulsive,
Slit proteins seem to promote somatosensory axon
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FIGURE 4
innervation. (A) Ophthalmic branch

Facial trigeminal

regionalization. In chick, the TG is

bilobed. The ophthalmic portion of the [
TG extends axons that innervate the C
area surrounding the eye. These axons \
express EphA3, which prevents them

from entering the first branchial arch
mesenchyme that expresses high levels

of repulsive EphrinA5 and EphrinA2

and defines the path for maxillary and
mandibular axons. (B) Facial trigeminal
innervation in the mouse embryo. The
ophthalmic branch of the trigeminal

nerve is repulsed from inappropriate

areas by Sema3A and Sema3F

interaction with PlexinA4 receptors in
ophthalmic axons. BMP4 expression

defines a permissive channel for

ophthalmic axons to advance in the

right direction. Finally, Slits promote

axon branching around the eye. The

rodent maxillary branch innervates the

five rows of whiskers. In the most

ventral row (E), Eph-Ephrin interactions

prevent the premature defasciculation of

axons, ensuring each whisker's correct
innervation at the appropriate time.

TGop, ophthalmic portion of the

trigeminal ganglion; TGmm, maxillary

and mandibular portion of the

trigeminal ganglion

branching. In zebrafish, overexpression of Slit2 leads to
expanded branching and growth of trigeminal axons.
This action, however, requires the action of the sema-
phorin receptor PlexinA4.'** This novel function appears
to be conserved in mammals: Slit2/Slit3 or Robol/Robo2
double mutant mice show reduced axon branching
around the eye'** (Figure 4B).

Contrarily, Semaphorins exert a negative effect on
axon branching. Mutant Sema3A mice exhibit enhanced
trigeminal axon branching. Interestingly, this action
requires the activation of axonal Npnl, and Plexin co-
receptors as the KO for Npnl abolishes Sema3A-
mediated axon repulsion.*?

5 | INNERVATION OF THE
GUSTATORY SYSTEM

The gustatory system is responsible for the sense of taste.
Gustatory information from the environment is perceived
by specialized taste receptor cells in the taste buds that

EphrinA5
EphrinA2

Mandibular branch

reside in papillae and are distributed over the tongue, soft
palate, and epiglottis. The taste receptor cells are inner-
vated by primary gustatory neurons whose cell body is
located in the geniculate, the petrosal, or the nodose
ganglia. Studies of axon pathfinding in the gustatory sys-
tem have been more prominently focused on projections
from the geniculate ganglion that innervate the fungi-
form papillae in the anterior tongue through the chorda
tympani nerve. Due to this reason and space constraints,
we will discuss the main findings regarding geniculate
taste innervation in this section.

5.1 | Initial geniculate neurite extension

The initial outgrowth of gustatory axons depends on neu-
rotrophins. In vitro studies showed that the extension of
geniculate axons requires a neurotrophin in the culture
media. However, only BDNF, Neurotrophin4 (NT4), and
GDNF can support this process, whereas NT3 and NGF
cannot.'*> Even though some neurotrophin level is
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needed for axons to extend, none of them is exclusively
required. Ablation of BDNF or NT4 does not prevent
geniculate axons from reaching the tongue in vivo,'**'*’
indicating that these neurotrophins can act redundantly
to support axon extension. BDNF and NT4 do not seem
to work as long-range chemoattractants either. Even
though the mammalian tongue is known to promote
directed axon extension,'® in vitro experiments have
demonstrated that neither the absence of BDNF nor NT4
affect the chemoattractive properties of the tongue.'*®
Therefore, future studies should be directed toward iso-
lating said long-range chemoattractant in the developing
tongue.

