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Abstract

Thyroid hormone (T3) plays a critical role in the develop-
ment of the central nervous system and its deficiency during
the early neonatal period results in severe brain damage.
However the mechanisms involved and the genes specifically
regulated by T3 during brain development are largely un-
known. By using a subtractive hybridization technique we
have isolated a number of cDNAs that represented mito-
chondrial genes (12S and 16S rRNAs and cytochrome c
oxidase subunit I). The steady state level of all three RNAs
was reduced in hypothyroid animals during the postnatal
period and T3 administration restored control levels. During
fetal life the level of 16S rRNA was decreased in the brain of
hypothyroid animals, suggesting a prenatal effect of thyroid
hormone on brain development. Since T3 does not affect the
amount of mitochondrial DNA, the results suggest that the
effect of T3 is at transcriptional and/or postranscriptional
level. In addition, the transcript levels for two nuclear-en-
coded mitochondrial cytochrome c oxidase subunits: sub-
units IV and VIc were also decreased in the brains of hypo-
thyroid animals. Hypothyroidism-induced changes in mito-
chondrial RNAs were followed by a concomitant 40%
decrease in cytochrome c oxidase activity. This study shows
that T3 is an important regulator of mitochondrial function
in the neonatal brain and, more importantly, provides a
molecular basis for the specific action of this hormone in
the developing brain. (J. Clin. Invest. 1995. 96:893-899.)
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Introduction

In vertebrates, thyroid hormone (T3)' is essential for many
fundamental processes, including normal development, growth,
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and metabolism (1-3). Thyroid hormone is also known to
exert dramatic morphological, biochemical, and physiological
changes on amphibian metamorphosis (4). These actions are
primarily exerted on the genome after T3 binds to specific nu-
clear receptors (TR) that activate or suppress thyroid hormone-
responsive genes (5). Several isoforms of TRs have been iso-
lated and shown to be members of a superfamily of ligand-
activated transcriptional regulatory proteins, sharing a highly
conserved DNA-binding domain and less well conserved
COOH-terminal regions required for ligand binding. The en-
hancement of promoter activity by TR requires a sequence spe-
cific interaction of the receptor with a thyroid hormone response
element (5, 6). TRs are believed to function as homodimers or
as heterodimers with proteins such as retinoid X receptors (7).

It is known that adequate thyroid hormone levels are abso-
lutely required for normal development of the central nervous
system. Thyroid hormone deficiency during development leads
to growth abnormalities and irreversible mental retardation (4,
8). In humans the syndrome, called cretinism, includes deaf-
mutism, short stature, and profound mental retardation. Experi-
mentally induced hypothyroidism in rats results in numerous
abnormalities, including reduction in dendritic arborization of
cerebellar Purkinje cells, reduction of neuronal outgrowth, poor
connectivity among neurons, changes in microtubule content
and impaired myelin deposition, cell migration, and synaptogen-
esis (8). In the rat, normal brain development requires the
presence of T3 during the period between 10 and 15 d after
birth and its deficiency during the early neonatal period results
in severe brain damage (8, 9). This is an important period for
neuronal differentiation and maturation and during the first 30
d postpartum a rapid myelogenesis and intense glial prolifera-
tion and development of neuronal processes take place (10).
Wehave observed that during this period both the number of
T3 receptors and the amount of receptor mRNA(11, 12) rise
together with the level of T3 in brain. Little is known however
of the genomic targets for ligand-activated TR in this complex
biological program. In this context, we have recently shown
that the early gene NGFI-A, which is thought to be implicated
in proliferation and differentiation processes, is highly regulated
by thyroid hormone in the developing brain ( 13, 14). In tissues
different from the brain including heart, kidney, liver, and skele-
tal muscle, T3 regulation can be explained, at least in part, by
a control over mitochondrial function. However, although the
neurologic symptoms displayed by hypothyroid patients resem-
ble, in part, those caused by mitochondrial dysfunction, there
have been contradictory data regarding a role of T3 in the mito-
chondria of the central nervous system (15, 16).

To identify genes whose expression is dependent on thyroid
hormone during brain development, we have used a subtractive
hybridization technique to isolate cDNAclones whose cognate
messengers are expressed more abundantly in euthyroid brain.
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Wehave isolated several cDNA clones, three of which code
for known mitochondrial genes: 12S and 16S mitochondrial
(nf) rRNAs and the subunit III of cytochrome c oxidase (COX
III). In accordance with the changes in the levels of these
RNAs, the specific activity of the inner membrane enzyme cyto-
chrome c oxidase was also reduced in hypothyroid animals
when contrasted with age-matched controls. Our data also show
a biological action for T3 even during the gestation period. The
results presented here are direct evidence that removal of T3
produces specific deficits in the brain mitochondria of neonatal
rats and provide a molecular basis for the specific action of this
hormone in the developing rat brain.

