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The development and the function of central nervous system depend on thyroid hormones. In humans, the
lack of thyroid hormones causes cretinism, a syndrome of severe mental deficiency. It is assumed that thyroid
hormones affect the normal development and function of the brain by activating or suppressing target gene
expression because several genes expressed in the brain have been shown to be under thyroid hormone control.
Among these, the Rhes gene, encoding a small GTP-binding protein, is predominantly expressed in the striatal
region of the brain. To clarify the role of Rhes in vivo, we disrupted the Rhes gene by homologous recombination
in embryonic stem cells and generated mice homozygous for the Rhes null mutation (Rhes�/�). Rhes�/� mice
were viable but weighed less than wild-type mice. Furthermore, they showed behavioral abnormalities, dis-
playing a gender-dependent increase in anxiety levels and a clear motor coordination deficit but no learning
or memory impairment. These results suggest that Rhes disruption affects selected behavioral competencies.

The thyroid hormones thyroxine (T4) and triiodothyronine
(T3) have many physiological effects. They exert their actions
in all tissues examined and affect many metabolic pathways.
Some of the most prominent effects of thyroid hormones occur
during fetal development and in early childhood. In humans,
the lack of adequate levels of thyroid hormones in the first
trimester of life, such as in iodine deficiency (endemic cretin-
ism) (8, 9), or in developmental abnormalities of the thyroid
gland (congenital hypothyroidism) (22, 28, 55) results in cre-
tinism, a syndrome of severe mental deficiency, which may be
accompanied by retarded growth and/or neurological deficits,
such as spastic diplegia. Many of these developmental effects
are not reversed by later treatment with hormone, indicating
that thyroid hormone acts in a specific developmental window.
Therefore, adequate levels of thyroid hormone are required
for normal central nervous system development.

To date, several specific central nervous system genes whose
expression is controlled by thyroid hormone have been identi-
fied. The expression of these genes may be decreased (2, 5) or
increased (1, 18) in hypothyroidism. Furthermore, the total or
partial absence of thyroid hormones may also affect either
mRNA stability (43, 54) or the mRNA translational process
(43, 57, 60). The identification of thyroid hormone target genes
in the central nervous system and the understanding of their
function in central nervous system development are important
to understanding the pathogenesis of neurological cretinism at
the molecular level.

In order to understand the molecular basis of neurological
cretinism, we studied the Rhes (Ras homolog enriched in stri-

atum) gene (24). Rhes is predominantly expressed in the stri-
atum, and its expression is controlled by thyroid hormones
(59). Interestingly, several lines of evidence indicate that in
neurological cretinism, there is damage of striatum, which de-
termines a striatopallidal syndrome with poor motor coordina-
tion and spastic diplegia (8, 9, 39).

Rhes, composed of 266 amino acids, belongs to the RASD
subfamily of the Ras-related GTP-binding protein superfamily.
Rhes has 95% identity with TEM2 (58) and 62% identity with
Dexras1 (37), which are other members of the RASD subfam-
ily. Ras family proteins are molecular switches that respond to
extracellular signals and regulate intracellular signal pathways
controlling cell growth (40, 41), gene transcription (20, 61),
mRNA stability and translation (7, 15, 52), cytoskeleton orga-
nization (33, 38), peptide trafficking (23, 46, 50), and secretion
(3, 45). In the central nervous system, Ras protein controls
pathways that are involved in synaptic plasticity, learning, and
memory (10).

To assess the role of Rhes in mature striatum and in the
pathogenesis of neurological cretinism, we generated mice car-
rying null mutations in the Rhes gene by a gene-targeting
method. In this paper, we show that mice homozygous for the
Rhes mutation are viable and fertile but smaller than wild-type
mice. Furthermore, they show a gender-dependent increase in
anxiety levels and a motor coordination deficit but no learning
or memory impairment.

MATERIALS AND METHODS

Tissue preservation and histological analysis. Mice were killed by CO2 as-
phyxiation. Brains and embryos were isolated, fixed, and embedded in paraffin as
described previously (19). Brains were cut in 10-�m sections; embryos were cut
in 7-�m sections. In situ hybridization was carried out on paraffin-embedded
sections as described previously (19). The Rhes riboprobe was transcribed from
a 372-bp AflII-PvuII genomic fragment of the 3� untranslated region located 42
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bp downstream of the Rhes stop codon. The EGFP (enhanced green fluorescent
protein) riboprobe was transcribed from a 747-bp NcoI-BamHI fragment, which
contains all of the EGFP coding region.

