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Proper development of the mammalian CNS requires sufficient
thyroid hormone; thyroid hormone deficiency during a brief
perinatal period produces severe neurological defects in hu-
mans and experimental animals. Thyroid hormone exerts its
effects through nuclear receptors, which modulate the tran-
scription of downstream genes in response to hormone bind-
ing. Surprisingly, few genes that are regulated by thyroid hor-
mone receptors in the CNS have been described. Here, I report
the isolation and characterization of genes that are expressed
in response to thyroid hormone in developing rat brain. One
such gene (Srg1) encodes a novel protein related to synapto-
tagmin, a protein involved in regulating neurotransmitter re-

lease; another (hr) encodes a putative zinc finger protein related
to the product of a recently identified mouse gene, hairless.
Both Srg1 and hr are induced rapidly (,4 hr), suggesting that
they are regulated directly by thyroid hormone. The temporal
and spatial expression of both Srg1 and hr is characteristic of
genes important to nervous system development. Srg1 and hr
are likely part of a cascade of gene activation induced by
thyroid hormone that is critical for CNS organization and
development.
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Thyroid hormone is essential for proper development of the
mammalian CNS. In humans, inadequate levels of thyroid hor-
mone during a critical perinatal period lead to a complex of
deficits (termed cretinism), which include severe mental retarda-
tion and cerebellar ataxia (DeLong and Adams, 1991). Restora-
tion of thyroid hormone to physiological levels within a brief
postnatal period can restore normal development; after this time,
the damage caused by thyroid hormone deficiency is irreversible
(Eayrs, 1968; Morreale de Escobar et al., 1983; Schwartz, 1983).
Studies in the rat have revealed multiple morphological, biochem-
ical, and behavioral abnormalities associated with low levels of
thyroid hormone. Morphological defects include reduction in
dendritic branching, axonal density, and synapse number (Morre-
ale de Escobar et al., 1983; Schwartz, 1983). Reduction in overall
myelination is also observed and may be caused by delayed dif-
ferentiation of oligodendrocytes (Barres et al., 1994).
The effects of thyroid hormone are mediated via the action of

specific nuclear receptor proteins that function as ligand-activated
transcription factors (Oppenheimer, 1991; Tsai and O’Malley,
1994; Mangelsdorf et al., 1995). The finding that thyroid hormone
receptors are present in the developing brain suggests that, as in
other tissues, thyroid hormone in the brain exerts its effects by
regulating the expression of specific genes (TH-responsive genes),
yet little is known about the genes regulated by these receptors.

Identification and functional characterization of target genes is
critical, because such genes encode downstream effectors of re-
ceptor action. Of the many genes expressed in the developing
nervous system, expression of only a few has been shown to be
influenced by thyroid hormone (Farsetti et al., 1991; Munoz et al.,
1991; Pipaon et al., 1992; Strait et al., 1992). Given the widespread
effects of thyroid hormone deficiency on CNS development, it is
likely that additional genes regulated by thyroid hormone remain
to be discovered.
I have used subtractive hybridization coupled with PCR ampli-

fication to screen for TH-responsive genes expressed in rat brain
within a critical developmental stage (postnatal days 10–15) and a
specific region of the brain (cerebellum). Cerebellum was selected
because it develops postnatally, at which time thyroid hormone is
required, and striking effects of thyroid hormone deficiency on the
cerebellum have been described (Nicholson and Altman, 1972a,b;
Legrand, 1979). Several TH-responsive genes have been identi-
fied; two novel responsive genes with homology to classes of
important regulatory proteins have been characterized. One gene
(Srg1) encodes a novel protein related to synaptotagmin(s), a
family of Ca21/phospholipid-binding proteins primarily found in
the brain, at least one of which has a role in neurotransmitter
release (Bennett and Scheller, 1994; Sudhof, 1995). Another gene
identified in this screen encodes a putative zinc finger protein,
likely the rat homolog of a recently identified mouse gene, hairless
(Cachon-Gonzalez et al., 1994). The first step in characterizing
these genes with respect to their potential role in neural develop-
ment has entailed determination of kinetics and developmental
and tissue-specific patterns of expression. Based on temporal and
spatial patterns of expression, both Srg1 and hr have properties of
genes likely to be involved in nervous system development. The
results of kinetic analysis suggest that hr and Srg1 are among the
first direct-response genes for thyroid hormone identified in the
nervous system.
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MATERIALS AND METHODS
Animal care and treatment. Timed pregnant rats (Sprague Dawley) were
obtained from Harlan Sprague Dawley (Indianapolis, IN). So that hyper-
thyroidism could be induced, pregnant rats were fed a low iodine diet
(Purina Mills) and 0.025% methimazole (Sigma, St. Louis, MO) in their
drinking water, starting at day 13 of gestation (E13) and continuing
throughout the period of study. Methimazole blocks the synthesis of
thyroid hormone in the mother and fetuses and, after birth, the pups (via
nursing). For all experiments, the form of thyroid hormone used was L-T3
(3,5,39-triiodothyronine; Sigma). The efficacy of methimazole treatment
in reducing T3 levels was confirmed by direct measurement of serum T3
by RIA (Amersham, Arlington Heights, IL) and assessment of growth
hormone (GH) RNA levels in the anterior pituitary (see Fig. 1). Hypo-
thyroid pups received daily subcutaneous injection of either saline (con-
trol) or 0.25 mg/gm body weight of T3. Treatment with hormone was for
48 hr. Injection of saline had no effect on serum T3 or GH levels. Injection
of T3 raised serum T3 to slightly hyperthyroid levels (5–10 vs 1–2 nM) and
restored GH expression to approximately euthyroid levels. For experi-
ments with adult animals, animals were 10 weeks old; hypothyroid adults
were treated with methimazole continuously from E13. Equal numbers of
males and females were used for all experiments.
Construction of subtractive library. A cDNA library enriched for genes

