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Abstract
Rhes is one of several signaling molecules preferentially expressed in the striatum. This GTP-binding
protein affects dopamine-mediated signaling and behavior. Denervating the striatum of its
dopaminergic inputs in adulthood reduces rhes mRNA expression. Here we show that dopamine
depletion in adult rats by 6-hydroxydopamine caused a significant decrease in striatal Rhes protein
levels as measured by Western blotting. The role of dopamine input on rhes mRNA induction during
ontogeny was also examined. Rhes mRNA was measured on postnatal days 4, 6, 8, 10, 15, and 24
with in situ hybridization to determine its normal ontogeny. Signal in striatum was detectable, but
very low, on postnatal day 4 and increased gradually to peak levels at days 15 and 24. Outside of the
striatum, rhes mRNA was expressed at high levels in hippocampus and cerebellum during the
postnatal period. Hippocampal signal was initially highest in CA3 and dentate gyrus, but shifted to
higher expression in CA1 by the late postnatal period. Several other nuclei showed low levels of
rhes mRNA during ontogeny. Depletion of dopamine by 6-hydroxydopamine injection on postnatal
day 4 did not affect the ontogenetic development of rhes mRNA, such that expression did not differ
statistically in lesioned versus vehicle-treated animals tested in adulthood. These findings suggest
that although dopamine input is not necessary for the ontogenetic development of rhes mRNA
expression, changes in both rhes mRNA and Rhes protein are integral components of the response
of the adult striatum to dopamine depletion.
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1. Introduction
As a site of converging synaptic inputs from different brain regions, the striatum expresses
many signaling molecules at uniquely high levels relative to other areas of brain (Falk et al.,
1999; Usui et al., 1994). For example, DARRP-32 (Walaas et al., 1983), Regulator of G Protein
Signaling (RGS) 9-2 (Rahman et al., 1999; Thomas et al., 1998a), adenylyl cyclase V (Glatt
and Snyder, 1993), Gγ7 (Cali et al., 1992; Watson et al., 1994), Gαolf (Herve et al., 1993), and
STEP (Lombroso et al., 1993) are highly expressed in striatum. Rhes, the Ras Homolog
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Enriched in Striatum, is another such signaling molecule. Rhes is a 266 amino acid GTP-
binding protein that is intermediate in size between small Ras-like G proteins and
heterotrimeric G protein α subunits (Falk et al., 1999). It is most closely related to AGS1/
Dexras1, a GTP-binding protein that has been shown to be activated by neuronal nitric oxide
synthase (Fang et al., 2000), to inhibit Gαi-mediated signaling (Graham et al., 2002; Takesono
et al., 2002), and to modulate circadian rhythms through interaction with NMDA receptor
signaling and Gαi/o proteins (Cheng et al., 2004). Although the full extent of the functioning
of Rhes is not yet known, studies of its mechanism of action at the cellular level have shown
that Rhes inhibits activation of Gαs when heterologously expressed in PC12 cells (Vargiu et
al, 2004) and facilitates dopamine (DA) D2 receptor-mediated activation of Gαi/o (Errico et
al., 2008). Furthermore, it is inhibitory to the expression of Gαolf and to phosphorylation of
GluR1, as both of these measures are increased in rhes-/- mice (Errico et al., 2008).

Behavioral studies in rhes-/- mutant mice have provided further clues to the role of Rhes protein
in striatal function. Early studies on these mice showed a decreased latency to fall from a rotarod
compared with wild type littermates, in keeping with a role for the striatum in coordinated
motor behavior. Rhes-/- mice showed decreased locomotor activity during the first 5 minutes
in an open field, but no decrements in learning or memory. Female rhes-/- mice showed more
anxiety than wild type littermates in the elevated plus maze, reversing the wild type profile of
males showing more anxiety than females (Spano et al., 2004). More recently, with a strain of
Rhes mutants congenic on a C57 background, a specific role in DA-mediated behavior has
been demonstrated. Rhes-/- mice are more sensitive than wild type littermates to locomotor
activation produced by a D1 agonist and to catalepsy produced by a D2 antagonist (Errico et
al., 2008). Work in our laboratory on the same strain of Rhes mutant mice has characterized
the role of Rhes in D1 and/or D2 receptor-mediated behaviors: Rhes is inhibitory to stereotypy
induced by co-activation of D1 and D2 receptors or by activation of D2 receptors alone;
however, it is necessary for the full expression of the D1-mediated behavior of grooming
(Quintero et al., in press).