RNA analysis. Total RNA was isolated from adult mouse tissues, staged
embryos brains, and cultured cells by the guanidine hydrochloride procedure as
previously described (16); 5 �g of total RNA, previously treated with RNase-free
DNase I (Roche), was used for reverse transcription (RT)-PCR analysis. Reverse
transcription of mRNAs was carried out with the SuperScript preamplification
system for first-strand cDNA synthesis (Life Technologies). Single-stranded
cDNAs in 2 �l of a 25-�l reaction mixture were amplified by PCR with Taq DNA
polymerase (Roche). Glyceraldehyde-3-phosphate dehydrogenase (G3PDH)
mRNA was amplified as an internal control for the reverse transcription reac-
tion. The oligonucleotide primers used were Rhes (5�-ACTAGTTCAGGACA
GAGCTCTGAC-3� and 5�-CAGCAGGTGTCTTTATCCAGAGTC-3�) and
G3PDH (5�-TCCACCACCCTGTTGCTGTA-3� and 5�-ACCACAGTCCAT
GCCATCAC-3�). For Northern blot analysis, 15 �g of total RNA was separated
on a 1% formaldehyde–agarose gel, blotted onto a Hybond N nylon membrane
(Amersham), and hybridized with the 372-bp AflII-PvuII genomic fragment
labeled with 32P.

Rhes antibody preparation. The sequence encoding full-length rat Rhes, in-
cluded between the NdeI and EcoRV sites, was cloned in the NdeI site and
filled-in BamHI site of vector pET15b; the full-length protein fused with a 6His
stretch at its NH2 terminus (6H-Rhes) was expressed in Escherichia coli
BL21(DE3). The protein was solubilized in 4 M urea and injected into rabbits
(30). The anti-Rhes antiserum was purified by affinity chromatography as previ-
ously described (19).

Western blot analysis. Total protein extracts from wild-type and knockout
striatum and from transfected cells were prepared as previously described (34),
resolved by sodium dodecyl sulfate (SDS)–4 to 15% polyacrylamide gel electro-
phoresis (PAGE) on a precast gel (Bio-Rad), and transferred to a polyvinylidene
difluoride membrane (Millipore). As a positive control, HeLa cells were trans-
fected with the Pb-Rhes construct, encoding Rhes protein under the control of
the PGK-1 promoter. The blot was probed with a 1:20,000 dilution of polyclonal
anti-Rhes antibody and developed with the ECL Plus Western blotting detection
reagent (Amersham Life Science).

Generation of knockout mice. The Rhes genomic locus was isolated by PCR
screening of the phage artificial chromosome library RPCI-21 (provided by the
Yac Screening Center, DIBIT-HSR and IGBE-CNR, Milan, Italy). The internal
ribosome entry site-EGFP cassette and the PGKneo cassette, flanked by loxP
sequences, were flanked by two Rhes genomic DNA fragments: a 2.9-kb fragment
including the Rhes translational start codon and a 5-kb fragment (see Fig. 3A).
The 2.9-kb genomic fragment underwent a site-directed mutagenesis reaction
which allowed insertion of a stop codon in each reading frame and EcoRI and
XhoI restriction sites downstrea of the Rhes translational start codon. The site-
directed mutagenesis reaction was performed with the QuikChange site-directed
mutagenesis kit (Stratagene) according to the manufacturer’s instructions.

The oligonucleotide primers used for the mutagenesis reaction were 5�-CTT
AGCAGGCACCTCGAGTGTGGAATTCCTACTGGACTAGGTCTTCATC
ATG-3� and 5�-CATGATGAAGACCTAGTCCAGTAGGAATTCCACACTC
GAGGTGCCTGCTAAG-3�. The herpes simplex virus thymidine kinase
cassette was positioned downstream of the 3� homology arm. Transfection of the
targeting vector and selection of the mutant embryonic stem (ES) cells (R1) were
performed as described previously (21) except that 400 �g of G418 (Gibco) per
ml was used. Screening of ES cell clones and genotyping of mice were carried out
by Southern blot analysis. Genomic DNA samples were digested with EcoRI or
StuI; the 0.8-kb KpnI and 0.55-kb KpnI-StuI fragments, located outside the
homology arms, were used as probes (see Fig. 4A for probe positions and
digestion product sizes). Embryo manipulations and aggregations of ES cell
clones with mouse blastocysts of strain CD1 were carried out as described
previously (36). Chimeric animals with a high contribution of the 129/Sv genetic
background, as judged from coat color, were bred with CD1 mice. Offspring
heterozygous for the disrupted Rhes gene were mated to each other to produce
Rhes null mice.