upregulated by thyroid hormone was constructed via subtractive hybrid-
ization/PCR amplification essentially as described (Wang and Brown,
1991). The starting material was 2 mg of poly(A1) RNA from the
cerebella of 12-d-old hypothyroid animals injected with either saline
(control) or T3 (TH-treated), as described above. cDNA synthesized from
RNA isolated from TH-treated and control rats was digested with AluI,
ligated to specific linkers (Wang and Brown, 1991), and amplified by
PCR. Amplified material from the control cDNA was digested with
EcoRI to cleave the PCR primer site and biotinylated with photoprobe
biotin (Vector Laboratories, Burlingame, CA). Twenty-fold excess con-
trol cDNA was hybridized with TH-treated cDNA, followed by removal
of biotinylated cDNA with streptavidin to eliminate control/TH-treated
hybrids as well as unhybridized control cDNA. The remaining material
was PCR-amplified, and the procedure was repeated two times. The final
pool of cDNA was amplified, cloned into pBluescript (Stratagene, La
Jolla, CA), and transformed into bacterial strain DH5a. DNA was pre-
pared from individual colonies, digested with EcoRI to excise the cDNA
insert, and separated by agarose gel electrophoresis. These gels were used
for Southern analysis with the final pool of cDNA as probe. Approxi-
mately 30% of the colonies gave a detectable hybridization signal; these
represented the most abundant members of the library and therefore
those most enriched and likely to be TH-responsive. To confirm that
isolates corresponded to TH-responsive genes, I used the cDNA inserts
from positive clones as probes for Northern analysis of RNA prepared
from control and TH-treated hypothyroid P12 rats. Fragments from six
different TH-responsive genes were isolated. The two genes chosen for
further study on the basis of their kinetics and expression patterns
(TRG16 and TRG37 ) are described; the other genes have not been
characterized further.
RNA preparation/Northern analysis. Animals were killed by decapita-

tion, and tissues were removed and frozen in dry ice. RNA was prepared
with acid/phenol as described (Chomczynski and Sacchi, 1987). Poly(A1)
RNA was selected by using oligo-dT-coupled magnetic beads (Promega,
Madison, WI) or oligo-dT cellulose chromatography (Sambrook et al.,
1989). For Northern analysis, RNA samples were separated on 1%
agarose/formaldehyde gels and transferred to nitrocellulose. Radiola-
beled probes were prepared by random priming (Feinberg and Vo-
gelstein, 1984). Unless specified otherwise, the probe for hr was a 2.2
HindIII fragment from nucleotide position 2245 to 3771 of the rat hr
cDNA; the probe for Srg1 was from nucleotide position 253 to 2071 of the
cDNA. Ethidium bromide staining was used to assure that equivalent
amounts of RNA were loaded per lane; filters were checked after blotting
to confirm equivalent transfer of RNA. The probe for detecting TRa1
was an HphI–XbaI fragment from rbeA12 (Thompson et al., 1987)
corresponding to the unique C terminus of TRa1 and included 250 bp of
39 untranslated region. The probe for detecting TRb1 was a HindIII–
XbaI fragment from rc-erbAb1 (Murray et al., 1988; kindly provided by
H. Towle, University of Minnesota) corresponding to the unique N
terminus of TRb1. The probe for rat growth hormone was an EcoRI
fragment from the rGH cDNA (kindly provided by R. Evans, Salk
Institute).
Isolation of full-length cDNA clones. An oligo-dT-primed cDNA library

was constructed in lambda UNI-ZAP (Stratagene) under conditions

recommended by the manufacturer. The starting material was RNA from
the cerebella of hypothyroid P12 animals treated with thyroid hormone
for 48 hr. The library was screened by using cDNA fragments isolated
from the subtractive library as probes.
For TRG16 (Srg1), 10 different cDNAs were isolated; two contained

