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Congenital hypothyroidism and the thyroid hormone (T3) resis-
tance syndrome are associated with severe central nervous system
(CNS) dysfunction. Because thyroid hormones are thought to act
principally by binding to their nuclear receptors (TRs), it is unex-
plained why TR knock-out animals are reported to have normal
CNS structure and function. To investigate this discrepancy further,
a T3 binding mutation was introduced into the mouse TR- locus by
homologous recombination. Because of this T3 binding defect, the
mutant TR constitutively interacts with corepressor proteins and
mimics the hypothyroid state, regardless of the circulating thyroid
hormone concentrations. Severe abnormalities in cerebellar devel-
opment and function and abnormal hippocampal gene expression
and learning were found. These findings demonstrate the specific
and deleterious action of unliganded TR in the brain and suggest
the importance of corepressors bound to TR in the pathogenesis of
hypothyroidism.

hyroid hormone (T3) deficiency in early life affects central

nervous system (CNS) development and function, resulting
in decreased intelligence and movement disorders in humans. In
rodent models of hypothyroidism, similar findings have been
reported (1). Maternal hypothyroidism also has an impact on
CNS development in utero, even when fetal thyroid function is
normal (2). Finally, in patients with the syndrome of resistance
to thyroid hormone (RTH), learning disorders and mental
retardation have been reported (3). In this disorder, a mutant T3
receptor (TR-B) expressed on one allele dominantly interferes
with the function of the other TR isoforms (TR-B1, TR-B2, and
TR-al) and causes tissue hypothyroidism (3, 4).

To explore the mechanism of TR signaling in vivo, TR
knock-out mouse models have been generated (5-9). Presum-
ably in these models of tissue hypothyroidism, nuclear signaling
should be abolished because of the lack of TRs. Paradoxically,
however, these animals have a relatively mild phenotype com-
pared with animals rendered hypothyroid by thyroid ablation
and, apart from deafness caused by an inner ear defect (10), are
reported to have normal CNS structure and function. This
discrepancy suggests that the unliganded TR may play a central
role in mediating the phenotypic changes of hypothyroidism in
the CNS.

Materials and Methods

Generation of TR- Mutant Mice. The mouse TR  genomic locus
was isolated as a 70-kb clone from a 129/SvJ P1 genomic DNA
library (Genome Systems, St. Louis). A mouse TR-B Exon 6
fragment was obtained with the use of the PCR and intronic
primers flanking exon 6. This fragment was subcloned, and the
A337T mutation was introduced by site-directed mutagenesis
(CLONTECH). An EcoR1/BglII fragment, containing the exon
6 mutation, was assembled and subcloned into pGEM 7Z
(Promega). A neomycin resistance gene cassette (NEO), driven
by the phosphoglycerate kinase promoter, was inserted into
intron 5 at an EcoRI site. Introduction of the NEO cassette
resulted in a new Bg/II site in intron 5. The targeting construct
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in pGEM 7Z was linearized with Sall before electroporation into
embryonic stem cells derived from 129/Sv] mice (Genome
Systems), and the cells were selected in media containing G418.

One hundred ninety-two G418-resistant colonies were
screened with the use of Southern blot analysis and a 1-kb
Bglll/EcoRI radiolabeled probe from a region outside of the
targeting vector in intron 4. Homologous recombination was
detected in three clones, which were subsequently injected into
blastocysts of the C57/BL6 strain. PCR with a Neo and an exon
7 oligonucleotide primer was performed on embryonic stem cell
DNA from all three clones. PCR products were subcloned, and
DNA sequencing confirmed the A337T mutation in the exon 6.
Male chimeric mice were mated with female C57/BL6 mice as
described (11), and germline transmission was obtained from all
three clones. All mice were propagated in the C57/BL6 back-
ground strain, and direct comparisons were made with littermate
controls.

All aspects of animal care were approved by the Institutional
Animal Care and Use Committee of the Beth Israel Deaconess
Medical Center (Boston, MA). Animals were maintained on a
12 h light/12 h dark schedule (light on at 06:00 h) and fed
laboratory chow and water ad libitum.