MeUds

Animal treatment. To induce fetal and neonatal hypothyroidism, dams
were given 0.02% methylmercaptoimidazole (MMI) in drinking water
at day 9 of pregnancy. MMI administration was continued throughout
the lactating period. On postnatal day 5 pups were surgically thyroidec-
tomized. Adult hypothyroidism was induced with MMI treatment for 3
wk. With these treatments, cytosolic T3 was below the level of detect-
ability. For the time-course experiments, 12-15-d-old hypothyroid (Tx)
raM were injected intraperitoneally with T3 (200 Mtg/ 100 gram of body
weight, once daily) and killed at the indicated times. Control animals
received saline injections. Animals were killed at different ages by
decapitation and the tissues were rapidly removed, dissected, and frozen.

Subtractive hybridization. 2 jg of poly(A)+ RNA isolated from
the cerebral cortex of 15-d-old euthyroid animals were used to generate
an oligo(dT)-primed library in the plasmid vector Bluescribe M13+
(Stratagene Inc., LaJolla, CA), modified as in reference 17. For the
synthesis of the subtracted probe, first strand cDNA was synthesized
from poly(A)+ isolated from 15-d-old euthyroid cerebral cortex and
mixed with an excess of poly(A) + RNA extracted from the same
brain region of 15-d-old hypothyroid rats. Selection for the unhybridized
(single-stranded) cDNA was performed with hydroxyapatite (Bio-Rad
Laboatories Inc., Brussels, Belgium) equilibrated with 0.12 Msodium
phosphate buffer (pH 6.8) at 60C in a water-jacketed column. Isolated
single-stranded cDNAwas then subjected to a second round of subtrac-
tion. The subtracted probe obtained was radiolabeled with [a-32P]dCTP
to high specific activity by random priming and used to screen 120,000
clones from the euthyroid library. Clones representing putative thyroid
hormone-regulated cDNAs were then differentially screened. cDNA
clones picked up in this secondary screening were restricted to release
#w cDNA inserts and run on agarose gels. Gels were Southern-blotted
onto duplicate nylon (Nytran; Renner GmbH, Dannstadt, Germany)
membranes and again differentially screened. The putative positive
clones were used for subsequent sequencing and expression analysis.

Northern blot analysis. Total RNAwas extracted by homogenization
in guanidinium thiocyanate as previously described ( 18). 10 jig of RNA
were electrophoresed on a 2.2-M formaldehyde, 1% agarose gel in 1
X Mops buffer at 100 V for 3-4 h and transferred to nylon membranes.
The different probes were generated using random primers ( > 108 cpm/

tg) and hybridized with the membranes for 20 h at 420C (50% for-
mamide, 3 x SSC, 0.2% SDS). COXIV and COXVIc cDNAs were
obtained by PCRamplification as follows: COXIV, (forward primer:
5 '-CAG CAGTGGCAGAAT GTT GG-3'; reverse primer: 5 '-ATC
AAAGGTATGAGGGATGGGG-3') that will amplify a fragment
of 414 bp (nucleotide [nt] 59-473) and COXVIc, (forward primer:
5 '-ATT GGGCTCACTTCCTGC-3'; reverse primer: 5 '-ACC CCA
TCA AGCAGAACC-3') that will amplify a fragment of 277 bp (nt
28-305). The washing conditions were 2 X SSC and 0.5% SDS at
650C for mild washing and then 0.2 x SSC and 0.5% SDS at 650C for
stringent washing. Methylene blue staining of the membranes was used
as loading control. For quantification autoradiographs were scanned with
a Silver Scanner densitometer (La Cie, Tualatin, OR) and the optical
densities of each specific signal were normalized with the corresponding

value obtained for the 28S and 18S rRNA. Values in the text are the
mean of three different experiments corresponding to three different
groups of animals.

