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Thyroid hormone (T3) controls critical aspects of cerebellar devel-
opment, such as migration of postmitotic granule cells and termi-
nal differentiation of Purkinje cells. T3 acts through nuclear recep-
tors (TR) of two types, TR�1 and TR�, that either repress or activate
gene expression. We have analyzed the cerebellar structure of
developing mice lacking the TR�1 isoform, which normally ac-
counts for about 80% of T3 receptors in the cerebellum. Contrary
to what was expected, granule cell migration and Purkinje cell
differentiation were normal in the mutant mice. Even more striking
was the fact that when neonatal hypothyroidism was induced, no
alterations in cerebellar structure were observed in the mutant
mice, whereas the wild-type mice showed delayed granule cell
migration and arrested Purkinje cell growth. The results support
the idea that repression by the TR�1 aporeceptor, and not the lack
of thyroid hormone, is responsible for the hypothyroid phenotype.
This conclusion was supported by experiments with the TR�-
selective compound GC-1. Treatment of hypothyroid animals with
T3, which binds to TR�1 and TR�, prevents any defect in cerebellar
structure. In contrast, treatment with GC-1, which binds to TR� but
not TR�1, partially corrects Purkinje cell differentiation but has no
effect on granule cell migration. Our data indicate that thyroid
hormone has a permissive effect on cerebellar granule cell migra-
tion through derepression by the TR�1 isoform.
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The physiological actions of thyroid hormone (3,5,3�-triiodo-
l-thyronine, T3), including the control of central nervous

system (CNS) development, are mediated through interaction
with nuclear receptors, which are ligand-modulated transcrip-
tion factors (1). There are several T3 receptor proteins (TR),
which are encoded by two distinct genes, TR� and TR�. The
TR� gene encodes three proteins, TR�1, TRv�2, and TRv�3
that differ in their carboxyl terminus. From these, only TR�1 is
a bona fide receptor because it binds T3 and activates or
represses target genes, whereas the two variants, TRv�2 and
TRv�3, do not bind T3 and may antagonize T3 action (2–4). In
addition to these protein isoforms, there are also truncated
protein products of the � gene known as ��1 and ��2, which
may have a role in intestinal development (5). Several amino
terminal protein variants are produced from the TR� gene: the
two classical receptors, TR�1 and TR�2, and two newly iden-
tified, T3-binding proteins, TR�3 and the truncated protein
�TR�3 (6).

Although the role of thyroid hormone in health and disease is
well known, the physiological roles and specific functions of the
T3 receptor isoforms still remain largely unidentified. Mutant
mice have been generated that lack the expression of single or
multiple products of the TR genes (7–9), and some discrete
specific functions could be assigned to individual receptor
isoforms. As a consequence of these studies, it is known that TR�
is involved in the regulation of thyroid stimulating hormone
(TSH) secretion, liver metabolism, and hearing (10, 11), whereas

TR�1 controls myocardial activity (12, 13) and intestinal devel-
opment (14). Mice devoid of all known forms of T3 receptors
display highly increased TSH, thyroid hormone secretion,
growth retardation affecting long bones, and intolerance to cold
(15, 16). Otherwise, they are viable and display no obvious signs
of CNS defects, except for subtle alterations in expression of
some neuropeptides (17). Thus, only in some respects, lack of
expression of T3 receptors mimics thyroid hormone deficiency.

A strong discrepancy exists between the phenotypes observed
when hypothyroidism is induced during development and those
observed in T3 receptor knock-out mice, which is most evident
in the CNS. Severe neonatal hypothyroidism is associated with
structural and functional alterations, which are most evident in
the cerebellum (18). In this organ, thyroid hormone controls the
differentiation of Purkinje cells and the migration of granular
cells. In the absence of thyroid hormone, Purkinje cells do not
develop the characteristic highly elaborated dendritic tree, which
remains severely hypoplastic. Also, migration of granular cells
from the external germinal layer to the internal granular layer is
strongly retarded.

In the present work, we have analyzed the role of TR�1 in
granular cell migration and Purkinje cell differentiation. To this
end, we have used a combined genetic and pharmacological
approach. First, we analyzed euthyroid and hypothyroid mice
deficient for TR�1. Our results show that in the absence of
TR�1, hypothyroidism is not associated with deficient Purkinje
cell differentiation or retarded migration of granule cells as
occurs in wild-type mice. Second, we compared the effect of
GC-1, a TR�-selective T3 analog, with that of thyroid hormone,
after administration to hypothyroid animals. In contrast to T3,
GC-1 had no effect on granule cell migration but it partially
enhanced Purkinje cell maturation. Taken together, the data
suggest, therefore, that granule cell migration is under TR�1
control, and that the effect of hypothyroidism is likely caused by
the repressor activity of the unliganded receptor.