The many neurotransmitter and hormone inputs to the striatum are potential modulators of
Rhes expression. For example, thyroid hormone is known to be important for striatal
development. Hypothyroidism induced during development caused profound decreases in both
rhes mRNA and Rhes protein, with the decrease in mRNA quickly reversed by T3 treatment
(Vargiu et al., 2001). Although initial studies did not detect changes in rhes mRNA in adult
hypothyroid rats (Vargiu et al., 2001), others have recently observed decreases in rhes mRNA
in adult hypothyroid mice by RT-PCR (Vallortigara et al., 2008). Dopamine depletion in adult
rats through either 6-hydroxydopamine (6-OHDA) lesion or reserpine treatment decreases
rhes mRNA expression throughout striatum [including caudate-putamen (CPu), nucleus
accumbens (NAc), and olfactory tubercle (OT)]. Furthermore, this decrease in rhes expression
is strictly correlated with conditions of dopamine receptor supersensitivity, as manipulations
of dopamine systems that do not result in profound receptor supersensitivity (e.g. chronic
antagonist treatment) do not alter rhes expression (Harrison and LaHoste, 2006).

These behavioral and gene expression results thus suggest a two-fold relationship with DA
systems: Rhes affects DA receptor function, and DA input to the striatum affects levels of Rhes
expression. Here we have investigated the extent to which DA input affects Rhes expression.
Although DA depletion has previously been shown to decrease rhes mRNA, its effect on
expression of Rhes protein has not been measured. We have now measured Rhes protein levels
after 6-OHDA lesion, which represents a stable and permanent removal of DA input. We also
tested whether removal of DA input early during development, when rhes mRNA is barely
detectable, would prevent its induction to adult levels. To this end, we also characterized the
postnatal expression of rhes mRNA throughout brain.
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2. Results
Before testing for denervation-induced changes in Rhes protein, we first tested the validity of
the custom-made Rhes antibody. This antibody recognizes an 18-amino acid peptide in the C-
terminal region of the protein (GDAFHPRPFCMRRTKVAG). No signal was detected with
the use of pre-immune serum (not shown). In Western blots, the antibody detected a GST-
tagged purified recombinant Rhes protein (Figure 1a) and detected a ∼30 kDa protein in Rhes-
transfected, but not in empty vector-transfected, CHO-K1 cells (Figure 1b).

We analyzed Rhes protein expression after DA depletion by 6-OHDA in order to determine if
the documented decrease in mRNA expression is accompanied by a decrease in protein
expression. Three weeks post-surgery, animals fitting the criterion of contralateral rotation
after apomorphine injection (0.25 mg/kg) were killed, and their left and right striata were
individually analyzed for Rhes protein expression level. As shown in Figure 2, Rhes protein
was significantly decreased in the 6-OHDA-treated striata relative to unlesioned striata (Figure
2a and c; p<0.05, paired t test). The same striatal tissue was subjected to Western blot analysis
for tyrosine hydroxylase (TH), the rate-limiting enzyme in DA synthesis. As shown in Figure
2b, TH immunoreactivity was undetectable in the lesioned striata, indicative of loss of
innervation by DA-containing neurons.