DNA slot blot analysis. For DNA preparation, brains from two
control and two hypothyroid animals were extracted after treatment
with proteinase K and DNase-free RNase as previously described (19).
Different amounts of total DNA were blotted to Zeta-probe filter
(BioRad Laboratories Inc.) using the Manifold II system (Schleicher &
Schuel, Inc., Keene, N.H.) and fixed on the filter following the manufac-
tures indications. To quantify the mtDNA, filters were probed at high
stringency with an [a-32P]dCTP-labeled rat 16S rRNA clone. After
several washes with 0.1% SDS, 0.1 x SSC at 680C the filter was
autoradiographed at different periods of time to be sure that the signal
was in the linear range of response.

Determination of cytochrome c oxidase activity. Control and hypo-
thyroid brains from 15-d-old animals were homogenized in 5 ml of 20
mMTris-HCl, pH 8.0, 0.2 mMEDTA, 1 mMDTT, 10% glycerol, and
1 mMPMSF. COX activity was determined in the homogenate as
previously described (20). Protein content was measured by the proce-
dure of Bradford (21). The data correspond to the average of at least
three determinations in each of two independent experiments. P
< 0.002.

Statistical analysis. Statistical analysis were performed using Stu-
dent's t test. Values are reported as the mean±SD. P values 5 0.05
were considered significant.

Results

Cloning and expression of T3-sensitive RNAs in developing rat
brain. To identify genes whose expression is dependent on thy-
roid hormone during brain development, we used a subtractive
hybridization technique. Since it is known that, in the devel-
oping rat brain the first 3 postnatal wk seem to represent a
period of particular sensitivity to thyroid hormone (22), both
the library and the subtracted probe were constructed from
poly(A)+ RNA isolated from the cerebral cortex of 15-d-old
euthyroid neonates. Using this technique we identified, in addi-
tion to other cDNAs, three independent clones initially named
1B2 (0.6 kb), 1D6 (1.0 kb), and 2A9 (0.85 kb). Sequence
analysis of these clones and search of the GenBank and EMBL
databases revealed that they encoded the two mitochondrial
rRNAs (12S and 16S) and the subunit III of cytochrome c
oxidase, respectively. The regions of the rat mitochondrial ge-
nome represented by these cDNAs are as follows: 12S rRNA,
from nt 70 to nt 685; 16S rRNA, from nt 1106 to nt 2098 and
cytochrome c oxidase, from nt 8638 to nt 9440.

The effect of thyroid hormone on these genes was studied
by Northern blot analysis of total brain RNA, extracted from
control and hypothyroid animals at different ages. Early hypo-
thyroidism markedly diminished the steady state level of all
three RNAsobserved in control animals, ranging between two-
and fivefold reduction depending on the specific RNAand the
age of the animal (Figs. 1 and 2). In general, this reduction
can be observed throughout the whole neonatal period. Hypo-
thyroidism induced in adult rats also caused a significant de-
crease on 12S rRNA levels (2.2-fold) although we did not
observe significant changes in the concentration of both 16S
rRNA and COXIII mRNAin these animals. After hormone
administration, the content of 12S rRNA and COXIII mRNA
in hypothyroid 15-d-old animals slowly increased, reaching nor-
mal levels 48-72 h after treatment (Figs. 1 and 2). A similar
pattern of response to T3 was also found for 16S rRNA (data
not shown).

Although it has been a matter of controversy during many
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Figure 1. Thyroid hormone regulation of brain mitochondrial genes
(12S rRNA, 16S rRNA, and COXIII) during development. Northern
analysis were performed as described in Methods. Representative auto-
radiograms are shown. F, fetuses; N, neonates; A, adult; C, control; Tx
+ T3, Tx injected with a daily dose of T3 (200 Ag/100 grams of body
weight) and killed at the indicated times after the first injection.

years whether thyroid hormone could affect brain development
before birth (23) and the generalized idea was that T3 was not
required during fetal life, our results show that thyroid hormone
deficiency during development also led to changes in the expres-
sion of the 16S gene in 19-d-old fetuses. Thus, as shown in
Figs. 1 and 2, the brain of 19-d-old hypothyroid fetuses showed
a twofold reduction in 16S rRNA levels. A similar reduction
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on 12S rRNA levels was also observed in hypothyroid NO,
suggesting also a prenatal regulation of this gene by T3.

Since the genes coded in the mitochondrial genome are
transcribed from a single promoter region (24), we further
determined whether the control of T3 over mtRNAwas a gener-
alized one. For this purpose, we measured the steady state levels
of other representative mitochondrial-encoded transcripts: cyto-
chrome c oxidase subunit I (COX I), apocytochrome b and
NADHdehydrogenase subunit 4 (ND4), not picked up in our
screening. As shown in Fig. 3, the levels of all of them were
significantly reduced in hypothyroid animals, suggesting that T3
is regulating the concentration of all mitochondrial transcripts.