Thyroid-stimulating hormone, glucose, and amylase measurements. Thyroid-
stimulating hormone levels in blood collected from wild-type and knockout mice
on postnatal days 30 and 180 were analyzed with a rat thyroid-stimulating hor-
mone radioimmunoassay kit (Amersham). The glucose levels in blood collected
from wild-type and knockout mice on postnatal day 120 were analyzed as de-
scribed previously (49). Amylase levels were analyzed as described previously
(29).

Animals. Ten adult (five males and five females) wild-type mice and 10 adult
(five males and five females) knockout mice were used in all experiments. The
wild-type mice were generated from crosses of the heterozygous mice to have the
same genetic background as the Rhes�/� mice. The animals were housed in an
air-conditioned room (temperature, 21 � 1°C; relative humidity, 60 � 10%) with
the lights on from 2000 to 0800 h, in Plexiglas boxes (33 by 13 by 14 cm) with a
metal top and sawdust as bedding. Pellet food (enriched standard diet, purchased
from Mucedola, Settimo Milanese, Milan, Italy) and tap water were continuously
available. Before each test, mice were individually weighed. For the Morris water
maze test, they were weighed both the first day, before testing, and the last day,
after testing.

Behavioral tests. The tests below were carried out according to the references
given in parentheses: open-field (14), passive avoidance (13, 17), elevated plus-
maze (35, 53), rota-rod (11), and Morris water maze (12, 42).

Statistical analysis. Analyses of variance were performed on body weight,
duration, and frequency data in each behavioral category measured in the open-
field and elevated plus-maze tests and on learning performance data for the
Morris water maze. Post hoc comparisons were performed by Tukey’s Honestly
Significantly Different test. In the passive avoidance test, Mann-Whitney analysis
was applied to evaluate the main effect of treatment and Wilcoxon analysis to
evaluate the main effect of sex. In the rota-rod test, in order to assess the
significance of the difference between wild-type and knockout mice, the Mann-

FIG. 1. Rhes expression profile during embryo development and in
the adult mouse. (A) (Top panel) RT-PCR analysis performed with
total RNAs prepared from E12.5 (a), E13.5 (b), E14.5 (c), E15.5 (d),
E16.5 (e), E17.5 (f), and E18.5 (g) embryo brains. Total RNA from
adult brain (h) was used as a positive control for PCR. The oligonu-
cleotides were designed according to the sequence of the mouse Rhes
gene and amplified a 403-bp fragment of the Rhes 3� untranslated
region. (Middle panel) Specificity of PCR products checked by hybrid-
ization with a 207-bp PstI-NcoI fragment derived from the Rhes se-
quence between the PCR primers. (Bottom panel) G3PDH gene am-
plification performed as an internal control for RT-PCR. (B) (Upper
panel) Northern blot performed with total RNAs prepared from
mouse adult tissues (brain [a], liver [b], kidney [c], thyroid [d], lung [e],
heart [f], and testis [g]) and TL5 (h), R1 (i), and MEF (l) cells. The
probe used was the 372-bp AflII-PvuII fragment of the mouse Rhes
genomic locus, located 42 bp downstream of the translational stop
codon. The lower panel shows the 28S and 18S rRNAs of each sample.
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Whitney U test was used. The main effect of speed was analyzed by the Friedman
nonparametric analysis of variance, and Wilcoxon analysis was used to evaluate
the main effect of sex. When no main effect of sex and/or genotype � sex
interactions was found, the sex variable was not considered in the analysis.