Because there are different gustatory neuron popula-
tions with a distinct expression of TrkB and dependence
on neurotrophins,'* it has been proposed that the action
of BDNF and NT4 on the guidance of geniculate neurites
could be exerted by binding to the p75 neurotrophin
receptor. p75 has been found to be important in regulat-
ing gustatory axon guidance, and tongue innervation as
p75 null mice showed defects in this process and lost half
the geniculate neurons.””° However, the phenotype
resulting from p75~'~ mice is not the same as the ones
observed in Bdnf~’~ and Ntf4~/~ mice, and when p75 is
removed from gustatory neurons only, mutant mice show
normal taste and no loss of geniculate neurons.'*" These
findings indicate that p75 does not mediate the role of
BDNF and NT4 in gustatory axon guidance'* and that
the developmental function of p75 is exerted by the
expression of this receptor in other cell types of the neu-
ronal circuit toward the tongue. Deciphering the identity
of these p75-expressing cells could enable us to find novel
cell nonautonomous mechanisms important for the
establishment of innervation in different sensory systems.

5.2 | Axon navigation toward the lingual
epithelium

In mice, gustatory axon navigation toward the tongue
epithelial surface occurs between E11.5 and E13.5, and
axon penetration into the epithelium and targeting
occurs between E14 and E16.5. To ensure proper and
accurate innervation of fungiform papillae, these two
stages have different neurotrophin requirements. While
the first part depends mainly on epithelial NT4, the sec-
ond relies on BDNF expressed in both the lingual epithe-
lium and the fungiform papillae.

Gustatory axons from the chorda tympani nerve reach
the surface of the tongue epithelium by E11.5, and posi-
tion lateral and caudal to the papillae that they will
innervate'>>'*>'* (Figure 5). As the tongue expands
between E12 and E13.5, axons grow within the tongue

surface epithelium from lateral/caudal to medial/rostral
areas of the developing tongue'** (Figure 5). On E12.5,
there is a peak of NT4 expression in the tongue epithe-
lium, whereas BDNF levels are low.'** Then, the expres-
sion of NT4 decreases right before axon penetration in
the epithelium'*® (Figure 5).

As previously mentioned, NT4 has a growth-
promoting effect on geniculate neurites earlier in devel-
opment. However, at this stage, NT4 KO mice lose very
few fungiform papillae,””*"*” and axons target
normally,’*® dismissing the role of NT4 as a geniculate
axon attractant in vivo.'>° Instead, it seems that NT4 has
a crucial role in preventing axons from penetrating the
lingual epithelium too early,"*® as not only high doses of
NT4 can stunt geniculate axon growth in vitro'*® but also
overexpression of NT4 in the lingual epithelium during
axon targeting inhibits geniculate branching and explora-
tion within the epithelium.'*° These findings and the fact
that NT4 expression in the lingual epithelium is reduced
right before targeting—when axons have to penetrate the
epithelium and reach the fungiform placodes—indicate
that NT4 plays a dual role in tongue innervation: first, it
promotes the outgrowth of geniculate axons toward the
tongue mesenchyme and then it prevents the premature
penetration of geniculate fibers into the fungiform placo-
dal epithelium."*’

Nonetheless, neurites are still attracted to the tongue
because the developing taste epithelium also expresses
BDNF, which acts as the main short-range chemoattrac-
tant in the tongue. By E13.5, BDNF expression has
allowed axons to reach the vicinity of fungiform placodes
to almost touch them, but NT4 prevents their premature
contact'*® (Figure 5).

5.3 | Axon penetration and targeting in
the fungiform papillae

On E14.5, fibers from the chorda tympani nerve start to
defasciculate and penetrate the epithelial lingual surface
to innervate the gustatory papillae. This process depends
mainly on BDNF, the only chemoattractant identified in
the tongue.