Effect of thyroid hormone on mitochondrial gene expression
in the liver. Wenext examined whether the effects of hypothy-
roidism upon brain mitochondrial gene expression during devel-
opment were similar in other T3 responsive tissues. In contrast
with the situation in the brain, a significant decrease in 12S
rRNA was observed 12 h after T3 administration to 15-d-old
animals. No differences were observed in steady state levels of
both 12S and 16S rRNAs in the liver of 15- and 30-d-old
hypothyroid rats (Fig. 4). These results are in contrast with
data reported by other authors showing no effect or even an
stimulatory effect of T3 on 12S rRNA levels in the adult liver
(25, 26). In agreement with previous reports in adult rats (27),
the levels of COXIII transcripts were slightly reduced in the
liver of 15-d-old animals, and increased 48 h after hormone
treatment to reach higher values than those found in euthyroid
animals (2.5-fold). These results suggest important differences
in the regulatory factors controlling these genes in the different
tissues.

Effect of hypothyroidism on mtDNA content in the devel-
oping brain. To know if the decrease in mtRNAs observed in
hypothyroid brain was due to a reduction in the number of
mitochondria per cell, we next examined the effect of thyroid
state on brain mtDNA content. Total DNA isolated from the
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Figure 2. Content of 12S rRNA,
16S rRNA, and COXHI mRNA
in control and hypothyroid brain
during development. Steady state
(A) and kinetics analysis (B) of
1B2 (12S rRNA), 1D6 (16S
rRNA), and 2A9 (COX III)

TI T mRNAswere performed in con-

trol and hypothyroid animals of
*f *different ages. RNAlevels were

determined by densitometric anal-
ysis of three different Northern's

* | *, I corresponding to three different
Ii ll experimental groups. The hybrid-
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- ization signals were quantitated in
A a Silver Scanner densitometer and

Nc normalized to the methylene blue
* Tx signal. Results are expressed as
OTx+T3 mean±SD. *P c 0.05 vs C (A)

or Tx (B); **P 0.01 vs C (A)
or Tx (B). ***P < 0.001 vs C.
F, fetus; N, neonate; A, adult; C,
control; Tx + T3, Tx injected with

I i a daily dose of T3 (200 ,ug/100
grams of body weight) and killed
at the indicated times after the first
injection.
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brains of control and hypothyroid 15-d-old neonates was probed
with a rat mitochondrial probe. As shown in Fig. 5, the abun-
dance of mitochondrial DNAwas unaltered despite the observed
changes in mitochondrial transcripts, indicating that mitochon-
drial gene expression is regulated by T3 at the level of transcrip-
tion and/or RNAstabilization and not by gene dosage.
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Figure 4. Thyroid hormone regulation of liver mitochondrial genes (12S
rRNA, 16S rRNA, and COXIII) during development. N, neonate; C,
control; Tx + T3, Tx injected with a daily dose of T3 (200 pg/I 100
grams of body weight) and killed at the indicated times after the first
injection. (A) Northern analysis were performed as described in Meth-
ods. The autoradiograms shown are representative of three different
experiments. (B) Densitometric analysis of three different Northern's
corresponding to three different experimental groups. Results are ex-
pressed as mean+SD. *P < 0.05 vs Tx, **P < 0.01 vs Tx.

Figure 3. Thyroid hormone regu-
lation of brain mitochondrial
genes (COX I, apocytochrome b,
and ND4) during development. F,
fetuses; N, neonate; C, control;
(A) Northern analysis were per-
formed as described in Methods.
The autoradiograms shown are
representative of three different
experiments. (B) Densitometric
analysis of three different North-
ern's corresponding to three dif-
ferent experimental groups. Re-
sults are expressed as mean±SD.
*P c 0.05 vs C.

Effect of hypothyroidism on the expression of nuclear-en-
coded mitochondrial sequences. To determine whether there is
a coordinated decrease in the expression of both nuclear and
mitochondrially encoded transcripts, we measured the levels
of mRNAsfor two nuclear-encoded subunits of cytochrome
c oxidase: subunits IV and VIc, in the brains of control and
hypothyroid animals. As shown in Fig. 6, congenital hypothy-
roidism caused a significant twofold reduction on the mRNA
levels for the two tested subunits of cytochrome c oxidase in
6- and 15-d-old neonates. By contrast, no differences were de-
tected in 30-d-old animals. This phenomenon of late normaliza-
tion of mRNAlevels in the brain of hypothyroid animals, has
been already observed with other T3-regulated sequences, and
is different depending on the brain region studied (14, 28). As
happened with mitochondrially encoded mitochondrial RNAs,
T3 treatment to 6-d-old hypothyroid neonates increased the lev-
els of the two nuclear-encoded mitochondrial transcripts studied
(data not shown).