RESULTS

Expression of Rhes during brain development and in adult
tissues. We analyzed the expression pattern of Rhes in the
developing mouse brain by RT-PCR. Total RNA was extracted
from the brains of CD1 staged embryos. RT-PCR analysis
detected Rhes mRNA starting from embryonic day 13.5
(E13.5) (Fig. 1A). We analyzed the expression pattern of Rhes
in CD1 adult mouse tissues by Northern blot analysis. Rhes was
expressed at very high levels in brain and at low levels in
kidney, thyroid, lung, heart, and testis (Fig. 1B). No Rhes
mRNA was detected in liver. A low level of Rhes expression
was also detected in the rat thyroid cell line FRTL-5 and in the
mouse ES cell line R1 (44) (Fig. 1B). Since R1 cells were
grown on mouse embryonic fibroblasts (MEFs), we also ana-

lyzed Rhes expression in MEF cells. The absence of the hy-
bridization band in total RNA from MEF cells demonstrated
bona fide Rhes expression in ES cells and not in the MEF layer.

To obtain further insights into the distribution of Rhes
mRNA during embryogenesis and in the adult brain, we per-
formed in situ hybridization experiments (Fig. 2). Rhes mRNA
was prominently expressed in the striatum, but it was also
present in the accumbens nucleus (ventral part of striatum), in
the olfactory tubercle, in the piriform cortex, and in the hip-
pocampus dentate gyrus. No signal was detected with a Rhes
sense riboprobe. Surprisingly, no signal was detected by in situ
hybridization in the brain of E15.5 and E17.5 embryos, sug-
gesting that, during embryogenesis, Rhes mRNA levels are
below the limit of detection of our in situ hybridization tech-
nique.

Targeting of the mouse Rhes locus. In order to inactivate the
Rhes locus, we constructed a targeting vector (Fig. 3A). The 5�
homology arm was mutagenized to insert a stop codon in each
frame immediately downstream of the Rhes translational start

FIG. 2. Rhes expression in adult brain. Sagittal sections of CD1 adult mouse brain: striatum (A, B, C, and D), accumbens nucleus (E, F, G, and
H), olfactory tubercle and piriform cortex (I, L, M, and N), and hippocampus (O, P, Q, and R). Sections A, E, I, and O were stained with
hematoxylin and eosin; sections B, C, F, G, L, M, P, and Q were hybridized to the Rhes antisense riboprobe; sections D, H, N, and R were
hybridized to the Rhes sense riboprobe. Sections C, G, M, and Q was higher magnifications of sections B, F, L, and P, respectively.
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FIG. 3. (A) Homologous recombination in ES cells. Targeting vector and wild-type and mutant Rhes allele maps are shown. Restriction enzyme
sites and probes (represented as boxes located upstream and downstream of the homologous arms) are shown. The fragments obtained from
wild-type and mutant allele digestions are also shown. K, KpnI; X, XbaI; S, StuI; RI, EcoRI. (B) Identification of ES cell recombinant clones by
Southern blot analysis. Left panel: DNA isolated from ES cell clones was digested with EcoRI and probed with a 0.8-kb KpnI fragment (located
5� to the genomic fragment for homologous recombination), yielding 9.5-kb and 6.7-kb bands for the wild-type and targeted alleles, respectively.
Right panel: Homologous recombination was confirmed by digesting DNA from positive clones with StuI and probing it with a 0.55-kb KpnI-StuI
fragment (located 3� to the genomic fragment for homologous recombination), yielding 6.5- and 5.9-kb bands for the wild-type and targeted alleles,
respectively. �/�, wild type; �/�, Rhes�/�.
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codon. The targeting vector contained the internal ribosome
entry site-EGFP cassette and PGKneo cassette flanked by loxP
sequences between the homology arms (6). Furthermore, the
construct was flanked by a cassette for the herpes simplex virus
thymidine kinase gene for negative selection. The targeting
vector was designed to abolish the synthesis of Rhes and to
place the EGFP coding sequence downstream of the Rhes
regulatory sequences (Fig. 3A). The targeting construct was
transfected into RI ES cells, and the recombinant clones were
identified by Southern blot analysis (Fig. 3B). Chimeric mice
were generated with five independently targeted ES cell
clones. In the progeny of one chimera, we obtained 48 ES
cell-derived animals (agouti), of which 27 carried the wild-type
Rhes allele and the remainder carried the targeted Rhes allele,
consistent with a Mendelian pattern of transmission.