RNA Analysis. Total RNA from tissues was isolated after homog-
enization in guanidinium thiocyanate. For Northern analysis,
total RNA was fractionated in formaldehyde-containing agarose
gels, transferred to nylon membrane (GeneScreen PLUS; NEN),
and hybridized with a radiolabeled probe. For brain and cere-
bellum RNA samples, myelin basic protein (12), brain-derived
neurotrophic factor (BDNF), and tyrosine protein kinase recep-
tor B (TrkB) cDNA probes were used. The latter two cDNA
probes were obtained by reverse transcription-PCR of total
mouse brain. For the BDNF probe, a sense primer (nt 123-148)
and an antisense primer (nt 654-629) were used (GenBank
accession no. NM007540). For the TrkB probe, a sense primer
(nt 121-146) and an antisense primer (—nt 648—623) were used
(GenBank accession no. M33385). cDNA probes were con-
firmed by DNA sequencing.

RNase protection assays were performed (RPAIII kit; Am-
bion, Austin, TX) with the use of [a->?P]UTP-labeled antisense
riboprobes. The protected fragments were fractionated on a
denaturing 6% polyacrylamide gel. For analysis of TR-8 expres-
sion, a 500-bp genomic probe containing exon 6 and 5" and 3’
intronic DNA was used. For analysis of c-erbA-« expression, a

This paper was submitted directly (Track Il) to the PNAS office.

Abbreviations: T3, thyroid hormone; TR, thyroid hormone receptor; RTH, resistance to
thyroid hormone; CNS, central nervous system; BDNF, brain-derived neurotrophic factor;
wt, wild type; TSH, thyroid-stimulating hormone; H&E, hematoxylin/eosin; Pcp-2, Purkinje
cell protein-2; MBP, myelin basic protein; TrkB, tyrosine protein kinase receptor B.

*To whom reprint requests should be addressed. E-mail: fwondisf@medicine.
bsd.uchicago.edu.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

www.pnas.org/cgi/doi/10.1073/pnas.051454698



250-bp probe containing the A/B coding region of mouse
c-erbA-a was used. In RNase protection assays, an antisense
mouse cyclophilin riboprobe was included in the hybridization
reaction as a control. Laser densitometry (Molecular Dynamics)
was used to correct RNA levels with the use of this internal
standard.

Gel Mobility Shift Assay. Gel mobility shift analysis of TR-B1
interactions was conducted with the nuclear hormone receptor
interaction domains of N-CoR (human amino acids correspond-
ing to murine 2063-2300) and SMRT (human amino acids
2098-2507). Wild-type (wt) and mutant TR-B1 proteins were
derived from in vitro transcription/translation reactions in rabbit
reticulocyte lysate (Promega). Interacting domains of the core-
pressors were synthesized as glutathione S-transferase fusion
protein and column purified (13). Twenty nanograms of the
indicated corepressor was used in the indicated lanes. Interac-
tions were tested on a radiolabeled DR+4 element as previously
described (14). In some lanes, T5 was added at a concentration
of 100 nM.

Serum Assays. Thyroid hormone levels (total and free T5 and Ty)
were measured in triplicate by radioimmunoassays (ImmuChem-
coated tube kits; ICN). The thyroid-stimulating hormone (TSH)
level was determined by a specific mouse TSH RIA (15), with the
use of radiolabeled rat TSH antigen (reference preparation,
AFP98991) and a mouse TSH-B antibody (hormone distribution
program, National Institute of Diabetes and Digestive and
Kidney Diseases, Bethesda, MD). Statistical comparisons used
the unpaired ¢ test.

Histology, Immunohistochemistry, and in Situ Hybridization. Brain
samples from male mice at 3.5 weeks of the age (n = 3 per group)
were excised and washed once with PBS and then fixed in 10%
neutral-buffered formalin and embedded in paraffin, and 4—6-
pm-thick sections were prepared and stained with hematoxylin/
eosin (H&E). The cerebellar and molecular and Purkinje cell
layer areas were quantitated on comparable sections by com-
puter imaging with the use of SCION IMAGE Version 1.62 software
(National Institutes of Health, Bethesda, MD).