the entire open reading frame. Six isolates differed by a deletion of 57
nucleotides between positions 196 and 253. Five isolates were 800 bp
longer at the 39 end, likely attributable to internal priming of a stretch of
consecutive T residues beginning at nucleotide 2063. For TRG37 (hr),
four different cDNAs were isolated; the largest of these was 3.5 kb. To
isolate cDNA encompassing the rest of the rat hr gene, I used a specific
oligonucleotide corresponding to position 1898–1916 in the cDNA
(CT102) to reverse transcribe RNA from cerebellum, followed by 59
RACE with a nested primer (CT103; Rapid Amplification of cDNA
Ends, Life Technologies, Bethesda, MD) (Frohman et al., 1988; Loh et
al., 1989). Specificity of the amplified cDNA was confirmed by hybridiza-
tion with a nested oligonucleotide (CT104). This resulted in the isolation
of an additional 1.4 kb cDNA. Specific oligonucleotides were synthesized
to position 630–650 in the cDNA (CT152) and used for reverse tran-
scription, followed by 59 RACE (CT153) to isolate an additional 500 bp.
Specificity of the amplified cDNA was confirmed by hybridization with a
nested oligonucleotide (CT154). Primers for 59 RACE (nucleotide posi-
tions correspond to the full-length cDNA) included the following: CT102,
59-CAGATGTATCCTCAAGTCTG (nt 1898–1916); CT103, 59-GATT-
CCCGGAGCCGAATCCT (nt 1877–1897); CT104, 59-GGCCCTCT-
TTGCTCCTCTTGTTGCTGTGCC (nt 1837–1866); CT154, 59-TAGG-
CACAGTGCCCCATGGT (nt 577–596); CT153, 59-CCTCCAAAAC-
CCAACAGGTTC (nt 600–621); and CT152, 59-AGCCAGGAGT-
CTGGGGCGCTC (nt 630–650). Both 59 RACE products hybridized to
the same size RNA as the original cDNA (data not shown). The com-
bined size of the overlapping cDNAs was 5.3 kb and contained the entire
open reading frame.
The complete nucleotide sequences for Srg1 and hr were determined

on both strands by the chain termination method (Sequenase/USB,
Cleveland, OH) with either subcloned restriction fragments or specific
oligonucleotides. The complete nucleotide and amino acid sequences
have been submitted to GenBank under accession numbers U71293 (hr)
and U71294 (Srg1).
Cell culture. GH1 (rat pituitary) cells were obtained from ATCC

(Rockville, MD). Cells were grown in DMEM supplemented with 10%
fetal calf serum. For induction experiments, serum was depleted of
thyroid and steroid hormones by treatment with AG-1-X8 resin (Bio-
Rad, Hercules, CA) and charcoal (Sigma), as described (Samuels et al.,
1979). Cells were grown for 2 d in hormone-depleted media; then thyroid
hormone (T3) was added to 10

27 M, and cycloheximide was added to 10
mg/ml. After treatment for 16 hr, cells were harvested, and RNA was
prepared as described.
In situ hybridization. Animals (P14) were killed by decapitation, brains

were removed, and cerebellum and brain stem were separated from
midbrain and forebrain and frozen with dry ice/ethanol in O.C.T. com-
pound embedding medium (Baxter, McGaw Park, IL). Sections (10 mm)
were prepared with a cryostat and transferred to slides (ProbeOn Plus,
Fisher Scientific, Pittsburgh, PA). Sections were stored at 2208C. 35S-
labeled cRNA probes were prepared by synthesis with either T3 or T7
RNA polymerase in the presence of 35S-UTP (New England Nuclear,
Boston, MA). Hybridization conditions were as described (Simmons et
al., 1989; Simerly and Young, 1991), except that fixation was for 1 hr and
proteinase K treatment was for 15 min. Hybridization with sense strand
cRNA was used as a negative control. Autoradiographic images were
obtained by direct exposure of hybridized sections to x-ray film (Amer-
sham Hyperfilm b-max). Probe for hr was from nucleotide 2703 to 5186
of the cDNA; probe for Srg1 spanned nucleotides 783–1574 of the cDNA.