Rhes protein is not essential for normal embryo develop-
ment. To assess whether Rhes function is essential for normal
development, we interbred Rhes�/� mice. The heterozygous
mice were fertile; each mating was productive, and the litter
sizes were indistinguishable from those obtained with wild-type
mice. The genotypes of the newborns were assessed by South-
ern blot analysis (Fig. 4). Of 117 mice examined, 28 were wild
type, 67 were heterozygous, and 22 were homozygous for the
mutant allele. The ratio of the three classes of animals was not

significantly different from the expected values for normal
transmission of the wild-type and mutant alleles. The Rhes�/�

mice were viable, showing that the Rhes gene product does not
play a vital role, at least in the CD1 background. Furthermore,
mice homozygous for the Rhes knockout allele mated and were
fertile, and the litter sizes were indistinguishable from those of
wild-type and heterozygous matings.

In situ hybridization and Western blot analysis on knockout
mouse brain. To determine Rhes expression in Rhes�/� mice,
we performed in situ hybridization experiments and Western
blot analyses. Since the main Rhes expression site was the
striatum, we focused on this region of the brain. In situ hybrid-
ization showed that Rhes mRNA was barely detectable in the
striatal region of the knockout mouse brain (Fig. 5), while it
was clearly detected in wild-type animals. We also carried out
an in situ hybridization experiments with an antisense ribo-
probe of EGFP because, in the targeting vector, the EGFP
gene was controlled by the Rhes promoter. Figure 5 shows that
EGFP mRNA was detected in the striatum of the Rhes�/�

mouse. No signal was detected with the sense riboprobes for
either Rhes or EGFP.

To explore the presence of the Rhes protein, we prepared a
rabbit anti-Rhes polyclonal antibody. We proved the efficacy
and the specificity of the antibody by Western blotting on
HeLa cell extracts transfected with either a Rhes expression
vector or an empty vector. Rhes protein was only detected in
the cells transfected with the Rhes expression vector (Fig. 6,
lane c) while no cross-reacting proteins were seen in the con-
trol extracts (Fig. 6, lane d). However, Western blotting carried
out on striatum protein extracts with the same antibody re-
vealed the presence of protein bands that were present both in
wild-type (Fig. 6, lane b) and knockout (Fig. 6, lane a) animals
that we interpreted as nonspecific. Three bands were present
only in the wild-type mice and were completely absent in
knockout extracts. The lower band displayed a mobility very
similar to that of Rhes expressed in HeLa cells. The slight
difference could be due to different posttranslational modifi-
cations happening in the in vitro and in vivo models. The upper
bands identified proteins of higher molecular mass. Interest-
ingly, the Rhes locus shows several transcripts, one of which
(accession number BC036988) encodes a protein containing
Rhes at the C terminus and extending 48 additional amino
acids at the N terminus without an initiator methionine, sug-
gesting that the actual protein could be longer, like the one(s)
that we detected in the Western blot.

Taking together the RNA and protein data on Rhes expres-
sion, we conclude that the targeted Rhes allele presented in
this paper does not produce any detectable Rhes protein. We
have also presented evidence of a novel Rhes-related protein
whose presence was also abolished in the knockout mouse that
we generated.

Rhes affects body weight. We observed that knockout mice
weighed less than wild-type mice, as clearly shown by a signif-
icant main effect of genotype [F(1, 16) � 9.247 and P � 0.0078;
see Fig. 8]. Furthermore, a genotype-age interaction [F(2, 32) �
3.487 and P � 0.0427] but not a genotype-sex interaction was
found. At each age analyzed (postnatal days 70, 100, and 130),
a marked weight difference between wild-type and knockout
mice in both males and females was revealed by post hoc
analysis (P � 0.01; Fig. 7). Since Rhes is expressed in the

FIG. 4. Identification of knockout mice. Southern blot analysis of
offspring generated from mating of mice heterozygous for the Rhes
null mutation. DNA isolated from tails was digested with EcoRI and
probed with a 0.8-kb KpnI fragment, yielding 9.5- and 6.7-kb bands for
the wild-type and targeted alleles, respectively. �/�, wild type; �/�,
Rhes�/�; �/�, Rhes�/�.
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thyroid gland and in pancreatic 	-cells (14bis), we tested the
thyroid-stimulating hormone, glucose, and amylase levels in
age-matched homozygous knockout and wild-type mice. No
statistically significant differences were found (data not
shown).