BDNF is expressed in the taste placodes before they
receive the innervation, starting at E12.5.'*'"'** Then, as
the fungiform papillae mature, restricted focal expression
of BDNF promotes the growth of gustatory axons toward
the BDNF source'** (Figure 5). Mice lacking BDNF show
abnormal innervation patterns with  increased
branching,"**'*> which indicates that BDNF is both neces-
sary and sufficient for guiding geniculate fibers to inner-
vate their correct targets during development. Moreover,
target-derived BDNF also allows geniculate axons to
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E11.5

M Geniculate axons
AI>I<I

BDNF

FIGURE 5

Development of the innervation of the mouse tongue. On E11.5, the first geniculate axons arrive at the surface of the tongue

epithelium. At this point, axons become dependent on NT4. As the tongue expands, axons grow lateral/caudal to medial/rostral (yellow

shows the direction of progression). A peak of NT4 in the lingual epithelial prevents axons from penetrating the taste placode epithelium too

soon. On E13.5, NT4 expression in the lingual epithelium decreases, and BDNF expressed in the taste placodes attracts axons. Reduced

inhibition by NT4 and increased attraction by BDNF direct axons toward the vicinity of the developing gustatory papillae. On E14.5

geniculate axon penetration takes place. Axons defasciculate to penetrate the epithelial lingual surface to innervate the BDNF-expressing

fungiform papillae. The medial to lateral gradient of Sema3A, regulates the lateral to the medial progression of innervation by preventing the

premature access of axons to medial papillae. By E15.5, geniculate axons have reached the center of the papillae and the taste bud primordia.

On E16.5, there is the maximum proportion of innervated papillae. Blue and green bars represent axon dependence on NT4 and BDNF,

respectively

distinguish between taste and nontaste epithelia, as overex-
pression of BDNF in the entire lingual epithelium results
in the innervation of nontaste filiform papillae that ectopi-
cally express BDNF.'*> However, in absence of BDNF, a
few gustatory axons still reach and innervate fungiform
placodes, albeit 4 days after these neurons would normally
innervate their targets, at E18.5."*® This finding suggests
the presence of another chemoattractant expressed in the
tongue. Novel transcriptomic studies should focus on iden-
tifying this additional chemoattractant.

Further tuning and regulation of geniculate axon tar-
geting are achieved by chemorepellants. At this stage,
Sema3A is expressed in the lingual epithelium'*® in a
decreasing medial to lateral gradient’*>'** (Figure 5).
Because tongue innervation has been seen to proceed in
the opposite direction—from lateral to medial—it
appears that Sema3A regulates the order and progression
of geniculate innervation by preventing the premature
growth of taste sensory afferents into the epithelium.
Accordingly, in Sema3A™/~ mutant mice, geniculate
axons reach and penetrate the medial regions of the

tongue epithelium too early.'*®'*” Another semaphorin,
Sema3F is also expressed in the tongue epithelium; how-
ever, its function remains to be elucidated.!?®

More recently, a study has described how cell-contact
guidance cues also play a role in tongue innervation.
Right after the initial penetration, EphrinB2 is expressed
in fungiform papillae, while the receptors EphBl1 and
EphB2 are found in geniculate axons.'** Double KO mice
for EphB1 and EphB2 mice show a significant decrease
of innervation in the tongue that resembles the one
observed in the mouse whiskers in the absence of
EphA4.'*® This indicates that Ephrin signaling in the ton-
gue might regulate temporal axon arborization and
innervation of the taste epithelium. Nonetheless, while it
is known that Eph/Ephrin signaling is definitely needed
for correct gustatory innervation, is not known the spe-
cific action it has over axons: whether or not it halts axon
growth, or if the phenotype observed answers to the lack
of Eph/Ephrin signaling in other stages where its func-
tion may be more relevant. The use of conditional
mutants might elucidate this issue in the future.
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TABLE 1