RESULTS
Isolation of TH-responsive genes from developing
rat brain
To identify genes regulated by thyroid hormone in developing
brain, I treated pregnant rats with methimazole to induce hypo-
thyroidism in their pups (see Materials and Methods). Because
the critical period for thyroid hormone action in rat brain is
between postnatal days 10 and 15, on postnatal day 12 (P12)
one-half of the methimazole-treated pups were injected with
thyroid hormone (TH-treated), the other one-half with saline

Thompson • Thyroid Hormone-Responsive Genes in Brain J. Neurosci., December 15, 1996, 16(24):7832–7840 7833



(control). Treatment with thyroid hormone was for 48 hr. To
demonstrate the efficacy of this paradigm, I monitored the level of
mRNA for a known responsive gene (growth hormone). Growth
hormone mRNA was greatly reduced in the pituitaries of hypo-
thyroid animals and was restored to euthyroid (normal) levels
after thyroid hormone treatment (Fig. 1A). RNA isolated from
the cerebella of control and TH-treated animals was the starting
material for construction of a cDNA library enriched for genes
upregulated by thyroid hormone. The procedure for preparing the
library is based on subtractive hybridization coupled with PCR
amplification (Wang and Brown, 1991; see Materials and Meth-
ods). Identification of positive clones (cDNA fragments originat-
ing from TH-responsive genes) was accomplished by using the
isolated fragments as probes for Northern analysis. Fragments
that detected higher expression in RNA from cerebella of TH-
treated animals relative to control animals were judged to be from
TH-responsive genes. Fragments corresponding to six different
TH-responsive genes were isolated. Two genes were chosen for
further study on the basis of their kinetics and expression
patterns (described below); Northern analysis for these genes
(TRG16 and TRG37 ) is shown in Figure 1B. Low basal level
expression is observed for both TRG16 and TRG37 in hypothy-
roid cerebellum. Expression of TRG16 is induced approxi-
mately threefold by thyroid hormone; induction of TRG37 is
;10-fold.

Identification of novel TH-responsive genes
To obtain full-length cDNAs for TRG16 and TRG37, I con-
structed a cDNA library, which was then screened using the

isolated cDNA fragments as probes. For TRG37, I used library
screening and 59 RACE to isolate a combined cDNA of 5.3 kb.
The open reading frame (ORF) contained within this sequence
encodes a predicted protein of 1207 amino acids. The only rec-
ognizable structural motif in the primary amino acid sequence is
a single putative zinc finger (Fig. 2A). A search of the database
(GenBank) revealed that this putative protein is similar to that
encoded by a recently identified mouse gene, hairless (hr). The
TRG37 ORF is 94% identical to the ORF of the mouse hairless
gene, suggesting that TRG37 is the rat homolog of hairless. There-
fore, TRG37 was renamed hr.
For TRG16, I isolated multiple cDNAs that contained an ORF

encoding a predicted protein of 421 amino acids (Fig. 2B). A
search of the database (GenBank) revealed that this putative
protein is most similar to synaptotagmin(s). Synaptotagmins share
a common structure that includes a C-terminal region consisting
of two domains related to the regulatory domain of protein kinase
C (C2 domains; Fig. 2C). The eight members of the synaptotag-
min family are related within this region (41–89% amino acid
identity with synaptotagmin I), but they do not show significant
amino acid identity outside this region. TRG16 has between 26
and 37% amino acid identity with the different synaptotagmins in
this C-terminal region. Also characteristic of synaptotagmins, the
TRG16ORF lacks a signal sequence but has a hydrophobic region
near the N terminus, a putative transmembrane domain. Because
of this homology with synaptotagmins, TRG16 has been termed
Srg1 (Synaptotagmin related gene 1).

Srg1 and hr respond rapidly to thyroid hormone
Genes that respond to hormones or other activators often are
divided into the broad categories of primary (direct) response
genes and secondary (indirect) response genes. Primary or direct
response genes are defined as those that respond rapidly and
without the need for protein synthesis, indicating that they are
direct targets of regulation by a particular transcriptional activa-
tor. The induction of most previously described TH-responsive
genes is blocked by protein synthesis inhibitors, suggesting that
they are secondary response genes (Kanamori and Brown, 1992).
To determine whether Srg1 and hr are induced directly by

thyroid hormone, I examined the kinetics of regulation. Hypothy-
roid neonatal (P12) rats were injected with thyroid hormone and
sacrificed at various times after treatment. Northern analysis of
RNA prepared from cerebellum shows that both Srg1 and hr are
rapidly upregulated (Fig. 3). Induction of Srg1 occurs within 2 hr
of treatment, reaching maximal levels by 4–8 hr. hr is induced
within 4 hr, reaching maximal levels by 8–12 hr. The rapid
response of Srg1 and hr suggests that these genes may be direct
targets of thyroid hormone action.
Cultured cells were used to determine whether induction of

hr by thyroid hormone (TH) could be blocked by inhibition of
protein synthesis with cycloheximide (CHX); Srg1 was not
analyzed, because it was not detected in any of the cell lines
tested. GH1 (rat pituitary) cells grown in the absence of TH
were treated with TH, CHX, or both for 16 hr. Northern
analysis shows that TH induces a fourfold increase in hr ex-
pression and that this increase is resistant to cycloheximide
treatment (Fig. 3). Simultaneous treatment with CHX and TH
showed increased expression relative to CHX or TH alone,
likely attributable to stabilization of the message by CHX.
Hybridization of the same blot with a probe for growth hor-
mone (GH) showed that, as expected, induction of GH by TH
was partially blocked by cycloheximide (data not shown). The