Behavioral analysis of Rhes�/� mice. (i) Passive avoidance
and Morris water maze tests. In both the passive avoidance
and Morris water maze tests, no significant difference between
wild-type and knockout mice was found (data not shown).

(ii) Open-field test. In the first 15 min of the open-field test
test, no main effect of genotype was found in distance moved,
and the genotype � 5-min block interaction missed statistical
significance [F(2, 36) � 2.704 and P � 0.0805; Fig. 8]. However,
post hoc comparison revealed that knockout mice had an al-
tered locomotor profile, moving less than wild-type mice dur-
ing the first 5 min (post hoc, P � 0.05; Fig. 8).

FIG. 5. Rhes and EGFP expression in knockout mouse brain. The in situ hybridization experiments were carried out on sagittal sections of adult
mouse brain from CD1 (wild type [WT]) (sections A, B, C, and D) and Rhes�/� (knockout [KO]) (sections E, F, G, H, I, L, M, and N) mice.
Sections A, E, and I were stained with hematoxylin and eosin; sections B, C, F, and G were hybridized to the Rhes antisense riboprobe; sections
D and H were hybridized to the Rhes sense riboprobe; sections L and M were hybridized to the EGFP antisense riboprobe; section N was
hybridized to the EGFP sense riboprobe. Sections C, G, and M are higher magnifications of sections B, F, and L, respectively.

FIG. 6. Expression of Rhes protein in wild-type and Rhes�/� stri-
atum. Rhes�/� (a) and wild-type (b) striatum protein extracts (100 �g
of total protein/lane) were analyzed by Western blotting with anti-
Rhes polyclonal antibody; 0.4 �g of total protein from HeLa cells
transfected with a Rhes construct (c) was used as the positive control;
and 0.4 �g of total protein from HeLa cells transfected with the empty
vector (d) was used as the negative control. Arrows indicate proteins
present in wild-type and absent in knockout extracts.

FIG. 7. Body weights of wild-type and knockout mice measured on
postnatal days 70, 100, and 130. Data are means � standard error of
the mean, n � 5. The double asterisk indicates a significant difference
between wild-type and knockout mice (P � 0.01).

VOL. 24, 2004 Rhes IN STRIATUM 5793



(iii) Elevated plus-maze test. In agreement with previous
studies (26, 51), wild-type males displayed higher anxiety levels
than wild-type females in the elevated plus-maze test. This
profile was found inverted in knockout mice, females being more anxious than males, as illustrated by a significant geno-

type � sex interaction observed in the following measures (Fig.
9): percent of open arm entries [F(1, 16) � 7.011 and P �
0.0175], number of open arm entries [F(1, 16) � 4.438 and P �
0.0500], percent of time spent in the open arms [F(1, 16) � 5.059
and P � 0.0389], and percent of time spent in the closed arms
[F(1, 16) � 4.878 and P � 0.0421]. In the last measure, a clear
difference between wild-type and knockout females was evi-
dent (post hoc, P � 0.05), indicating abnormally high anxiety
levels in knockout females compared to wild-type females.
Other measures confirmed increased anxiety levels in knock-
out mice, especially in knockout females (Fig. 9). A significant
genotype-sex interaction was observed in percent of head-dip-
ping [F(1, 16) � 6.347 and P � 0.0228] and percent of stretch
attend postures [F(1, 16) � 5.998 and P � 0.0262], both per-
formed in the protected area. Moreover, knockout mice showed
less locomotion than wild-type mice, spending a long time in
immobility [F(1, 16) � 4.336 and P � 0.0500]. It is worth noting
that four knockout mice (two males and two females) out of
10 fell from the plus-maze during the test, while none of the
wild-type mice did (P � 0.05; Fisher test).

(iv) Rota-rod test. In the rota-rod test, though both geno-
types displayed a similar over-trial profile, decreasing their
tendencies to fall from the mast with the increase in speed
(Friedman 
2 in the overall group � 17.73, P � 0.0014), knock-
out mice always had worse performances than wild-type mice
(main effect of genotype; Mann-Whitney U � 81.5, P �
0.0172) (Fig. 10). Specifically, knockout mice fell within signif-
icantly shorter times at the two fastest speeds (post hoc, P �
0.01).

