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In the vertebrate brain, the thalamus serves as a relay
and integration station for diverse neuronal informa-
tion en route from the periphery to the cortex. Defi-
ciency of TH during development results in severe cereb-
ral abnormalities similar to those seen in the mouse when
the retinoic acid receptor (ROR)a gene is disrupted.
To investigate the effect of the thyroid hormone recep-
tors (TRs) on RORa gene expression, we used intact
male mice, in which the genes encoding the o and B
TRs have been deleted. In situ hybridization for RORa
mRNA revealed that this gene is expressed in specific
areas of the brain including the thalamus, pons, cere-
bellum, cortex, and hippocampus. Our quantitative data
showed differences in RORa. mRNA expression in dif-
ferent subthalamic nuclei between wild-type and knock-
out mice. For example, the centromedial nucleus of the
thalamus, which plays a role in mediating nociceptive
and visceral information from the brainstem to the basal
ganglia and cortical regions, has less expression of RORa
mRNA in the knockout mice (-37 %) compared to the
wild-type controls. Also, in the dorsal geniculate (+72%)
and lateral posterior nuclei (+58 %) we found more RORa
mRNA in dKO as compared to dWT animals. Such dif-
ferences in RORa mMRNA expression may play a role
in the behavioral alterations resulting from congenital
hypothyroidism.
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Introduction

Thyroid hormone is critical for growth and in the main-
tenance of homeostasis in homeotherms. In mammals, the
thyroid hormone receptors (TRs) are important in mediat-
ing thyroid hormone effects on several physiological pro-
cesses such as lipogenesis, lipolysis, and thermogenesis (/).
TRs belong to the nuclear receptor superfamily, members
of which are characterized by a modular, domain structure
(2,3). In the absence of ligand, the TRs bind consensus en-
hancer elements called thyroid response elements (TREs)
in the promoters of target genes (4) and repress basal tran-
scription (4—7). However, on binding the ligands, triiodo-
thyronine (T3) or thyroxine (T4), the TRs usually function
as a ligand-dependent transcription factor and activate or
suppress transcription of target genes (/,5,6,8,9).

The TR: Isoform Specificity and Functions in the Brain

The thyroid hormone receptor (TR) o and TR} genes
giverise to several isoforms. The TRal and TRa2 proteins
arise as a consequence of differential splicing, although only
the former binds thyroid hormone. The TRB1 and TRB2 iso-
forms have distinct N-terminal domains, whereas the DNA
and ligand-binding regions are identical (10,11). Lack of
thyroid hormone during development leads to cretinism,
characterized by mental retardation and loss of neural devel-
opment (/2). Despite the importance of thyroid hormones
in neurogenesis, relatively few functional targets of thyroid
hormone in the brain have been identified (13-17).

Thyroid hormones may have an effect on the expression
of the retinoid-related orphan nuclear receptor in the cere-
bellum. The arborization of Purkinje cells (PC) in the cere-
bellum is possibly regulated by thyroid hormone (18-21).
This is underscored by the fact that in hypothyroidism the
morphology of the PC and their dendritic arborization changes
(22). The mutant mouse staggerer presents a phenotype sim-
ilar to that seen with hypothyroid animals. In the staggerer
(sg) mutant (23) the PC fails to form synapses with granule
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cells, leading to granule cell death (24-26). As with hypo-
thyroidism (27-29), PC arborization and dendritic spine
formation is also affected (30,31). It was later shown that the
sg mutation is due to the loss of the retinoid-related orphan
nuclear receptor (ROR) a (32,33). Hence, both lack of thy-
roid hormone and RORa have similar phenotypic conse-
quences in the cerebellum.

The ROR Subfamily

The ROR subfamily consists of three related receptors,
RORa, RORP, and RORY (34,35). These receptors bind as
monomers to a consensus ROR element (RORE) com-
prised of a half site 5' AGGTCA 3' motif preceded by an AT
rich sequence (36, and references therein). Four isoforms,
RORal1, a2, a3, and a4, generated through alternative splic-
ing and promoter usage of the RORa gene, differ in amino
termini and in DNA-binding properties (34). Ontogeny of
these isoforms reveals a spatiotemporal pattern of expres-
sion in the normal rat brain (37) and adult mouse brain
(35). In the mouse cerebellum, both RORa 1 and RORa4 are
expressed (38).