For in situ hybridization and immunohistochemistry, mice
were anesthetized with an i.p. injection of sodium pentobarbital,
then perfused transcardially with 4% paraformaldehyde in PBS.
Fourteen-micrometer-thick sections of brain in sagittal sections
from each group of mice (n = 3 per group) were cut on a tabletop
cryotome and mounted on Superfrost Plus glass slides (Fisher
Scientific). Mouse anti-calbindin-D28k antibody (Sigma) was
used for staining of Purkinje cells. To reduce background when
this antibody was used, a M.O.M (Vector Laboratories) fluo-
rescent kit was used. Purkinje cells were counted, based on the
calbindin-D28k immunostaining, as the number of the cells per
X200 magnification field. Four different comparable fields for
each genotype were used. For BDNF immunostaining, rabbit
anti-BDNF (N-20) antibody (Santa Cruz Biotechnology) was
used, and diaminobenzidine (Sigma) was used for visualization.

The protocol for in situ hybridization histochemistry has been
described (16). An [a-[33S]thio]UTP-labeled Purkinje cell pro-
tein-2 (Pcp-2) antisense riboprobe was synthesized from a mouse
Pcp-2 genomic DNA fragment (a kind gift from Dr. Noriyuki
Koibuchi, Brigham & Women’s Hospital, Boston, MA). The
slides were exposed to Kodak Biomax MR film (Eastman Kodak)
for 1-2 days. Slides were then dipped in NTB2 photographic
emulsion (Eastman Kodak) and developed after 2 weeks of
exposure, followed by counterstaining with thionin. Grain den-
sity in a Purkinje cells was quantitated by computer imaging with
the use of SCION IMAGE Version 1.62 software (National Insti-
tutes of Health). Twenty cells from comparable fields for each
genotype were measured.
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Tests of CNS Function. The beam-balance task was used to assess
the more complex components of vestibulomotor function and
coordination as described for mice (17). Briefly, the mouse was
placed on a narrow plastic beam (0.7 cm), and its ability to
maintain equilibrium was scored as follows: 0, does not attempt
to balance; 1, hangs on the beam and falls off; 2, hangs on the
beam without falling; 3, hugs the beam without falling; 4, grasps
the side of the beam and/or has unsteady movements; and 5,
exhibits steady posture on the beam. Mice were pretrained twice,
24 h before the measurement.

The rotarod task for rats (18) was modified for use in mice
(17). The rotarod device consists of a clear 36-mm-diameter
motorized rod rotating at a speed of 18 rpm. Performance on the
task was assessed by measuring the time until the mouse falls
usboff or grips the device without attempting to walk on the rod.
All mice were acclimated to the rotarod for 2 days before
measurement.

The Morris water maze test involves a platform hidden in a
round pan of opaque water. The apparatus and testing procedure
for mice were previously described (5). Briefly, a pool was filled
with water containing 10% (wt/vol) skimmed milk. A hidden
platform was placed 1 cm below the water surface so that it was
not visible to the mouse. Mice were pretrained twice on the
apparatus, 1 day before the test.

Results

Generation and Characterization of TR Knock-in Mice. To prove the
importance of the unliganded TR in mammalian development
and function, we generated a knock-in model of tissue hypothy-
roidism. The RTH mutation (A337T, Fig. 1a) chosen for this
study was found in a family where consanguineous parents each
carried one mutant allele and their child was homozygous for this
mutation (19). The parents showed a significant RTH pheno-
type, and the severely affected child succumbed to his disease at
an early age. This mutation completely disrupts T3 binding,
resulting in constitutive repression of thyroid hormone-
responsive genes (20). Based on the crystal structure of TR-al,
deletion of residue 337 located in 3-strand 4 would be predicted
to change the shape of the Tz binding pocket and perhaps
prevent ligand entry (21). This lack of T3 binding would prevent
dissociation of nuclear corepressors, N-CoR and SMRT, which
normally mediate transcriptional repression and are released by
T3 (22, 23). Gel-shift analysis, in Fig. 1b, demonstrates the
normal dissociation of corepressors from wt TR-B1 after the
addition of ligand (T5) and a lack of dissociation from the A337T
mutant TR-B1. Similar results were obtained (data not shown)
when this mutation was introduced into the rat TR-B1 isoform,
which is virtually identical to mouse TR-B1. Therefore, regard-
less of the thyroidal state of the transgenic animal, this mutant
TR-B should constitutively bind to corepressors.