Materials and Methods
Animals and Treatments. Adult male BALB�c wild-type and
TR�1-deficient mice (TR�1�/�) were used. TR�1�/� mice were
generated as described (13). The wild-type mice were generated
from crosses of the heterozygotes to have the same genetic
background as mutant mice. Rats from the Wistar strain were
produced in our animal facilities. Animal care procedures were
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conducted in accordance with the guidelines set by the European
Community Council Directives (86�609�EEC). Animals were
under temperature- (22 � 2°C) and light-controlled (12 h
light�12 h dark cycle; lights on at 7 a.m.) conditions and had free
access to food and water in the colony room. Hypothyroidism
was induced by administering 0.02% 2-mercapto-1-methylimi-
dazole (Sigma) and 1% sodium perchlorate in the drinking water
to lactating dams from delivery and throughout the experiment.
Hormonal treatments were started on postnatal day 2 and
consisted of daily single i.p. injections of 15 ng of T3 per g of body
weight (Sigma) or 10 ng�g of the TR�-selective compound,
GC-1 (19). These doses are equivalent to about 5� the physi-
ological replacement dose of T3. Similar schedules of GC-1
treatment are effective in end-effects of thyroid hormone me-
diated through TR� (20, 21). In our hands, this treatment
schedule was able to suppress plasma TSH and normalize
pituitary growth hormone (GH) in hypothyroid rats (not shown).
T4 also was administered in some experiments at a physiological
replacement dose of 20 ng�g of body weight, and the results were
identical to those obtained with T3. The animals were killed as
indicated for each experiment. Thyroid hormone concentrations
in cerebral cortices were determined as described (22) and were
less than 90% lower in hypothyroid animals than in control
animals (Table 1).

RNA Extraction and Northern Analysis. Total RNA was prepared
from pooled cerebella of five animals with the Trizol procedure
(GIBCO�BRL). Northern blotting was performed following
standard methods (23) by using 20 �g of total RNA. The filter
was hybridized with a 440-bp EcoR1-PstI fragment from the
cDNA encoding the Purkinje cell-specific protein PCP-2 (a gift
from Cary N. Mariash, Univ. of Minnesota, Minneapolis) and
with a cDNA encoding the housekeeping gene glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). The radioactive probes
were prepared by using the Ready-To-Go DNA Labeling Beads
(-dCTP; Amersham Pharmacia).

Histological Methods. Animals were perfused transcardially with
buffered 4% (wt�vol) paraformaldehyde, the brains were cryo-
protected, and 25-�m sagittal sections were obtained in a
cryostat and processed as described (24). Cerebellar structure
was examined by staining the sections with toluidine blue.
Immunohistochemistry was performed on free-floating sections,
which were incubated overnight with a monoclonal anti-
calbindin D-28K antibody at a 1:400 dilution (Santa Cruz
Biotechnology) at 4°C. The sections then were incubated with a
biotinylated horse anti-mouse secondary antibody at a 1:200
dilution (Vector Laboratories) followed by avidin-biotin com-
plex (Vector Laboratories). Peroxidase was then visualized with
diaminobenzidine (0.05%) and H2O2.

Results
Cerebellar Structure in Mice Deficient of the TR�1 Isoform. Among
the most classical and dramatic effects of thyroid hormone on
brain development are those exerted on cerebellar granule cell
migration and Purkinje cell differentiation. Cerebellar granule
cells originate from the external germinal layer, a secondary

neurogenesis center formed from precursors originating in the
rhombic lip (25). After proliferation, the cells migrate through
the molecular layer, along the fibers of the Bergmann glia, to
form the internal granular layer. Neonatal hypothyroidism is
known to delay strongly granule cell migration, which is evi-
denced by the persistence of the external germinal layer. Ter-
minal differentiation of Purkinje cells is another classical end
point of T3 action in the cerebellum. Absence of thyroid
hormone during the critical neonatal period is associated with
severely arrested growth of the apical dendrite and other struc-
tural abnormalities (18).