Figure 1. Isolation of novel thyroid hormone-responsive genes from
developing rat brain. A, Influence of thyroid hormone on expression of rat
growth hormone (GH ) mRNA in methimazole-treated rats. RNA pre-
pared from the pituitaries of 12-d-old rats was used for Northern analysis
with a radiolabeled rGH cDNA probe. hypothyroid, Methimazole-treated;
euthyroid, untreated; control, hypothyroid animals injected with saline;
TH-treated, hypothyroid animals injected with thyroid hormone. Thyroid
hormone treatment was for 24 hr. Top panel, Autoradiograph of Northern
blot; bottom panel, ethidium bromide-stained gel. B, Northern analysis for
two novel thyroid hormone-responsive genes (TRG16 and TRG37 ). A
cDNA fragment isolated from the subtracted library is the probe; total
RNA (15 mg per lane) prepared from cerebellum of hypothyroid P12 rats
injected with saline or thyroid hormone for 48 hr was used. Right panel,
Ethidium bromide-stained gel indicates equivalent loading and positions
of 18S and 28S RNAs.
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induction of hr expression by thyroid hormone in the absence
of protein synthesis shows that hr responds directly to thyroid
hormone.

Expression patterns of Srg1 and hr are consistent with
regulation by thyroid hormone during development
To establish whether Srg1 and hr are regulated by thyroid
hormone during normal development, I determined the expres-
sion pattern of both genes and compared it with that of thyroid
hormone receptors (TRa1 and TRb1). TH-responsive genes
likely to function in neural development should be expressed at
the time known to be important for the effect of thyroid
hormone (postnatal days 10–15) and when thyroid hormone
receptors are present. Northern analysis of RNA isolated from
embryonic and postnatal brain shows that Srg1 and hr both are
expressed at high levels shortly after birth, reaching a peak
between postnatal days 14 and 21 (Fig. 4). Consistent with
previous observations (Strait et al., 1990; Forrest et al., 1991;
Mellström et al., 1991; Bradley et al., 1992), expression of
TRb1 rises at birth, immediately preceding expression of Srg1
and hr. TRa1 is expressed prenatally and remains at high levels
after birth (Forrest et al., 1991; Mellström et al., 1991; Bradley

et al., 1992). Therefore, both Srg1 and hr are expressed at the
appropriate time in normal development, both with respect to
the critical time frame for the effect of thyroid hormone and
the presence of thyroid hormone receptors.

Srg1 and hr show tissue-restricted expression
To determine whether expression of Srg1 and hr is restricted to
the CNS, I performed Northern analysis of RNA isolated from
various rat tissues. Expression of Srg1 was not detected outside
the nervous system in either neonatal (Fig. 5A) or adult animals
(data not shown). Neonatal expression of hr is abundant in brain
and skin and is also detected at low levels in other tissues,
including gut, lung, muscle, and pituitary (Fig. 5A). The expres-
sion pattern is the same in adult tissues, except for an additional
RNA of ;3.5 kb detected in brain (see Fig. 4). In contrast to
brain, the hairless gene is not regulated by thyroid hormone in skin
(Fig. 5B).

Srg1 and hr are expressed specifically in the internal
granule cell layer of the cerebellum
To examine more precisely the expression of Srg1 and hr in the
cerebellum, I used in situ hybridization. Hybridization of coronal

Figure 2. TRG37 encodes a putative zinc finger protein related to hairless;
TRG16 encodes a novel synaptotagmin. A, Amino acid sequence of TRG37
(94% amino acid identity with ORF from mouse hairless gene). Cysteine
residues potentially involved in formation of a zinc finger are underlined. B,
Amino acid sequence of TRG16 (Srg1). Protein kinase C-related (C2) do-
mains are underlined; putative transmembrane domain is indicated by dashed
underline. C, Schematic representation of Srg1 structure. Cross-hatched boxes
represent C2 domains; Srg1 shows between 26 and 37% amino acid identity
in the region encompassing the C2 domains with synaptotagmins I–VIII
(19–31% in C2-A; 33–42% in C2-B). Black box (TM ) at the N terminus
indicates putative transmembrane domain. The complete nucleotide se-
quences have been submitted to GenBank under accession numbers U71293
(hr) and U71294 (Srg1).