Interactions Between TR and RORa in the Brain

During brain development, both TR and ROR appear to
have several common targets such as the Purkinje cell pro-
tein (PCP-2) in the cerebellum (/,39-41), the oxytocin gene
(42), and the ubiquitously expressed laminin B1 gene (43).
Because the hypothyroid state and the sg mutant have simi-
lar phenotypic abnormalities, Koibuchi and Chin speculated
that RORa itself may be a downstream thyroid hormone
target (44) via the TRs. In hypothyroid animals given thyrox-
ine (T4) replacement, RORa mRNA in the cerebellum was
increased by postnatal day 15 (P15). These data indicate that
thyroid hormone plays an important part in the developmen-
tal regulation of RORa (44), possibly via TRs. To explore
further the hypothesis that TR plays a role in the regulation
of ROR4 transcription in adult mice, we determined the TR-
controlled basal expression of the RORa gene in mice de-
void of all ligand-binding TR isoforms (dKO).

Results

The distribution of cells which hybridized to the RORa
probe in the present study was the same as those described
in rat brain (37) and in the mouse brain (35). Gross macro-
scopic observations of the brain of TR a1~ B~ mice did
not show major abnormalities when compared to control TR
a.1** B*+ animals. Moreover, histological observation dur-
ing sectioning did not reveal major abnormalities in the white-
gray matter ratio, relative to the major white tracts used as
anatomical landmarks (corpus callosum, anterior commis-
sure, fimbria-fornix).

The sagittal sections reveal the same pattern of RORa
mRNA distribution in TR a1~ B~ (dKO) when compared
to wildtype controls. In the sagittal sections, the RORa. mRNA
containing cells were detected in the pons, cerebral cortex,

piriform cortex, thalamus, inferior colliculus, superior collic-
ulus, and cerebellum (Figs. 1A and 2A). In the same sagit-
tal plane, no evidence of RORa transcript was found in the
striatum (Figs. 1A and 2A). In the telencephalon, the larg-
est number of the RORa mRNA containing cells in dKO
and dWT were localized in the piriform cortex and the cere-
bral cortex (Figs. 1B, 2B and Table 1).

Our quantitative hybridization data, performed by using
coronal sections, showed that a low expression of RORa
mRNA could be detected in the CA1-CA3 layer of the hip-
pocampus and the dentate gyrus (DG) (Figs. 1B,C and 2B,
C) in both wild-type controls and knockout mice. At the
same level as the hippocampus, high expression of RORa
mRNA could be seen in all subthalamic nuclei. Among the
different subthalamic nuclei, the geniculate nucleus (the dor-
sal lateral area) (+72%), the lateral posterior thalamic (ros-
tral area) nucleus (+58%), and the posterior thalamic nuclear
group (+18%) showed higher levels of RORa mRNA ex-
pression in the dKO compared to the dWT animals (Figs.
1B,C and 2B,C, Figs. 3A,B, and Table 1). Conversely, in the
mediodorsal thalamic (+63%) (Figs. 3C,D) and the centro-
medial (+37%) thalamic nuclei, the RORa. mRNA levels
were higher in the dWT compared to the dKO (Table 1) ani-
mals. In the midbrain, the superior colliculus in the dWT
showed slightly higher RORo. mRNA expression compared
to the dKO animals (Figs. 1D and 2D and Table 1). In the
inferior colliculus, we found a moderate signal in both dKO
and dWT animals (Fig. 1A and 2A respectively). At the same
level, moderate expression of the RORa transcript could
be detected in the retrosplenial cortex in both genotypes
(Figs. 1D and 2D). However, in the medial geniculate nu-
cleus, dKO animals expressed less RORa mRNA compared
todWT (Figs. 1D and 2D and Table 1) animals. In the myel-
encephalon, a strong in situ hybridization signal was observed
in the cerebellum (Figs. 1E and 2E). Our quantitative analy-
sis revealed no differences in RORo. mRNA expression in
dKO animals compared to dWT mice in the cerebellum
(Table 1).