These results and our previous results measuring mRNA (Harrison and LaHoste, 2006) suggest
that normal DA input is necessary in order to maintain Rhes expression. We therefore sought
to test whether disruption of DA input during early ontogeny would prevent induction of
rhes mRNA. Northern blotting from whole brain (Falk et al., 1999) indicated that appreciable
levels of rhes mRNA emerge postnatally. Therefore, in order to determine the appropriate age
at which to perform the DA depletion, we chose several postnatal time points (4, 6, 8, 10, 15,
and 24 days) at which to examine the anatomical and temporal patterns of rhes mRNA induction
in ontogeny. As an initial survey, we compared rhes mRNA in sagittal sections from rat pups
at days 6, 10, 15, and 24, and in adults (Figure 3a). Some signal was detected in striatum at
days 6 and 10, but high levels of signal were not detected until day 15. Signal increased slightly
between days 15 and 24, but decreased slightly from day 24 to adulthood. The medial-to-lateral
gradient of increasing signal that has been previously described in adult rats (Harrison and
LaHoste, 2006) was readily apparent on all days examined. Outside of the striatum, signal in
hippocampus and cerebellum was higher in neonates than in adults. The details of these extra-
striatal signals were examined more closely by staining hybridized sections with cresyl violet.
Within hippocampal formation, signal appeared to shift during development from being
predominantly in CA3 and dentate gyrus on day 6 to CA1 and CA2 on days 15 and 24 (Figure
3b and c). Rhes mRNA is also apparent in the subiculum (Figure 3c, C2 and C5). Within the
cerebellum, rhes mRNA was located in the granular layer and was absent from the external
germinal layer on day 15 (3c, C3 and C6). The mitral cell layer of olfactory bulb also displays
prominent signal on day 15 (Figure 3c, C1 and C4). Light signal was also detected
developmentally in inferior colliculus (IC) and thalamus (Figure 3). In order to examine further
all of these developmental patterns, we analyzed rhes mRNA in coronal sections throughout
brain.

The coronal view, shown in Figure 4, confirms the observations from the sagittal view and
allows the visualization of some structures not readily apparent in the sagittal plane. On day
4, the earliest age examined, there are very low levels of rhes mRNA in striatum, particularly
in anterior CPu and NAc. Some light signal is detected in middle and posterior CPu, and in
olfactory bulbs. As in the sagittal plane on day 6, much higher levels of mRNA expression are
detected outside of the striatum, particularly in anterior thalamic nuclei, hippocampus, and
cerebellum. There is also light signal in other thalamic nuclei. At later days, the pattern of
striatal signal induction apparent in the sagittal plane is also detected here, with a gradual
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increase in signal up to day 15 and a medial-to-lateral gradient of increasing expression. The
coronal plane allows visualization of a striking signal in anterior thalamic nuclei that peaks on
day 10 before decreasing on days 15 and 24 (Figure 4, column E). The shift in location of
hippocampal signal is again apparent (Figure 4, column F), and light signal is detected in medial
geniculate nucleus and pontine nuclei (Figure 4, column G). Rhes mRNA in cortex is restricted
to superficial layers, especially parietal and occipital cortices on days 10 and 15 (Figure 4,
columns F and G). No signal was detected in sections hybridized with sense probe (Figure 4I-
L).

Rhes mRNA in whole striatum of coronal sections was quantified across ages with respect to
standards exposed to the same film. In some hybridization runs, adult tissue was also examined
for comparison. As shown in Figure 5, signal was detectable, although very low, at day 4, the
earliest day examined. Increases in expression occurred up to day 15, at which point the signal
generally stabilized to adult levels.

Based on this time course of ontogenetic rhes mRNA expression, we chose to perform DA
depletion on Day 4, in order to test whether removal of DA input would prevent induction of
striatal rhes mRNA to adult levels. Rats receiving neonatal 6-OHDA lesions showed no gross
motor deficiencies and were indistinguishable from vehicle-treated littermates. Tyrosine
hydroxylase immunohistochemistry confirmed the completeness of the lesions (Figure 6).
Despite total or near-total loss of DA input to the striatum, 6-OHDA lesion on neonatal day 4
did not cause a decrease in rhes mRNA in adulthood in any level or region of striatum relative
to vehicle-treated littermates (Figure 6). Rhes mRNA signal was quantified and expressed as
a percent of vehicle-treated animals in the same hybridization run (Figure 7). Two-factor
ANOVAs (region × treatment) for each level of CPu showed no significant effect of treatment
[F = 0.169, p = 0.687 (anterior); F = .218, p = 0.647 (middle); F = 0.067, p = 0.799 (posterior)].
Similarly, there was no effect of treatment on rhes mRNA levels in OT or NAc (F = 1.14, p =
0.305).