As shown in Fig. 1c, this mutation was then introduced into the
germline of mice by homologous recombination. In the targeting
construct, a neomycin cassette was also included in the intron to
allow for clonal selection. Three independent embryonic stem
cell clones were obtained and injected into blastocysts. Germline
transmission was confirmed from all clones by Southern blot
analysis (Fig. 1d). To prove that this mutant allele was expressed
at predicted levels, an RNase protection assay was performed
with the use of a radiolabeled mouse TR-B exon 6 probe (Fig.
le). wt (+/+) animals protected the full-length probe, but
animals carrying either one (mut/+) or two (mut/mut) mutant
alleles displayed a doublet band, consistent with digestion of the
probe at the mutation site and the generation of two smaller
bands of 133 bp and 126 bp. In mut/+ animals, there was an
approximately equal RNA expression of the wt and mutant
allele; as expected, the mutant allele was only found in mut/mut
animals. Importantly, expression of the TR-B8 mutant did not
affect expression of c-erbA-a isoforms including TR-«1 (Fig. 1f).
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Fig. 1. Functional properties of the human mutation A337T and gener-
ation of TR-B knock-in mice by introduction of the human mutation A337T
into the mouse TR-B locus. (a) Schematic representation of the TR-g iso-
forms and location of the A337T mutation in the mouse. Amino acid
numbering is given for the human mutation in the mouse TR-g locus.
Because this mutation is present in the ligand-binding domain (LBD), the
mutation is present in both TR-8 isoforms. DBD, DNA binding domain. (b)
Gel mobility shift assay showing that the human A337T receptor mutant
constitutively binds to corepressors (N-CoR, SMRT). T3 was added at a
concentration of 100 nM. (c¢) Introduction of A337T mutation into the
mouse TR-B gene by homologous recombination. The asterisk marks the
position of the A337T mutation in exon 6 (E6). The neomycin resistance
gene (NEO), driven by the phosphoglycerate kinase promoter (bent arrow),
was inserted into intron 5 in a direction opposite that of transcription as
indicated. R, EcoRI; X, Xbal; B, BamHI. (d) Homologous integration of the
targeting vector was confirmed by Southern blot analysis of genomic DNA
digested with Bgl/ll and probed with an a-32P-labeled Bgl/ll-EcoRI probe
located outside of the targeting vector. (e) Expression of the wt and mutant
TR-B alleles in transgenic mice. RNase protection assays in various tissues
were performed with a mouse exon 6 riboprobe. In mut/+ and mut/mut
animals, the A337T mutation is located in the middle of exon 6. RNase
treatment in these animals cleaved the probe into two smaller fragments
(133 and 126 bps). Ten micrograms of total RNA from brain (B), heart (H),
liver (L), and kidney (K) of 3-week-old male mice was analyzed. Because of
the similar size of the control cyclophilin probe, it was hybridized to the
same samples in a separate RNase protection assay. No significant differ-
ences were noted among these samples (data not shown). (f) RNase
protection assay examining TR a1 with cyclophilin as a control. An N-
terminal c-erbA-a probe was used in an RNase protection assay with
cyclophilin as a control. Ten micrograms of total RNA from brain (B), heart
(H), liver (L), and kidney (K) of 3-week-old male mice was analyzed. TR
expression (B and a1) in the cerebellum was similar to that in whole brain
(B) as shown in Fig. 1 e and f (data not shown).
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Fig. 2.  Analysis of the hypothalamic-pituitary-thyroid axis in the TR-B

mutant mice. (a) Schematic diagram of the axis and feedback loop in normal
and TR-B mutant animals. The disruption in feedback at the hypothalamic TRH
neuron is presumed but is not proven. (b-f) Serum total and free thyroid
hormone and TSH levels (mean + SEM) in serum from male mice at 4 weeks of
age, asdetermined by RIA. +/+, n = 11; mut/+, n = 14; mut/mut, n = 6; TR-B
—/+, n = 6. #, Below detection limit. **, P < 0.01 and ***, P < 0.001 vs. +/+
by t testing.

We found that mut/+ and mut/mut animals were similar in
appearance, weight, and activity to wt animals. For example,
their weight and growth were not different from wt animals up
to 3 months of age (data not shown). We also found no decrease
in litter size or viability of mut/+ and mut/mut animals versus
wt animals.