Discussion
Distribution of RORa mRNA in the Mouse Brain

The RORo mRNA expression is widespread throughout
the mouse brain. In the telencephalon, RORo. mRNA was
seen in the dentate gyrus and in the hippocampus. In the mes-
encephalon and metencephalon, RORa expression was
widely distributed in the periaqueductal gray, the cerebel-
lum, and the superior colliculus. The RORa expression is
particularly intense in the thalamic nuclei. This is in gen-
eral agreement with the distribution reported previously in
the adult mouse brain (35).

Differences Between the dKO and the dWT Mice:
Expression of RORa

The thalamus is required for the integration of sensori-
motor information and is critical for the relay of informa-
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Fig. 1. Film autoradiography showing the distribution of RORa. mRNA in the brain of the adult dWT male mouse. Gonadally intact adult
wild-type mice were sacrificed and 12 um coronal sections were hybridized to **S-UTP-labeled RORoe mRNA at 62°C. After high strin-
gency washes and progressive dehydration with alcohol, the sections on slides were exposed to BioMax Film for 5 d. Optical density
analysis was done from three to four matched coronal sections/animal of RORo mRNA expression in subnuclei using MCID software.
For every nuclei, Student’s #-test (p < 0.05 considered significant) was used to compare RORa. mRNA between dKO and dWT. (A) The
expression of RORo. mRNA in a sagittal section. The majority of RORa transcript-containing cells were localized in the diencephalon
especially in the thalamus region. (B=E) The distribution of RORa mRNA in progressive coronal sections from the rostral to caudal axis
(B-E) in the brain of the adult male dWT mouse. Panels B and C represent thalamic and limbic regions. Panel D details the RORa mRNA
expression in the midbrain. Panel E shows the expression of RORa. mRNA in the cerebellum. No signal was detected in the sagittal section,
which was labeled with a sense probe (Panel F). Scale bar, 5 mm. Abbreviations: CA1-CA3, fields of hippocampus; Cb, cerebellum;
CM, central medial thalamic nucleus; Cx, cortex; CPu, caudate-putamen (striatum); DG, dentate gyrus; DLG, dorsal lateral geniculate
nucleus; Hip, hippocampus; Hyp, hypothalamus; IC, inferior colliculus; LP, lateral posterior thalamic nucleus; MG, medial geniculate
nucleus; PFT, parafascicular thalamic nucleus, Pir, piriform cortex; Pn, pons; PO, posterior thalamic nuclear group; RS, retrosplenial cortex;
SC, superior colliculus; Th, thalamus; Tu, olfactory tubercle; VL, ventrolateral thalamic nucleus; VP, ventroposterior thalamic nucleus.

tion from the somatosensory and the motor cortices (45). type controls. However, the type of effect of the TR dele-
The expression of RORa in the lateral and medial thalamic tion is region specific. In the lateral nuclei such as the lateral
nuclei differs in the knockout mouse compared to the wild- posterior thalamus and the geniculate nucleus, the RORa
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Fig. 2. Film autoradiography showing the distribution of RORa. mRNA in the brain of the adult dKO male mouse. Methods are as detailed
in Fig. 1. (A) The expression of RORa mRNA in a sagittal section. As in the dWT mouse, the majority of RORo mRNA-containing cells
were localized in the thalamus region. (B-E) The distribution of RORa. mRNA in progressive coronal sections (n = 3—4 matched coronal
sections/animal) from the rostral to caudal axis in the brain of the adult male mouse. Panels B and C represent thalamic and limbic regions.
Panel D details the RORa. mRNA expression in the midbrain. Panel E shows the expression of RORa mRNA in the cerebellum. No signal
was detected in the sagittal section, which was labeled with a sense probe (Panel F). Scale bar, 5 mm. Abbreviations: CA1-CA3, fields of
hippocampus; Cb, cerebellum; Cx, cortex; CPu, caudate-putamen (striatum); DG, dentate gyrus; DLG, dorsal lateral geniculate nucleus;
Hip, hippocampus; Hyp, hypothalamus; IC, inferior colliculus; LP, lateral posterior thalamic nucleus; MG, medial geniculate nucleus; PFT,
parafascicular thalamic nucleus, Pir, piriform cortex; Pn, pons; PO, posterior thalamic nuclear group; RS, retrosplenial cortex; SC, superior
colliculus; Th, thalamus; Tu, olfactory tubercle; VL, ventrolateral thalamic nucleus; VP, ventroposterior thalamic nucleus.