Thompson • Thyroid Hormone-Responsive Genes in Brain J. Neurosci., December 15, 1996, 16(24):7832–7840 7835



sections from P14 rats showed that both Srg1 and hr were ex-
pressed in the internal granule cell layer (IGL) of the cerebellum
(Fig. 6). During maturation of the cerebellum, cells migrate from
the external granule cell layer (EGL) to the IGL, a region where
the cell bodies of maturing neurons are found (Altman, 1972a–c;
Rakic, 1972). The absence of expression in the EGL and presence
in the IGL suggest that Srg1 and hr are expressed only in differ-
entiated cells. To determine whether injection of hypothyroid
animals with thyroid hormone restored this expression pattern, I
used in situ hybridization of sections from hypothyroid animals
injected with either saline or thyroid hormone (Fig. 6D). For both
Srg1 and hr, expression induced in the cerebellum of thyroid
hormone-treated animals was indistinguishable from expression
in euthyroid animals. Little or no expression above background
was detected in hypothyroid animals. Induction of Srg1 by thyroid
hormone was greater in cerebellum than in more rostral brain
regions (data not shown).
Although this strategy initially focused on the cerebellum,

thyroid hormone affects many different regions of the brain,
suggesting that at least some TH-responsive genes are ex-
pressed outside the cerebellum. In situ hybridization was used
to examine expression of Srg1 and hr in other regions of the
brain. hr is broadly expressed at low levels throughout the
forebrain and midbrain (data not shown), whereas Srg1 shows
a more restricted expression pattern (Fig. 7). High levels of
Srg1 expression are detected in several regions of the brain,
including the cortex, caudate putamen, hippocampus, thala-
mus, piriform cortex, and amygdala. Previous studies have
shown that these regions express other synaptotagmins as well
(Ullrich et al., 1994). This is a common feature of synaptotag-
mins; different family members are often coexpressed. Because
Srg1 is regulated by thyroid hormone, this raises the question of
whether synaptotagmins are regulated by thyroid hormone as
well. Northern analysis of RNA from the brains of hypothyroid
and normal animals showed that two other synaptotagmins (syt
I and syt III) are not regulated by thyroid hormone (data not

Figure 3. Srg1 and hr respond rapidly to thyroid hormone.
So that the kinetics of response to thyroid hormone could
be determined, 12-d-old hypothyroid rats were injected
with saline (2) or thyroid hormone (1) and killed at
various times after injection. Total RNA (10 mg per lane)
prepared from cerebellum was used for Northern analysis
with 32P-labeled cDNA probes for hr (top) or Srg1 (bottom).
(2), Control; (1), TH-treated; hr, hr after injection. Two
independent experiments gave the same results. B, hr re-
sponds to thyroid hormone in the absence of protein syn-
thesis. GH1 (rat pituitary) cells were grown in hormone-
free media (2) for 2 d. T3 was added to 10

27 M (TH );
cycloheximide (CHX ) was added to 10 mg/ml for 16 hr.
Total RNA (15 mg per lane) was used for Northern
analysis.
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shown). Thus, regulation by thyroid hormone is not a feature
common to all members of the synaptotagmin family and may
be a property unique to Srg1.

DISCUSSION
Novel TH-responsive genes isolated from neonatal
rat brain
This study describes the identification and initial characterization
of genes regulated by thyroid hormone in developing rat brain.
Srg1 and hr represent the most rapidly regulated (,4 hr) TH-
responsive genes identified in the mammalian nervous system; to
date, hr is also the most highly induced (.10-fold). hr does not
require protein synthesis for upregulation and thus is a direct
target of thyroid hormone receptors. Srg1 is activated with similar
kinetics, so it is likely that Srg1 is a direct response gene as well.
Direct response genes are of particular interest because such
genes likely constitute the first step in the genetic program re-
sponsible for TH-mediated aspects of neural development.

Srg1 and hr have been shown to be regulated by thyroid hor-
mone in this experimental system; it is likely that they are regu-
lated by thyroid hormone during normal development as well.
Both genes are highly expressed within the first 2 weeks after
birth, a time known to be crucial for the effect of thyroid hormone
on development. Temporal expression of Srg1 and hr also is
correlated with the presence of thyroid hormone receptors. As
shown here and consistent with previous studies examining recep-
tor mRNA levels in the brain (Strait et al., 1990; Forrest et al.,
1991; Mellstrom et al., 1991; Bradley et al., 1992), expression of
Srg1 and hr immediately follows that of TRb1. TRa1 is present at
this time as well, but unlike TRb1 it is also present at high levels
prenatally. The timing of Srg1 and hr expression suggests that

Figure 4. Developmental expression of hr and Srg1 in brain. Northern
analysis of RNA prepared from the brains of embryonic and neonatal rats.
Parallel blots (10 mg of total RNA per lane) were hybridized with 32P-
labeled cDNA probes from hr, Srg1, TRb1, TRa1 (top to bottom). E, Day
of gestation; E22/P0, birth; P, days after birth.