Effect of hypothyroidism on brain cytochrome c oxidase
activity. Finally, to ensure that the changes in mtRNAs had a
functional significance in the mitochondria we also studied the
cytochrome c oxidase activity in brains isolated from control
and hypothyroid 15-d-old neonates. In keeping with the mtRNA
data, we found a significant (40%) decrease in COXactivity
in the hypothyroid brain (Table I).

0.5 jig 1 Rg 2 jig
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C
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Figure 5. Effect of hypothyroidism on brain mtDNAcontent. Different
amounts of DNAisolated from the brains of 15-d-old control (C) or
hypothyroid (Tx) animals were loaded onto nylon membranes and hy-
bridized with the cDNA to the 16S rRNA gene. Blots were scanned
with a Silver Scanner densitometer and used to measure mitochondrial
DNAcontent.
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Figure 6. Thyroid hormone regu-
lation of nuclear-encoded brain
mitochondrial genes (COX IV
and COXVIc) during develop-
ment. N, neonate; A, adult; C,

mC control. (A) Northern analysis
0 Tx were performed as described is

Methods. The autoradiogram
shown are representative of three
different experiments. (B) Densi-
tometric analysis of three different
Northern's corresponding to three
different experimental groups. Re-
sults are expressed as mean±SD.
*P _ 0.05 vs C; **P < 0.01
vs C.

Discussion

The present study clearly demonstrates thyroid hormone regula-
tion of mitochondrial genes during brain development. Thyroid
hormone is one of the main regulators of basal metabolic rate
in mammals. Due to its stimulatory action on basal metabolism,
thyroid hormone increases respiration. However, each tissue
responds in a different fashion and whereas a wealth of evidence
has been presented that thyroid hormone increases the respira-
tory rate in liver, heart, and kidney (16, 29), there is a great
controversy concerning thyroid hormone action on the brain
mitochondria. Although there are several reports showing
changes in some mitochondrial functions in the brain of hypo-
thyroid animals, studies measuring oxygen consumption have
failed to observe any differences between control and hypothy-
roid brain (15, 16, 30). Our results clearly show that the lack
of T3 results in significant changes in the levels of both, nuclear-
encoded and mitochondrially encoded, mitochondrial RNAs.
The level of all the subunits of the cytochrome c oxidase mea-
sured are significantly lowered in the brains of 15-d-old hypo-
thyroid animals and, as a consequence, there is a significant
reduction in COXactivity. These results are in agreement with
previous data from Battie et al. (31) showing a diminished
activity of the COXenzyme in synaptosomal mitochondria from
14-d-old hypothyroid rats. The above observations also support
earlier studies showing an effect of T3 on oxidative phosphory-
lation (32) as well as morphological alterations of brain mito-
chondria during neonatal hypothyroidism (33).

Although the targets of T3 action on the developing brain

Table I. Effect of Neonatal Hypothyroidism on the Specific
Activity of COXEnzyme in the Brains of 15-d-old Neonates

Percentage of
Specific activity control value

mU/mgprotein

C 161±20 100
Tx 97±9 60

C, control. The data correspond to the average of at least three determi-
nations in each of two independent experiments. P < 0.002.

are not well known, the importance of adequate levels of thyroid
hormone during the perinatal period, has been known for years.
However, it was thought that the presence of T3 during fetal life
was not necessary since, to our knowledge, conclusive evidence
regarding a prenatal role of T3 in rat brain development is still
lacking. In this report we present direct evidence supporting a
role of T3 in the development of the central nervous system late
in gestation. Our results clearly show a significant decrease of
16S and 12S rRNAs in the brains of hypothyroid F19 and M),
respectively. In fact, it now appears that thyroid hormones are
present in the fetal brain even before endogenous hormone syn-
thesis, and the presence of this hormone as well as its receptors
has been shown in rats (11, 34) and in humans (35). Our data
support the idea that the "critical period" in the rat in which
the brain is particularly sensitive to the action of T3 , originally
proposed as beginning of birth, could be extended to the end
of pregnancy. On the other hand, since it has been shown th
differentiation of mitochondria occurs very rapidly after birth
(36), these results suggest that normal mitochondrial matura-
tion is impaired in the brain of hypothyroid neonates.