expression is higher in the knockout mouse. The posterior
group nuclei, particularly the VPL, are the synapses for affer-
ents, which ascend into the somatosensory cortex. On the
other hand, in the medial nuclei such as the medial dorsal
thalamus (central and lateral parts), there is lower RORa
mRNA expression in the knockout as compared to wild type.

The Expression of RORa in the Motor Circuit

is Affected by the Lack of Ligand-Binding TR

In this study, we demonstrate that RORo. mRNA in an
area critical for sensory and motor control, the thalamus, is
affected by the lack of TRs. This study does not allow us to
distinguish if these are direct consequences of the lack of
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Fig. 3. Representative brightfield photomicrographs of RORo mRNA expression in the dorsal lateral geniculate nucleus in the dWT (A)
and in the dKO (B) mouse. Photomicrographs C and D show RORa in situ hybridization in the mediodorsal thalamic nucleus of the dWT
and dKO mice respectively. Note the level of expression of the RORo. mRNA in the WT and KO animals. Scale bar, 25 um.

Table 1
Optical Density Measurements of RORo. mRNA From Film
Autoradiograms/Stained Slides in dKO and dWT Adult Male Mice

TRQ.1+/+ B+/+ TR(X,l_/_ B—/—
Region (optical density) (optical density)
CAl 0.09 £ 0.01 0.08 + 0.01
CA2-CA3 0.11 £0.01 0.12 £ 0.01
DG 0.13 £0.01 0.11 £0.01
DLG 0.64 + 0.04* 1.10 £ 0.05
MG 0.83 £0.01 0.64 £ 0.02%*
LPT 0.60 + 0.03* 0.95 £ 0.06
MDT 0.93 £0.02 0.53 £ 0.05%
CM 0.49 +£0.02 0.31 £ 0.03*
VP 0.87 £0.02 0.86 = 0.01
Pons 0.85 £ 0.02* 1.01 £ 0.06
SC 0.34 £0.02 0.21 £ 0.03*
1C 0.35+0.01 0.41 £0.04
RS 0.35+0.01 0.41 +0.05
Cortex 0.51 +0.04 0.45 £ 0.02
Piriform Cx 0.51 +£0.03 0.53 +£0.03

“Values represent mean + SEM of three or four sections per mouse. The asterisk
denotes nuclei, which show a lower RORa. expression when compared to the same
nuclei in the other genotype. Abbreviations: CA1-CA3, fields of hippocampus; DG,
dentate gyrus; DLG, dorsal lateral geniculate nucleus; IC, inferior colliculus; LPT,
lateral posterior thalamic nucleus; MDT, mediodorsal thalamic nucleus; MG, medial
geniculate nucleus; CM, central medial thalamic nucleus; RS, retrosplenial cortex;
SC, superior colliculus; VP, ventroposterior thalamic nucleus.
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ligand-binding TRs or an indirect, related effect. The motor
system is affected both by the hypothyroid state and by muta-
tions in the RORa gene (sg mutant), principally by affect-
ing the PC in the cerebellum (23). The sluggishness seen in
the hypothyroid state (46—48) may therefore be a manifes-
tation of these thalamic changes. However, although these
data may indicate a motor deficit in the dKO mouse model,
there have been no defects in the motor system reported in
the dKO to date. This is in agreement with previous studies
reporting the absence of differences between hypothyroid
and euthyroid animals in RORa mRNA expression in the
PC of the adult mouse (44). It is possible that such a differ-
ence in the cerebellum between the hypothyroid and euthy-
roid state is only seen during early postnatal development,
where there is a critical “window” for thyroid hormone ac-
tion (19,44,49,50) or that there is compensation for the loss
of the ligand-binding TR isoforms. Hence, the functional
consequence of differential changes in RORa mRNA in
specific thalamic areas in the male adult mouse is not clear.