Figure 5. Tissue distribution of hr and Srg1. A, RNA was prepared from
various tissues collected from euthyroid animals on postnatal day 12. Total
RNA (15 mg per lane) was used for Northern analysis with 32P-labeled
cDNA probes from hr (top) or Srg1 (bottom). Spleen RNA is somewhat
degraded; all other RNAs are equivalent, as assessed by ethidium bromide
staining. B, hr is regulated by thyroid hormone in brain, but not in skin.
Shown is Northern analysis of RNA from cerebellum (CEREB) and skin
(SKIN ) of hypothyroid and euthyroid neonatal (P14) rats. Eu, Euthyroid;
H, hypothyroid.
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regulation of these genes is attributable either to the increased
levels of thyroid hormone present after birth or specific regulation
by TRb1. These alternatives can be distinguished by examining
expression of these genes after thyroid hormone levels are raised
precociously.
In situ hybridization analysis of Srg1 and hr showed that both

are expressed in the IGL, but not the EGL, of the cerebellum. In
the course of cerebellar development, neuroblasts residing in the
EGL undergo terminal mitosis. The resulting postmitotic cells
migrate inward and ultimately populate the IGL (Altman,

1972a–c; Rakic, 1972; Hatten and Heintz, 1995). Both genes
appear to be expressed in terminally differentiated cerebellar
neurons and not in neuronal precursors. Thyroid hormone has
been implicated in promoting neuronal differentiation in the
cerebellum (Nicholson and Altman, 1972b) and has been shown
to be involved in differentiation of oligodendrocytes (Barres et al.,
1994). Based on these observations, an attractive hypothesis is
that the function of hr is in establishment or maintenance of a
differentiated state. The postulated function of Srg1 as a compo-
nent of synapses (see below) makes it unlikely that Srg1 is involved
directly in differentiation.

Srg1, a novel gene related to synaptotagmin
One of the genes isolated in this screen (Srg1) encodes a novel
protein related to synaptotagmin(s). Synaptotagmins comprise a
family of Ca21/phospholipid-binding proteins found in the brain
(Perin et al., 1990; Geppert et al., 1991; Hilbush and Morgan,
1994; Mizuta et al., 1994; Li et al., 1995). Among the eight related
genes that have been identified (syt I–VIII), four also are ex-
pressed outside the nervous system (Mizuta et al., 1994; Li et al.,
1995). The functional significance of multiple synaptotagmins is

Figure 6. Expression of Srg1 and hr in neonatal cerebellum. Shown is in
situ hybridization of coronal sections from cerebellum of P14 rat. Shown
are results from Srg1; signal in the cerebellum with an hr probe is
comparable (see B). A, Thionine counterstain (after hybridization); B,
hybridization with antisense probe; C, hybridization with sense probe.
EGL, External granule cell layer; IGL, internal granule cell layer. Sections (10
mm) of frozen tissue were hybridized with 35S-labeled cRNA probes. B, C,
Shown are photomicrographs of an autoradiographic image of the hybridized
section exposed directly to x-ray film. D, Expression induced by thyroid
hormone injection is indistinguishable from euthyroid expression in neonatal
cerebellum. In situ hybridization of coronal sections from cerebella of P14 rats
using a cRNA probe from Srg1 (top) or hr (bottom). Eu, Euthyroid; H,
hypothyroid; H 1 TH, hypothyroid treated with thyroid hormone for 48 hr.
Sections were hybridized simultaneously with the same probe preparation.
Shown are photomicrographs of the autoradiographic image of the hybrid-
ized section exposed directly to x-ray film.

Figure 7. Expression of Srg1 in neonatal rat brain. Shown is in situ
hybridization of coronal sections from P14 rat brain. Sections are shown
rostral (A) to caudal (D). Hybridization with an antisense 35S-cRNA probe
from Srg1 is shown; sense probe gave no detectable signal. Shown are
photomicrographs of an autoradiographic image of the hybridized section
exposed directly to x-ray film. AAA, Anterior amygdaloid area; ACB,
nucleus accumbens; BMA, basal medial amygdala; CA1, CA3, regions of
hippocampus; CoAp, cortical nucleus amygdala, posterior part; CP, cau-
date putamen; DG, dentate gyrus; IsoCtx, isocortex; LA, lateral nucleus;
LHA, lateral hypothalamic area; MeA, medial nucleus amygdala; OT,
olfactory tubercle; PIR, piriform area; thal, thalamus; VB, ventrobasal
complex, thalamus; ZI, zona incerta.
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not clear. Mice lacking a functional syt I gene are deficient in the
fast component of Ca21-mediated neurotransmitter release at
hippocampal synapses (Geppert et al., 1994). Syt III is expressed
in the same hippocampal neurons as syt I but does not substitute
for syt I, suggesting that synaptotagmins do not have redundant
functions (Ullrich et al., 1994).
Srg1 and synaptotagmins share a common structure that in-