Family Molecule

Eph-Ephrins

EphrinA2

EphA3

EphrinA3

EphA4

EphrinA5

EphA7

Developmental Dynamics

Sensory
system

Trigeminal
system

Trigeminal
system

Olfactory
system

Inner ear

Trigeminal

system

Olfactory
system

Trigeminal
system

Inner ear

NOMDEDEU-SANCHO anp ALSINA

Expression

First branchial
arch
mesenchyme

Axons of the
ophthalmic
branch of the
trigeminal nerve

Olfactory sensory
neurons

Fibroblasts of the
spiral ligament
and the spiral
lamina

Ventral region of
the peripheral
whisker pad

Olfactory sensory
neurons

Olfactory sensory
neurons

First branchial
arch
mesenchyme

SAG neurons

Ligand/receptor
expression

EphA3in
ophthalmic
trigeminal
axons

EphrinAS5 and
EphrinA2 in
first branchial
arch
mesenchyme

EphA receptors in
target cells of
the OB

Maybe Ephrin-B2
and Ephrin-B3
in cochlear
neurons

EphrinA4 in
trigeminal
maxillary axons

EphA receptors in
target cells of
the OB

EphAS5 receptors
in different-OR
expressing
olfactory
neurons

EphA3in
ophthalmic

trigeminal
axons

Undetermined

Summary of the main axon guidance molecules involved in peripheral sensory axon pathfinding

Function

Axon repulsion to
prevent
ophthalmic
axons from
invading the
maxillary and
mandibular
pathways

Axon repulsion to
prevent
ophthalmic
axons from
invading the
maxillary and
mandibular
pathways

Axon convergence
along the AP
axis of the OB
(not known if
axon repulsion
or attraction)

Axon repulsion to
ensure the path
to Organ of
Corti

Axon repulsion to
regulate proper
timing of axon
defasciculation
and innervation
of the whiskers

Axon convergence
along the AP
axis of the OB
(not known if
axon repulsion
or attraction)

Axon repulsion to
converge in
different
glomeruli

Axon repulsion to
prevent
ophthalmic
axons from
invading the
maxillary and
mandibular
pathways

Axon attraction-
promotion of
axon outgrowth

Species

Chick

Chick

Mouse

Mouse

Mouse

Mouse

Mouse

Chick

Mouse

Reference

115

115

82

34.35

117

82

77,104

115

36
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TABLE 1 (Continued)

Sensory

Molecule system

EphrinB2

Family

Gustatory
system

Semaphorins Sema3A Inner ear

Olfactory
system

Trigeminal
system

Gustatory
system

Expression

Lingual
epithelium

Epithelium of
extending
semicircular
duct walls

Olfactory sensory
neurons that
have innervated
the dorsal
aspect of the OB

Ventral midline of
the OB

Developing facial
skin around the
eye

Presumptive
dental
mesenchyme

Medial to lateral
gradient in the
developing
tongue

Bitter TRCs

Ligand/receptor

expression

EphB2 in
geniculate axons

Npnl in SAG
neurons

Npn2in a
gradient ventral
to dorsal in the
OE

Npnl in olfactory
axons

Npnl and
PlexinA3 and
PlexinA4 co-
receptors in
trigeminal
axons

Npnl in
mandibular
trigeminal
axons

Maybe Npn2 in
geniculate axons

Undetermined

lopmental Dynamics

Function

Probably axon
repulsion to
regulate proper
timing of axon
defasciculation
and innervation
of the taste
epithelium

Axon repulsion to
prevent SAG
neurites to
travel past their
targets in the
cristae

Axon repulsion to
direct olfactory
axons to the

ventral region of

the OB

Axon repulsion to
steer olfactory
axons to lateral
areas of the OB

Ophthalmic axon
repulsion to
avoid premature
defasciculation
and invasion of
improper areas

Regulation of
axon branching

Mandibular axon
repulsion to
ensure proper
timing of dental
mesenchyme
innervation

Axon repulsion to
prevent
premature
geniculate axon
growth and
penetration of
the lingual
epithelium

Presumably bitter
geniculate axon
attraction
toward bitter
TRCs

WILEY_L

Species

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Reference

148

42-44

92,93

94,98,99

118

43

119

128

153

(Continues)

a5UBD17 SUOWWOD dAIEaID 3|gedt|dde ay) Aq pautenoh ale saie YO ‘asn Jo sanl Joy Akeiqi autiuQ A3]IAA UO (SUO I IPUOD-pUR-SWUIBY/WOD A3 | 1M Alelq 1pUlUO//:SANY) SUOIIPUOD PUe SWid | U} 88S “[2202/TT/0T] uo ARlqiauluo 8|1 eide nedwod RseAIUN A €26 APAP/Z00T 0T/I0p/wod B | 1M Azl putiuo sgndAwioreue/sdny woly papeojumoq ‘0 ‘L. T0L60T



s | WILEY

TABLE 1 (Continued)