The Differences Between dKO and the Wild Type
also Occur in the Visual Pathway

Two areas involved in the processing of visual cues also
show differences in RORo mRNA expression. Mice lacking
TRp2 lack green cone photoreceptors (51). In the lateral
geniculate nuclei, which relay visual information from the
optic nerve fibers into the primary visual cortex, the RORa
mRNA is higher in the dKO than in the wild-type animals.
On the other hand, RORa mRNA expression is lower in the
dKO in the superior colliculus, which is needed for process-
ing unconscious visual input from the retina and in control-
ling orienting behaviors (45). Again, no deficits in such
behaviors have been reported in the dKO.

It is therefore possible that both motor and visual behav-
iors may not be directly regulated by the TRs and that the
lack of ligand-binding TRs may not mirror the phenotypes
seen in the hypothyroid state.

This study shows for the first time the alteration of expres-
sion of the retinoid-related orphan receptor, RORa., in mice
that lack ligand-binding TRs. Because targets of RORa in
the brain are poorly determined, the significance of differ-
ential regulation of this nuclear receptor in various brain
regions is not clear. RORal can also mediate repression and
activation of genes in a manner similar to thyroid hormone
(36). Therefore, differential regulation of RORa. by TR in
different brain areas may represent a mechanism whereby
the same downstream genes can be regulated differentially
to ensure flexible gene regulation.

Methods and Materials

Animals

The double knockout mice (dKO) lack TRal and both
TR isoforms and hence do not possess any ligand-binding
TR. They are derived from the TRal and TR knockout

mice by heterozygote crosses (52,53). The genetic back-
ground of the TRa1 mice is the 1290laHsd x BALB/C and
that of the TRP knockout mice is the 129/Sv x C57BL/6J.
Gonadally intact, male mice were isolated by genotype and
housed in plastic cages (30 cm x 20 cm x 13 cm). Water and
food were provided ad libitum. They were housed in a room
onareversed 12 hlight: 12 h dark cycle (lights off at 10 am).
The genotypes were determined by polymerase chain reac-
tion from genomic DNA extracted from mouse tail.

Tissue Collection

Gonadally intact, adult WT and KO male mice (12-16
wk of age; n = 4/genotype) were used for the experiments.
Procedures for sacrifice were approved by the University
Animal Use Committee. Mice were quickly exposed to a
lethal dose of CO, and decapitated. On rapid removal of
brains, isopentane at —30°C was used to freeze the brains.
The brains were then stored at —80°C until sections could
be made. A series of coronal sections (12 um) of the whole
brain from the olfactory bulb to the brain stem were cut in
a cryostat and thaw mounted onto SuperFrost®Plus slides
(Fisher, Inc, Pittsburgh, PA). These slides were air dried
and then kept at —80°C until use.

Plasmids and Probe Preparation

The plasmid expressing RORa receptor was described
previously (44). The probe was labeled by in vitro transcrip-
tion with 3>S-UTP (>1000 Ci/mmol; NEN), using SP6 (anti-
sense) and T7 (sense) polymerases. The 3>S-labeled probes
were purified on G50-Sephadex Quick Spin® columns
(Roche) and precipitated in absolute ethanol. The specificity
of this probe has been shown previously (44).