cludes a C-terminal region consisting of two domains related to
the regulatory region of protein kinase C (C2 domains). The
N-terminal C2 domain (C2-A) of multiple synaptotagmins has
been shown to bind Ca21 and phospholipids (Davletov and Sud-
hof, 1993; Li et al., 1995). The C-terminal C2 domain (C2-B) has
been shown to bind a clathrin-coated vesicle protein complex
(AP-2) and syntaxins (Zhang et al., 1994; Li et al., 1995); all
known synaptotagmins bind AP-2 and syntaxin. Srg1 is related to
synaptotagmins more in the C2-B domain (33–42% amino acid
identity) than in the C2-A domain (19–31%) and is most related
to syt IV and syt VI, forms that do not bind Ca21 and phospho-
lipids. Based on structural similarity, Srg1 is likely to bind AP-2
and syntaxins but may not bind Ca21 and phospholipids. Further
studies will determine whether Srg1 can be classified functionally
with synaptotagmins.
Regulation by thyroid hormone suggests that Srg1 may have

unique functions among the synaptotagmins; other synaptotag-
mins have been tested (syt I and syt III) and are not induced by
thyroid hormone. The brains of thyroid hormone-deficient ani-
mals are estimated to have approximately one-half the number of
synapses of euthyroid animals (Eayrs, 1968; Nicholson and Alt-
man, 1972a). Overall reduction in the number of interneuronal
connections has been proposed to be the cause of behavioral
changes in experimental animals and mental retardation in hu-
mans (Eayrs, 1968; Schwartz, 1983). Therefore, it is tempting to
speculate that Srg1 may have a role in synaptogenesis or synaptic
remodeling, processes in which synaptotagmins previously were
not implicated. The temporal and spatial pattern of expression of
Srg1 in the cerebellum is consistent with this hypothesis. Srg1 is
expressed in the cerebellar IGL; migration of cells from the EGL
to the IGL immediately precedes synapse formation by these cells.

hr, the rat homolog of hairless
This screen also identified a gene, hairless, not previously known
to be TH-responsive. hr is regulated by thyroid hormone in brain,
yet its expression is not influenced by thyroid hormone in skin.
This unusual tissue-specific regulation may indicate a functional
difference in the action of hr in brain and skin.
The murine hairless locus was identified as a spontaneous

mutation caused by the insertion of an endogenous retrovirus
between exons 6 and 7 (Stoye et al., 1988; Cachon-Gonzalez et al.,
1994). The most prominent phenotype of homozygous mutant
(hr/hr) mice is that ;2 weeks after birth they experience progres-
sive hair loss. After their coat is shed completely (3–4 weeks of
age), they remain bald. These animals show increased sensitivity
to UV and chemically induced skin cancer (Poland et al., 1982; de
Gruijl and Forbes, 1995). In both skin and brain, homozygous
mutant hairless mice have ;20-fold less hr mRNA than heterozy-
gotes (my unpublished observations). Although reduction of hr
mRNA and, presumably, protein results in an obvious skin phe-
notype, the phenotype in the brain has not been determined.
Generation of hairless null mutant mice will provide a useful tool
for determining the in vivo function of hr in the nervous system;
future studies will also examine whether mice homozygous for

existing hr alleles have brain defects resembling those of hypothy-
roid animals.
The protein encoded by hr has a putative zinc finger domain.

Although the zinc finger motif usually occurs in multiple copies,
several large proteins in a variety of species contain a single zinc
finger (Friden and Schimmel, 1987; Evans and Hollenberg, 1988;
Fu and Marzluf, 1990; Kudla et al., 1990; Tang et al., 1994), many
of which have been implicated in transcriptional regulation. hr has
a cluster of six cysteines with novel spacing that is conserved
among mouse, rat, and human (Cachon-Gonzalez et al., 1994; my
unpublished observations). In addition, hr is related to a gene with
testes-specific expression identified in rat (TSGA; Höög et al.,
1991). The proteins encoded by hr and TSGA show 33% amino
acid identity over a 260 amino acid region at their respective C
termini. The putative zinc finger domain lies outside this 260
amino acid region, yet the arrangement of six cysteine residues is
conserved (shown below; underlined residues are conserved be-
tween hr and TSGA).
-C-S-R-C-H-H-G-L-F-N-T-H-W-R-C-

S-H-C-S-H-R-L-C-V-A-C-G-R-I-
This configuration may be functionally significant; hr and

TSGAmay be representative of a new class of zinc finger proteins.
Given the functional roles of other zinc finger proteins, the zinc
finger domain of hr is likely to have a role in nucleic acid binding
and/or protein–protein interactions.

Conclusions
Thyroid hormone affects neural development by initiating a finely
tuned program of gene expression. The results presented here
suggest that this thyroid hormone-induced genetic program in-
cludes Srg1 and hr, making these genes excellent candidates for
performing important functions in neural development. The suc-
cess of this screen in identifying TH-responsive genes opens new
avenues for studying the molecular effects of thyroid hormone on
the mammalian CNS.
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