DISCUSSION

The mechanism responsible for impairment of brain func-
tion in thyroid hormone deficiencies is not well understood. It
is known that several genes in the brain are under thyroid
hormone control, but it is not clear which gene(s), when de-
regulated, is responsible for the phenotype observed in thyroid
hormone deficiencies or how it does so. In this study we fo-
cused on the role of Rhes, a gene under thyroid hormone

FIG. 8. Locomotor activity in the open-field test. The distance trav-
eled by wild-type and knockout mice is shown. Data are means �
standard error of the mean. Data for males and females were pooled
(n � 10). The asterisk indicates a significant difference between wild-
type and knockout mice (P � 0.05).

FIG. 9. Behavioral endpoints in the plus-maze test. The number of
total and closed arm entries, the percentage of open arm entries, the
percentage of closed arm time, the percentage of protected head
dipping and stretch attend postures, and immobility shown by wild-
type and knockout mice are indicated. Data are means � standard
error of the mean (n � 5). For immobility, data for males and females
were pooled (n � 10). The asterisk indicates a significant difference
between wild-type and knockout mice (P � 0.05).

FIG. 10. Balance and motor coordination in the rota-rod test. The
time before falling at each speed level shown by wild-type and knock-
out mice is indicated. Data are means � standard error of the mean.
Data for males and females were pooled (n � 10). The double asterisk
indicates a significant difference between wild-type and knockout mice
(P � 0.01).
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control that is expressed in the striatum. Rhes is a member of
a new subfamily of Ras-related small GTP-binding proteins
recently identified. To this end, we generated mice homozy-
gous for the Rhes null mutation. We checked the absence of
Rhes protein in the knockout mouse striatum by Western blot
analysis. This analysis also showed the absence of another
protein which probably originates from the Rhes locus by al-
ternative transcription initiation and splicing.

The knockout mice were viable, and their general condition
did not reveal gross abnormalities with the exception of a
reduced body weight. The macroscopic analysis of adult tissues
which express Rhes did not show any gross abnormalities be-
tween knockout and wild-type mice. The knockout animals
mated and were fertile, and the litter sizes were indistinguish-
able from those of wild-type matings. No alteration of thyroid
and pancreatic gland functions was observed, even though
Rhes is expressed in the wild-type glands. Given that the ab-
sence of thyroid hormone determines severe damage to the
developing striatum in neurological cretinism (8, 9, 39), we
analyzed in detail the behavioral features of Rhes knockout
mice. These mice showed a significant decrease in locomotor
activity compared to wild-type mice. Interestingly, Rhes dele-
tion influenced the anxiety response in the plus-maze test in a
gender-specific manner. The impact of gender on the anxiety
test has been widely studied in mice, and in the plus-maze test,
females generally show lower anxiety levels than males (35,
48). In the present study, wild-type mice behaved as expected,
while an opposite trend has been found in Rhes�/� mice, fe-
males showing higher anxiety levels than males in most of the
endpoints considered.

The main behavioral effect of Rhes deletion was a marked
impairment in motor coordination. In particular, knockout
mice showed a clear impairment in the rota-rod test. This
task has been proven to be very sensitive to striatum integ-
rity (11, 25, 56) and has also been used to detect the pro-
gressive decline of striatal function in R6/2 Huntington gene
transgenic mice (27, 31). Thus, the motor coordination im-
pairment shown by Rhes knockout mice in the rota-rod test,
confirmed by the number of falls in the plus-maze, is
strongly concordant with the main striatal localization of the
Rhes protein (24, 59).

The striatum is reportedly involved in cognitive abilities,
from motor planning to reward seeking and procedural learn-
ing (4, 32). Consistent with the role played by the striatum in
motor activity and learning processes, these abilities are dra-
matically impaired in advanced Parkinson’s disease (47). Rhes
knockout mice showed no learning or memory impairment in
the water maze and passive avoidance tests, suggesting that
Rhes protein may be involved only in selected striatal pro-
cesses not influencing learning and memory. This finding indi-
cates that mental retardation linked to hypothyroidism may be
independent of alteration in Rhes levels or function.

In conclusion, the modest behavioral deficits of Rhes knock-
out mice indicate that Rhes is involved in selected striatal
competencies, mainly locomotor activity and motor coordina-
tion, suggesting that its downregulation in hypothyroidism
could be responsible only for a subset of symptoms, such as the
striatopallidal syndrome (8, 9, 39).
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