Molecule

Sema3C

Family

Sema3F

Sema5B

Sema7A

Slits Slitl

Slit2

Slit3

Netrins DCC

Developmental Dynamics

Sensory
system

Trigeminal
system

Inner ear

Trigeminal
system

Inner ear

Gustatory
system

Olfactory
system

Inner ear

Trigeminal
system

Inner ear

Inner ear

NOMDEDEU-SANCHO anp ALSINA

Expression

Trigeminal
ganglion

Outer hair cells

Developing facial
skin around the
eye

Immature hair
cells

Sweet TRCs

Ventral region of
the OB

Sensory patches of
the otocysts

Spiral limbus of
the organ of
Corti

Possibly facial
skin

Sensory patches of
the otocysts

SAG neurons

Ligand/receptor
expression

Undetermined

Npn2 in type I
auditory
neurons

PlexinA3 and
PlexinA4+ in
trigeminal
axons

PlexinA1l on type I
auditory
neurons

Undetermined

Robo2 in olfactory
neurons of the
OE in a dorsal
to ventral
gradient

Robo2 in SAG
neurons

Robol/2 in SAG
neurons

PlexinA4 and
Robo2 in
trigeminal
axons

Robo2 in SAG
neurons

Undetermined

Function

Axon repulsion
might shoot
trigeminal
axons outside
the TG and to
the periphery

Axon repulsion to
direct type I
auditory
neurons to their
targets in inner
hair cells

Ophthalmic axon
repulsion to
avoid premature
defasciculation
and invasion of
improper areas

Regulation of
axon
debranching

Presumably sweet
geniculate axon
attraction
toward sweet
TRCs

Axon repulsion to
restrict the
access of
dorsally
targeting axons
into the ventral
region of the OB

Axon repulsion to
allow axons to
travel past
attractive
sensory patches
and reach
farther ones

Spatial restriction
of auditory
neurons in the
Rosenthal canal

Branching and
growth of
trigeminal
axons

Axon repulsion to
travel to farther
sensory patches

Axon attraction to
cochlea and
vestibular
sensory patches

Species
Chick

Mouse

Mouse

Mouse

Mouse

Mouse

Chick

Mouse

Zebrafish

Chick

Mouse

Reference

108

45

118

46

153

89,90

40

41

123

40

37
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TABLE 1 (Continued)

Sensory
Family Molecule system Expression
Neurotrophins BDNF Inner ear Vestibular sensory
patches; cochlea
in a apex to base
gradient
Gustatory Fungiform
system papillae
NT3 Inner ear Base of the
cochlea
NT4 Gustatory Lingual
system epithelium
GDNF Lateral line  Lateral line
primordium
NGF Trigeminal  Facial skin
system

54 | Innervation of specific taste
receptor cells in the taste buds

Finally, once taste afferents have reached the taste buds
in the fungiform papillae, they establish connections with
the multiple taste receptor cells. Each taste receptor cell
recognizes and relays information about one of the basic
taste qualities: bitter, sweet, sour, salty, and umami.'*
Similarly, most ganglion neurons are also tuned to single
taste qualities.'*® Given that different types of taste recep-
tor cells are intermingled in the taste buds, how can
axons distinguish their precise target taste receptor cell?
Unlike the olfactory receptors in the olfactory system,
taste receptors are not indispensable for ensuring the
connection between taste receptor cells and their tar-
gets.””1>? Lee et al.'>® determined that Sema3A and
Sema7A had a prominent role in wiring bitter and sweet
axons, respectively. Deletion of Sema3A from bitter taste
receptor cells in mice led to almost 50% of bitter-
responsive neurons responding to other qualities. Misex-
pression of Sema3A in sweet taste receptor cells was able
to redirect bitter axons to sweet taste receptor cells. When
examining Sema?7a, researchers found similar results but
in the sweet taste pathway.