An interesting observation is the differential regulation by
T3 of the different mitochondrial RNAsin the different tissues.
Although, in agreement with previous reports in adult rats (27),
the levels of COXIm transcripts in the liver mitochondria are
slightly reduced in the hypothyroid animals and increase after
hormone treatment, the concentration of 12S rRNA is sigmofi-
cantly lowered in the livers of 15-d-old hypothyroid nDonmes
12 h after the injection of T3. Whatever the mechanisms under-
lying this differential regulation, there might be important dif-
ferences in the regulatory factors of these genes in liver as
opposed to brain. In this regard it should be mentioned that
thyroid hormone receptors belong to a large family of ligand-
activated transcriptional enhancer proteins (5) that regulate
gene transcription through a complex combinatorial pattern of
interactions between the different members of the family and
with other nuclear proteins (7, 37, 38). Therefore, regulation
of these coregulatory proteins in a tissue- and/or temporally
specific manner could account for the observed uncoordinated
regulation of mtRNAs in brain and liver.

The mechanisms that control mitochondrial gene expression
are at present poorly understood. There are several reports
showing control at the level of gene dosage, with the amount
of mitochondrial transcripts reflecting the content of mtDNA
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per cell (39). However, in cells undergoing differentiation, reg-
ulation at transcriptional and translational levels has been de-
scribed (40, 41). Our data showing regulation of all the mito-
chondrial transcripts tested, together with the lack of differences
in the mtDNA content between control and hypothyroid neo-
nates, strongly suggest an effect of thyroid hormone on mito-
chondrial transcription and/or RNA stabilization. Mitochon-
drial binding sites for thyroid hormone have been postulated
since 1975 (42, 43), and different proteins have been suggested
to be the mitochondrial T3 receptor (44). However, the speci-
ficity of these mitochondrial binding sites has been questioned
since then, and specific binding of thyroid hormone to the mito-
chondria appears to be very questionable. On the contrary, nu-
clear T3 receptors are very well characterized and, since their
discovery in 1972 by Oppenheimer (45), are thought to mediate
most of the cellular actions of thyroid hormone. In view of
these evidences, and taking into account the delayed kinetic
response to T3 of brain mitochondrial transcripts, it is very
probable that T3 action on mitochondrial transcription is exerted
trough its nuclear receptors.

To date, the genetic control of mitochondrial function is
largely unknown. Several nuclear genes for proteins involved
in mitochondrial transcription have been cloned, including those
for a human mitochondrial transcription factor (h-mtTFA) (46,
47), the human and mouse genes for the RNAsubunit of mito-
chondrial RNA-processing endonuclease (48), a ribonucleo-
protein enzyme that is thought to cleavage light-strand tran-
scripts to form primers for heavy-strand DNAreplication, and
the yeast mtRNA polymerase (49). It has also been cloned a
human gene coding for a protein designated as nuclear respira-
tory factor-i (NRF-1), which plays a role in the coordinate
expression of nuclear-encoded respiratory chain subunits (50).
Little is known however of the transcription factors controlling
rat mitochondrial transcription. Therefore, the understanding of
the observed T3 effects on brain mitochondria will pass for the
identification of these proteins as well as a profound study of
their regulation by T3.

In summary, our results support the concept that T3 partici-
pates in a signal transduction pathway that regulates mitochon-
drial function in the central nervous system. Although a direct
effect of T3 on mtDNA can not be completely excluded, the
lack of conclusive evidence for the presence of T3 receptors in
the mitochondria suggest that a hormone-induced signal from
the nucleus crosses the mitochondrial membrane and is respon-
sible for the regulated expression of the mitochondrial genome.
Whether the exact locus of regulation is transcription and/or
RNAstabilization, and how the information for this regulation
is transmitted from the nucleus to the mitochondria, remains to
be determined. In any case, the direct evidence presented in
this paper showing the effect of T3 on brain mitochondrial gene
expression is particularly important on the light of the growing
evidence that a broad spectrum of diseases affecting the central
nervous system is associated with alterations in mitochondrial
function (51). Since the absence of T3 in the neonatal period
also produces an important impairment of brain functions, our
results supply one explanation in molecular terms to understand
the phenotypic effect observed in hypothyroid brain.
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