Hypothalamus-Pituitary-Thyroid Axis in TR Knock-in Mice. We next
determined the effect of this dominant negative mutation on the
hypothalamic—pituitary—thyroid axis. As a control in this studies,
we used TR-B knock-out mice, in which deletion of part of the
DNA-binding domain of the TR-f locus results in the absence
of expression of both TR-B isoforms (TR-B1 and TR-B2) (5).
Mut/+ animals had significantly elevated serum TSH and total
and free thyroid hormone levels (T4 and T3), indicating resis-
tance to normal thyroid hormone negative feedback in the
hypothalamus and pituitary (Fig. 2). These increased hormone
levels are attributable to dominant inhibition of normal negative
feedback mechanism, inasmuch as heterozygous TR-B knock-
out animals (—/+) have normal serum TSH and thyroid hor-
mone concentrations. A similar but more pronounced effect was
noted in mut/mut animals, in which markedly elevated serum
TSH and hormone levels were at least 3-fold higher than those

Hashimoto et al.
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reported in homozygous TR-B knock-out animals (5). The
TR-al isoform must therefore play an important role in the
control of this axis, as suggested from complete TR knock-out
studies; however, the TR-al appears primarily to control the axis
at the extremes of hormone secretion (8, 9). Whereas in vivo TR
overexpression studies have suggested the importance of dom-
inant negative inhibition in gene regulation (15, 24-26), these
results obtained with allelic expression levels establish that
dominant negative inhibition by TR is a physiologically impor-
tant mechanism.

TR Knock-in Mice Exhibit Abnormalities in Cerebellar Function and
Development. CNS structure and function were investigated in
the TR-B mutant animals. Two tests of musculoskeletal function
and balance were performed. TR-B mutant animals had marked
impairment in balance and coordination (Fig. 34, Beam and
Rotarod tests ) (17). These findings could be explained by
abnormalities in cerebellar function, in which thyroid hormone
is known to play an important developmental role (27). Inter-
estingly, the cerebella of both mut/+ and mut/mut animals were
smaller on gross sectioning and on H&E staining (Fig. 3 b and
¢). The mass of the cerebellum was reduced in mut/+ and
mut/mut animals, but forebrain mass was normal, suggesting
that the smaller cerebella of the knock-in animals were not
because of an overall decrease in brain size. H&E staining
suggested a decrease in the molecular and Purkinje cell layers in
mut/+ and mut/mut animals. Based on this staining, we mea-
sured the area of the molecular and Purkinje cell layers. The
sagittal area of cerebellum was decreased in mut/+ and mut/
mut animals by 16% and 37% compared with +/+ and —/+
animals, respectively. On the other hand, the sagittal area of
molecular and Purkinje cell layers was decreased to a greater
extent in mut/+ and mut/mut animals by 46% and 55%
compared with either the +/+ or +/— animals, respectively.
This reduction in molecular and Purkinje cell layers was con-
firmed by immunohistochemistry for calbindin-D28k (Fig. 3d),
suggesting that this reduction in molecular and Purkinje cell
layers would explain the reduction in overall cerebellar size in the
mutant animals. The calbindin-D28k staining also demonstrated
a decrease in the number and branching of Purkinje cells in
mut/+ and mut/mut animals.

In addition, in situ hybridization of mouse cerebella with a
35S-labeled Pcp-2 (28) antisense riboprobe was performed (Fig.
3e). Pcp-2 mRNA expression levels in Purkinje cells were
reduced in mut/+ and mut/mut animals by 42% and 71%),
respectively. Moreover, an overall reduction in the number of
Purkinje cells was also noted with this technique. In contrast, no
abnormalities in Pcp-2 expression or reduction in Purkinje cell
number was found in the TR-B knock-out animals (29). Thus, the
cerebella of mutant TR-B animals displayed findings observed in
hypothyroid animals but not found or reported in TR knock-out
animals (5-9).