Given the essential role played by thyroid hormone in cere-
bellar development, we analyzed the cerebellar structure of
TR�1�/� mice. The presence or absence of the external germinal
layer was examined by toluidine blue staining, and the Purkinje
cells were examined by calbindin immunohistochemistry. By

Fig. 1. Cerebellar structure in mice. Toluidine blue-stained sagittal sections
of P11 and P21 mice cerebella. The figure shows sections through lobule VII of
intact wild-type mice (TR��/�), hypothyroid wild-type mice (TR��/� H), intact
TR�1-deficient mice (TR��/�), and hypothyroid TR�1-deficient mice
(TR��/�H). The arrows point to the presence of spindle-shaped, migrating
cells. egl, external germinal layer; ml, molecular layer; and igl, internal granule
cell layer. (Bar � 50 �m.)

Table 1. Thyroid hormone concentrations in cerebral cortex

Thyroid hormone TR�1�/� TR�1�/� TR�1�/� hypothyroid TR�1�/� hypothyroid Control rats Hypothyroid rats

T4 4.10 � 0.85 4.37 � 0.96 0.33 � 0.05* 0.31 � 0.06* 1.96 � 0.63 0.20 � 0.06*
T3 3.73 � 1.03 4.86 � 0.18 0.28 � 0.08* 0.25 � 0.10* 1.69 � 0.23 0.10 � 0.02*

T4 and T3 concentrations (ng�g wet weight) were measured in extracts of cerebral cortices of P21 mice and P25 rats. All measurements were from five animals
per group (means � SD). *, P � 0.01. Statistical comparisons were made between the euthyroid and hypothyroid animals for each type of animal, using the
Student’s t-test.
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these criteria, the structure of the cerebella of intact TR�1�/�

mice was apparently normal. Therefore, we decided to study the
effect of hypothyroidism in these mice. Groups of wild-type and
TR�1�/� mice were made hypothyroid from birth, and the
structure of the cerebellum was analyzed. Nissl-stained slices
from the different groups are shown in Fig. 1. At P11, the
cerebella of TR�1�/� and wild-type mice were similar, with an
external germinal layer (egl), a molecular layer (ml), and an
internal granular layer (igl). Spindle-shaped migrating cells were
identified in these preparations (Fig. 1, black arrows at Upper
Left and Lower Left). At P21 migration of cells from the egl to
the igl was completed in both kinds of animals. When hypothy-
roidism was induced in the wild-type mice, granule cell migration
was impaired, as assessed by the persistence of the external
germinal layer. As a further sign of immaturity, migrating cells
were still present. Significantly, and contrary to what could be
expected, migration of granule cells had taken place normally in
hypothyroid, TR�1�/� mice.

The morphological appearance of Purkinje cells also was
examined. Preparations from lobules V, VII, and X of each
group of animals are displayed in Fig. 2. As was the case for
granule cells, there were no apparent differences in the mor-
phological appearance of Purkinje cells between the normal
wild-type and the intact TR�1�/� mice. Hypothyroidism in the
wild-type mice was associated with known classical alterations
which included a stunted growth of the Purkinje cell dendrites
(Fig. 2, lobule VII), a lack of alignment of the Purkinje cell
bodies, indicative of a migration defect (lobules V and X),
persistence of the perisomatic processes that establish transient
connections with the climbing fibers (black arrows in Fig. 2), and
elongated primary dendrites (lobule X). Again, there were no
obvious morphological signs of arrested differentiation of the
Purkinje cells in hypothyroid TR�1�/� mice.

The results of these experiments suggest that TR�1 is dis-
pensable for cerebellar development under normal euthyroid
conditions. However, they also show that thyroid hormone
deficiency induces developmental alterations that are prevented

by TR�1 deletion. This paradox may be explained by assuming
that unliganded TR�1 interferes with cerebellar development.
To substantiate this hypothesis, we have used a pharmacological
approach to study cerebellar development in the presence of
liganded TR� and unliganded TR�1. This result was achieved by
using the TR�-selective, T3 analog GC-1.

Comparative Effects of Thyroid Hormone and GC-1 on Cerebellar
Development. GC-1 is a TR�-selective, T3 analog that has an
affinity for TR� equal to that of T3 and one order of magnitude
lower affinity for TR�1 (19, 26). We aimed to examine whether
a comparison of the effects of GC-1 with those of T3 on
cerebellar development would allow discrimination between the
developmental effects mediated through TR�1 and TR�. Ac-
cordingly, different groups of hypothyroid animals were treated
with single daily doses of T3 or GC-1. The effects on granule cell
migration and Purkinje cell differentiation then were examined.