Developmental Dynamics

WILEY_l ¥

Ligand/receptor
expression Function Species Reference
TrkB in SAG Axon attraction Mouse 54
neurons toward the
vestibular
sensory patches
and the apex of
the cochlea
TrkB in geniculate ~ Axon attraction Mouse 135,144
axons toward the
gustatory
papillae
TrkB in SAG Axon survival Mouse 54
neurons
TrkB in geniculate  Axon repulsion to Mouse 126,139

neurons regulate the

proper timing of

axon
penetration
Ret51 in pioneer Axon growth Zebrafish 58
sensory axons through
enhancement of
Myo10 and
growth cone
dynamics
TrkA in Axon attraction Mouse 102
trigeminal early stages of
axons outgrowth

Overall, these data emphasize the role of Sema3A and
Sema7A as guiding cues for establishing the bitter and
sweet taste pathways. However, the receptors for Sema3A
and Sema7a on the axons of ganglion neurons remain
undetermined. Moreover, the fact that in combined dele-
tion and misexpression of Sema3A, 30% of bitter-
responsive axons were able to reach their correct
targets'>> points to the presence of other possible unde-
scribed signals contributing to the establishment of the
specific cellular target.

6 | CONCLUSION AND FUTURE
PERSPECTIVES

Santiago Ramon y Cajal, in the XIXth century, already
proposed that axons would grow under the influence of
molecules from surrounding tissues.">* Since the identifi-
cation of the first axon guidance molecules, a vast
amount of studies has expanded the repertoire and has
revealed that the molecular system is rather redundant to
ensure robustness in the wiring of the nervous system.
From this review, it is apparent that the different sensory
systems share most of the guidance cues families
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NOMDEDEU-SANCHO anp ALSINA

(Semaphorins, Eph/Ephrin, Slits, and Neurotrophins)
with small variations in their action and their combina-
torics (Table 1). For instance, Sema3A is used in the
olfactory bulb and Sema3F in the cochlea to repulse
axons and prevent incorrect targeting. However, it
remains to address whether these two guidance cues are
completely interchangeable or if each one triggers spe-
cific signaling events. Most functional studies in sensory
systems have been carried out in mice, but the zebrafish
model provides a new tool to assess time axonal growth
in real-time and discriminate between defects in exten-
sion, fasciculation, targeting, or survival. The combina-
tion of multiplexing gene editing and live imaging
techniques can provide novel data of the precise temporal
and spatial action of the guidance cues, the identification
of novel ones, and improve quantitative analysis.

Besides cell signaling and transcriptional mecha-
nisms, a new focus has been put on biophysical forces
exerted by tissues. As demonstrated in the zebrafish
olfactory placode, pushing and pulling forces and cell
movements affect sensory axon formation and extension.
Further studies in this direction are needed.

Moreover, it remains to be addressed if all these
mechanisms described in animal models are conserved in
humans. Due to ethical concerns, the human embryo
cannot be studied at the time when sensory axon target-
ing occurs. However, recent advances in the stem cell
research field, namely the use of organoids, have begun
tackling the inaccessibility problem for many embryonic
organs and tissues. So far, human pluripotent stem cell-
derived organoids have been described for some sensory
systems, including the inner ear,'*> and the skin."*® In
addition, lingual organoids have been produced using rat
stem cells,”” and the translation of this protocol to
human stem cells could be assessed in the future. Since
organoids maintain organ cellularity and architecture,
this system can serve as a valuable tool to study human
axonal growth and targeting.

All in all, a proper sensory function is crucial for the
survival of an organism. Further understanding of the
rules of sensory innervation in embryonic and adult tis-
sues will benefit the regeneration of sensory nerves after
damage.
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