TR Knock-in Mice Show a Learning Defect. To assess learning in the
TR-B mutant mice, a Morris water maze test was used. In this
test, a mouse is placed in the center of a circular pan of opaque

sagittal section (3.5 weeks old, male). (Scale bar = 1 mm.) (d) Immunohisto-
chemistry of mouse cerebellum (3.5 weeks old, male) with the use of an
anti-calbindin-D28k antibody. (Scale bar = 50 um.) Purkinje cell number was
counted per X200 magnification field. Four different comparable fields were
used for each genotype. (e) In situ hybridization of mouse cerebellum with
35S-labeled Pcp-2 antisense riboprobe (3.5 weeks old, male). Black grains
represent Pcp-2 mRNA. The blue region is from counterstaining with thionin.
(Scale bar = 50 um.) The grain density in Purkinje cells is shown relative to the
wt (+/+) animalsin the bar graph. **, P= <0.01and ***, P = < 0.001vs. +/+
by t testing.
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Fig. 4. Learning and gene expression in the cerebral cortex of TR-B mutant
animals. (a) Spatial learning in the Morris water maze test. Male mice at 4
weeks of age [+/+ (n = 20), mut/+ (n = 28), mut/mut (n = 10), TR-B —/+ (n =
6)] were tested for their ability to learn to escape to a hidden platform. Data
are expressed as mean time (in seconds) = SEM. Mice were pretrained in two
separate sessions 1 day before the test. Similar results have been obtained over
several mouse generations (data not shown). (b) Northern blot analysis of
myelin basic protein (MBP) mRNA levels in the cerebral cortex. (c and d)
Northern blot analysis of brain-derived neurotrophic factor (BDNF) and its
receptor (TrkB) mRNA levels in the anterior forebrain, respectively. (e) H&E
staining of hippocampus (Left, scale bar = 0.5 mm) and immunostaining of
hippocampal CA3 region with anti-BDNF antibody (Right, scale bar = 50 um).
(Left) The arrowhead indicates the CA3 region. (Right) The arrow indicates
granule cell bodies stained by the anti-BDNF antibody. DG, dentate gyrus. *,
P = < 0.05vs. +/+ by t testing.

water. The time it takes for the mouse to find a hidden platform
is recorded over daily sessions. As shown in Fig. 4a, wt animals
(+/+) learn to find the platform sooner at each session, and
TR-B —/+ (Fig. 4a) and TR-B —/— animals (5) perform like wt
animals on this test. In contrast, both the mut/+ and mut/mut
animals exhibited a learning defect in this test similar to that
observed in congenitally hypothyroid animals (1). We cannot
exclude the possibility that the cerebellar defect described above
affected performance on the water maze test and confounded
our assessment of learning in TR mutant animals. However, this
test has been shown to be a valid tool for assessing learning in
hypothyroid rodents based on the presence of otherwise normal
swimming reflexes in congenitally hypothyroid rodents (re-
viewed in ref. 1). Thus, the dominant negative effect of the
mutant receptor is also observed in CNS function. This obser-
vation, coupled with apparently normal CNS structure and
function in the TR-a and TR-B knock-out mice (8, 9), suggests
that the unliganded TR has a specific and deleterious effect on
CNS structure and function.

To determine the mechanism of abnormal learning in the
TR-B mutant mice, Northern blot analysis of steady-state mRNA
levels for myelin basic protein (MBP), tyrosine protein kinase
receptor B (TrkB), and brain-derived neurotrophic factor
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(BDNF) was performed on mRNA from the cerebral cortex or
the anterior forebrain, as indicated (Fig. 4 b—d). MBP mRNA
levels have been reported to be decreased in hypothyroid rodents
at certain developmental time points (12). In TR-B8 mutant mice,
we find no evidence that total MBP mRNA by Northern blot
analysis (Fig. 4b) or MBP mRNA isoforms by RNase protection
assay (data not shown) were decreased at 4 or 8 weeks of age.
Moreover, the morphology of the cerebral cortex upon H&E
staining and immunohistochemistry of the brain with an anti-
body against MBP revealed no differences among mutant and wt
animals (data not shown). Thus, changes in cerebral cortex
morphology or MBP expression cannot explain the learning
defect observed in the TR-B knock-in mice.