Fig. 3 shows the effects of hypothyroidism (H), T3 (H � T3)
and GC-1 (H � GC-1) treatment on the structure of the
cerebellum in wild-type mice. In P21 mice, the egl was clearly
present in hypothyroid but not control (C) mice (Fig. 3a).
Treatment with T3 prevented the delayed migration caused by
hypothyroidism. However, treatment with GC-1 was of no effect.
Slices from hypothyroid and GC-1-treated mice were very
similar, and, in addition to the presence of the egl, spindle-
shaped migrating cells were observed in the molecular layer in
both preparations. This result was consistent with the idea that
the effect of T3 on granule cell migration is exerted through
TR�1. Fig. 3b shows the Purkinje cells stained with calbindin. In
the hypothyroid mice, alterations of Purkinje cell morphology
similar to those described above were observed. Treatment with
T3 prevented the alterations induced by hypothyroidism. Treat-
ment with GC-1 induced a clear increase in the density of
dendrites, but the effect was not as complete as with T3. Also,
other signs of immaturity persisted, such as the presence of
perisomatic processes and elongated primary dendrites. Treat-
ment with GC-1 was, however, as effective as T3 in increasing

Fig. 2. Morphology of the Purkinje cells in mice. Purkinje cells were immunostained for calbindin in sagittal sections of lobules V, VII, and X of P11 mice cerebella.
Symbols are the same as in Fig. 1. The arrows show the presence of perisomatic terminals in Purkinje cells of hypothyroid wild-type mice. Arrowheads show
elongated primary dendrites. (Bar � 50 �m.)
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PCP-2 mRNA after administration to hypothyroid mice
(Fig. 3c).

Similar results were obtained in rats, as shown in Fig. 4.
Hypothyroidism was associated with a persistence of the egl, as
in mice. The effects on the Purkinje cells were more severe,
probably because of species differences, as the degree of hypo-
thyroidism achieved in rats and in mice was similar (Table 1). As
in mice and in contrast to T3, GC-1 was not effective in
preventing the delayed migration of granule cells (Fig. 4a) and
was only partially effective in enhancing Purkinje cell maturation
(Fig. 4b). Although an increase in the density of dendrites was
evident, for example, in lobule V, the effect was not as complete
as with T3. Other signs of immaturity that were more evident in
rats than in mice, such as the elongated primary dendrites and
the presence of perisomatic processes, were not influenced by
GC-1 treatment.

Discussion
The main goal of the present studies was to analyze cerebellar
structure in developing mice deficient of the TR�1 isoform of

thyroid hormone receptors by using two classical and well known
thyroid hormone controlled events, granule cell migration and
Purkinje cell differentiation. Lack of thyroid hormone during
the neonatal period delays granular cell migration and dramat-
ically arrests Purkinje cell differentiation (18, 27). As a conse-
quence, the external germinal layer persists longer than normal,
and the Purkinje cells show severe alterations, including lack of
alignment of cell bodies, stunted growth of the dendritic tree,
elongated primary dendrites, and delayed disappearance of
transient perisomatic processes. The relative contribution of
T3 receptor subtypes to these effects of thyroid hormone is
unknown.

Previous estimates showed that, in the adult rat, TR�1 ac-
counts for about 75% of T3 binding capacity in the cerebrum and
for almost 80% in the cerebellum (28–30). The relative contri-
bution of TR�1 is probably much higher during the neonatal
period, given the patterns of mRNA expression. In the cerebel-
lum, the granular cells express TR�1 and TR�2, whereas the
Purkinje cells express mainly TR� (31–33). Furthermore, there
is an up-regulation of TR�1 in the granule cells at the time when
they undergo the last cell divisions and become prepared to
migrate inwardly from the inner part of the external germinal
layer (31). In mice, unpublished data from our laboratory show
that the patterns of expression of TR�1 and TR�1 are very

Fig. 3. Effects of hypothyroidism and T3 or GC-1 treatment on granular cell
migration and Purkinje cell differentiation in mice. (a) Toluidine blue-stained
sagittal sections of lobule VII from P21 mice cerebella. Arrows point to
spindle-shaped migrating cells in hypothyroid and GC-1-treated mice. egl,
external germinal layer; ml, molecular layer; and igl, internal granule cell
layer. (b) Purkinje cells immunostained for calbindin in sagittal sections of
lobules V, VII, and X of P11 mice cerebella. The arrows show the presence of
perisomatic terminals in Purkinje cells from hypothyroid and GC-1-treated
mice. Arrowheads show elongated primary dendrites. (c Left) Northern blot of
cerebellum RNA probed with PCP-2 and GAPDH cDNA probes. (Right) Densi-
tometric measurements of the autoradiographs. C, Control mice; H, hypothy-
roid mice; H � T3, hypothyroid mice treated with T3; H � GC-1, hypothyroid
mice treated with GC-1. (Bar � 50 �m.)