In Situ Hybridization Procedure
(Detection of **S-Labeled Probes)

The protocol for in situ hybridization has been previously
described (54). Briefly, slides were removed carefully from
the —80°C and quickly fixed, acetylated, and progressively
dehydrated. They were then hybridized overnight at 62°C
with RORo cRNA (55) labeled probes (2 x 106 cpm of 3°S
probe in 100 pL of hybridization solution). The hybridiza-
tion solution was as follows: 50% formamide, 10% dextran
sulfate, 20 mM Tris-HCI pH 8.0, 5 mM EDTA pH 8.0, 0.75
M NaCl, 250 mM dithiotheritol, 0.1% sodium dodecyl sul-
fate, 1X Denhardt’s/250 pg/mL yeast tRNA. At the end of
the hybridization, the slides were washed using high strin-
gency washes and treated with RNase A (20 ug/mL, Boeh-
ringer-Mannheim) at 37°C for 45 min. After a series of pro-
gressive dehydrations in alcohol, the slides were exposed to
BioMax MR film (Kodak) for 4-5 d. All autoradiographic
films were developed and processed for analysis at identi-
cal time points. The specificity of the hybridization reac-
tion was confirmed because in situ hybridization of sections
with sense probe, or sections pretreated with RNase A prior
to hybridization with the antisense probe, showed no speci-
fic signal.
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Analysis and Quantification

Neuroanatomical subdivisions were determined using
the atlas of Franklin and Paxinos (56). The film autoradio-
grams (which were developed at identical time points to
avoid interassay variability) were analyzed using a compu-
ter-assisted microdensitometry system (MCID, Imaging Re-
search, St Catharine’s, Ontario, Canada). Slides undergoing
hybridization were stained and used to aid in the determin-
ation of nuclear boundaries, particularly within the thalamic
nuclei where the division between the different subnuclei is
readily discernible from stained material. An observer who
was unaware of the identity of the genotypes being exam-
ined performed the analysis. Optical density values were ob-
tained from three or four carefully matched coronal sections
per animal, structures were delineated interactively, and
pixel gray levels were measured in the outlined areas. Gray
level/optical density calibrations were performed using a
calibrated film strip (Imaging Research) for optical density.
In order to correlate optical density with amount of radio-
activity, '*C (ARC, St Louis, Mo, USA) standards strips were
co-exposed with the experimental sections. The gray levels
that produced optical densities within a linear function were
quantified in the samples and optical densities outside the
linear range were not used. Background radioactivity values
were measured in each structure on the negative control sec-
tions, i.e., sections hybridized with sense probe. Specific
labeling was calculated by subtracting background radio-
activity levels measured from the same region on the adja-
cent negative control section. For analysis, we focused our
attention on the structures which show an important expres-
sion of RORo mRNA such as pons, cerebral cortex, piriform
cortex, retrosplenial cortex, hippocampus (CA1-CA3), den-
tate gyrus, the thalamic nuclei, the superior colliculus, the
inferior colliculus, and the cerebellum. Statistical analysis
comparing the knockout mice with their wild-type counter-
parts was carried out by Student’s #-test. In all instances p
<0.05 was considered statistically significant. In cases where
there was a significant difference in subnuclei between the
dWT and dKO animals, the optical density of that region in
the dWT was arbitrarily set at 100% and the optical density
for that region in the dKO was compared to this 100% set
point. This is reported in the abstract.

The slides were dipped in NTB-2 (Kodak) emulsion for
single-cell emulsion autoradiographic analysis for 3—4 wk
at 4°C in the dark. They were then developed in D19 devel-
oper (Kodak), rinsed in MilliQ water, and fixed in rapid fixer
(Kodak). The slides were rinsed and counterstained with meth-
ylene blue, dehydrated, cleared in xylene, and coverslipped
with DPX (Electron Microscopy Sciences).

Photomicrography

Bright field photomicrographs were produced by captur-
ing images with a digital camera (AxioCam, Zeiss) mounted
directly on the microscope (Zeiss Axioscop2). A Gateway

PC computer running Adobe Photoshop was used to assem-
ble composite photomicrographs.
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