Because the learning deficiency in these knock-in mice is
identical to that described in mice with disruption of the BDNF
signaling pathway in the hippocampus (30, 31), we next investi-
gated the BDNF signaling pathway in the forebrain and hip-
pocampus of mice. In the cerebellum, decreased BDNF expres-
sion during hypothyroidism has been linked to abnormal
development (32), and BDNF expression in the cerebellum is
stimulated by thyroid hormone (33). Consistent with the learn-
ing defect in TR-B mutant mice, BDNF mRNA levels were
decreased in the forebrain by 30% in mut/+ animals and by 80%
in mut/mut animals, as shown in Fig. 4c. In contrast, there was
no change in the steady-state mRNA levels for TrkB, the
receptor for BDNF (Fig. 4d). We also performed Northern blot
analysis for both BDNF and TrkB expression in the cerebellum
and obtained similar results. A 57% reduction in mut/+ and a
72% reduction in mut/mut animals in BDNF mRNA levels were
found versus wt animals; TrkB mRNA levels were unchanged
(data not shown).

As shown in Fig. 4e, H&E staining of the hippocampus/
dentate gyrus revealed no gross morphological differences.
BDNF protein distribution in hippocampus was examined in
more detail with the use of immunohistochemical staining with
anti-BDNF antibody. As shown in Fig. 4e, we found reduced
immunoreactivity for BDNF in the hippocampus of both mut/+
and mut/mut animals versus wt and —/+ animals. The number
of stained granule cells and fibers was especially reduced in the
CA3 region of the hippocampus, as shown.

Discussion

In summary, TR-B knock-in mutant mice are phenotypically
distinct from TR knock-out mutant mice. We provide evidence
that the presence of a mutant unliganded TR-B mediates the
phenotypic changes we describe in the hypothalamic—pituitary—
thyroid axis and brain. The lack of similar changes in animals
lacking one TR-p allele (—/+) in our studies and the lack of
these reported defects in TR knock-out mice support the unique
nature of these findings and indicate that dominant negative
inhibition by a mutant TR is a physiologically relevant mecha-
nism in vivo. Although the CNS of animals lacking all known TRs
has not been evaluated to the same extent as TR-B knock-out
and TR-B mutant animals, unpublished data suggest that they
lack the CNS changes reported in the TR-B mutant animals [J.
Samarut (Lyon, France), personal communication].

TR-B mutant mice display hypothyroid changes in the CNS
despite elevated thyroid hormone levels. It is likely that elevated
hormone levels in mutant TR-B mice mitigate changes in CNS
structure and function by overcoming some of the dominant
negative effects of the mutant TR-B on the remaining TR-«
isoforms. Alternatively, elevated thyroid hormone levels acting
through a nonnuclear pathway may contribute to the CNS
phenotype in TR-B mutant animals, but this seems unlikely for
two reasons. First, heterozygous TR- mutant animals display
elevations in thyroid hormone levels similar to those observed in
homozygous TR-B knock-out animals, yet the latter animals
have no reported CNS phenotype. Second, the CNS defects in
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heterozygous versus homozygous TR-B mutant animals are
similar, although their thyroid hormone levels are quite differ-
ent. Thus, hyperthyroidism in TR-B mutant animals most likely
lessens the severity of the CNS phenotype.

More generally, hypothyroidism and RTH are states of de-
creased thyroid hormone action in tissues due to lack of ligand
or presence of an abnormal receptor, respectively. In the CNS,
for example, patients with hypothyroidism and the RTH syn-
drome have significant defects in movement and learning. These
abnormalities, however, have not been reported in knock-out
animals lacking all known TRs (8, 9). TR bound to DNA is
thought to repress gene transcription by recruiting a corepressor
complex, which includes mSin3A and histone deacetylases (34,
35). The mutant TR-B in these animals functions similarly to the
unliganded TR by constitutively binding to corepressors (20).
Lower steady-state levels of Pcp-2 and BDNF in the brain versus
wt animals provides in vivo evidence of gene repression. These
lower mRNA levels in TR-B mutant animals were observed even
in the setting of elevated thyroid hormone levels in the mutant
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versus wt animals (Fig. 2). Conversely, data from in vitro studies
predict that TR knock-out animals would lack the ability to
repress gene transcription in the absence of thyroid hormone.
This could explain the phenotypic differences between TR-B
mutant versus TR knock-out animals. Thus, these data demon-
strate the specific and deleterious action of an unliganded TR in
mammalian development and function and suggest the impor-
tance of corepressors bound to TR in the pathogenesis of
hypothyroidism.
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