Fig. 4. Effects of hypothyroidism, and T3 or GC-1 treatment on granular cell
migration and Purkinje cell differentiation in rats. (a) Toluidine blue-stained
sagittal sections of lobule VII from P25 rat cerebella. The arrows show the
presence of migrating cells from hypothyroid and GC-1-treated mice. egl,
external germinal layer; ml, molecular layer; and igl, internal granule cell
layer. (b) Purkinje cells immunostained for calbindin in sagittal sections of
lobules V, VII, and X of P16 mice cerebella. Arrows show the presence of
perisomatic terminals in Purkinje cells from hypothyroid and GC-1-treated
rats. Arrowheads show elongated primary dendrites. (Bar � 25 �m.)
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similar to rats. Proliferating and migrating granule cells express
TR�1 but not TR�1 not only in rodents, but also in chicken (7).

From its expression data, it would be presumed that TR�1
should have a prominent role in mediating the dramatic effects
of thyroid hormone on brain development. This possibility is
consistent with recent data from knock-in mice showing that
expression of a dominant-negative form of TR�1, but not TR�1,
strongly impairs brain glucose utilization (34). Therefore, it is
most intriguing that TR�1 knockout mice do not develop the
severe phenotype of profound hypothyroidism. Gross cerebellar
structure in intact TR�1�/� mice was not different from that of
wild-type mice, and both migration of granule cells and the
morphological appearance of Purkinje cells were apparently
normal. Our data, therefore, indicate that TR�1 is dispensable
for normal cerebellar development. Why then, does the lack of
thyroid hormone, as occurs in hypothyroidism, interfere so
profoundly with cerebellar development? The possibility of
extranuclear actions of T3 cannot be discounted (35), but it
would not easily explain the lack of cerebellar alterations in
hypothyroid TR�1�/� mice. On the other hand, this latter
finding strongly suggests an alternative explanation, that the
developmental brain defects observed in severe hypothyroidism
are the result of the strong transrepressor activity mediated by
unliganded TR�1 (36, 37).

Recent in vivo studies have confirmed the specificity of GC-1
as a TR�-selective ligand and the validity of its use to link TR�
or TR� with specific thyroid hormone-dependent pathways (20,
21, 26). Our results with this compound indicate that the effect
of thyroid hormone on granule cell migration is TR�1 isoform-
specific. They also give an additional strong support to the idea
that unliganded TR�1 is responsible for the migration defect
present in neonatal hypothyroidism.

As for granule cell migration, Purkinje cell maturation was not
altered in TR�1�/� mice. In principle, this result is what should
be expected, because the predominant TR expressed in these
cells is TR�. However, it also was found that Purkinje cells were
not affected in the TR�1�/� mice after induction of hypothy-
roidism. This finding was, indeed, another unexpected one and
argues that unliganded TR� does not exert dominant-negative
effects in these cells. GC-1 treatment was as effective as T3 in
increasing PCP-2 gene expression, but had only partial effects on
Purkinje cell maturation. This result is not entirely surprising,
because maturation of Purkinje cells depends strongly on gran-
ule cells. The axons of these cells, the parallel fibers, establish
connections with Purkinje cell dendrites as they differentiate and
migrate inward, and the ensuing synaptic activity promotes
dendritic maturation (38, 39). Therefore, in the absence of any
effects on granule cells, it is not entirely surprising that full
differentiation of the Purkinje cells could not be achieved with
GC-1 treatment.

Therefore, we propose that the effect of thyroid hormone on
migration of granule cells of the cerebellum is a TR�1 response,
whereas differentiation of Purkinje cells is a mixed TR�1 and
TR� response. Further analysis of specific genetically modified
animals should determine the role of other products of the TR�
gene, namely TR�2 and the truncated forms. The study of
cerebellar development in these animals should provide funda-
mental insights into the biological role of thyroid hormone and
its receptors in physiology and evolution.
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