3. Discussion
Rhes is one of a growing number of signaling molecules with preferential expression in
dopamine receptive brain areas, such as the CPu, NAc, and OT. This localization suggests an
intimate relationship with DA systems. Several recent reports have demonstrated that Rhes
affects DA signaling and behavior (Errico et al., 2008; Quintero et al., in press; Spano et. al.,
2004; Vargiu et al., 2004), and here we have investigated the extent to which DA input affects
Rhes expression. In addition to its preferential expression in striatum, we have detected rhes
mRNA in other brain areas, especially during development. As with many other striatal
signaling molecules, the expression of rhes mRNA is not affected by early neonatal DA
depletion. However, unlike some other striatal signaling molecules thus far examined, Rhes is
affected by DA depletion in adult animals. We have extended previous findings showing a
decrease of rhes mRNA after DA depletion to include decrease of protein as well.

The ontogeny of rhes gene expression has previously been examined with Northern blotting
of whole brain, which showed that expression is weak prenatally and postnatally before day
15 (Falk et al., 1999). Guided by these results, we chose several postnatal time points at which
to examine rhes mRNA ontogeny in anatomical detail with in situ hybridization. Striatal
expression is detectable but weak at postnatal days 4 and 6, is light to moderate on days 8 and
10, and peaks at days 15-24. This temporal pattern agrees with Falk et al., (1999), although
others have detected a higher signal at day 10 (Vargiu et al., 2001). This ontogeny of rhes
expression is distinct from that of striatal DA receptors. Both D1 and D2 receptor mRNA is
present at birth at levels 75-80% of those found in adults; D1 receptor mRNA plateaus at adult
levels around day 10, whereas D2 receptor mRNA reaches its highest levels 3-4 weeks postnatal
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and declines by approximately 5 months of age. Ligand binding to D1 or D2 receptor protein,
however, is very low at birth and increases progressively to stabilize at adult levels at 2-3 weeks
postnatal (Schambra et al., 1994; Srivastava et al., 1992).

The medial-to-lateral gradient of increasing striatal expression that was previously described
for adult animals (Harrison and LaHoste, 2006) was apparent as early as day 6 and remained
as signal increased on days 8, 10, 15, and 24. Such a medial-to-lateral gradient is reminiscent
of patterns often observed with DA receptors. For example, D1 receptor binding has been
shown to be highest in ventrolateral CPu, but also high in dorsomedial areas (Mansour et al.,
1992; Marshall et al., 1989; Rao et al., 1991; Savasta et al., 1986). Although D1 receptor mRNA
has been described as more uniformly distributed in CPu, it is expressed at highest levels
ventrolaterally (Mansour et al., 1992). D2 receptor binding (Altar et al., 1984; Joyce et al.,
1985; Mansour et al., 1990) and mRNA expression (Guennoun et al., 1991; Mengod et al.,
1989; Szele et al., 1991) also show strong medial-to-lateral gradients of increasing expression.
Another feature of striatal rhes mRNA expression in the postnatal period is the dichotomous
distribution in NAc, with low levels of expression in core and higher expression in shell,
including medial and lateral areas and the rostral pole. This pattern of NAc rhes expression
has also been observed in adult animals (Harrison and LaHoste, 2006) and is more similar to
D2 binding than to D1 binding, which is high in all areas of NAc, including core (Mansour et
al., 1990; Schambra et al., 1994).

Some surprising results were found in brain areas outside of the striatum, where high levels of
rhes mRNA were detected developmentally. Although others have reported rhes mRNA
expression in the hippocampus and the cerebellum of adult rats (Vargiu et al., 2004), we report
here that expression in these areas is higher than that in striatum early in development. Indeed,
on day 4, when only very weak signal is detected in striatum, strong signal is detected in
hippocampus and cerebellum. Throughout the later postnatal period examined here, signal in
both hippocampus and cerebellum remains at levels comparable to those found in striatum.
We observed that expression in hippocampus and cerebellum decreased in adulthood such that
it is lower than striatal levels, but others have shown strong signals in these areas even in
adulthood (Vargiu et al., 2004). This discrepancy could be due to differences in probe, exposure
time, or age of the rats. Within the hippocampus, the distribution of rhes mRNA expression
changed during postnatal development from being higher in CA3 and dentate gyrus at early
ages (days 4, 6, and 8) to relatively higher expression in CA1, especially at days 15 and 24.
The significance of the developmental expression of rhes mRNA in hippocampus is currently
unknown, but there is a transient D1 receptor-Gαq-mediated inhibition of excitatory
transmission in CA1 that decreases after day 30 (Noriyama et al., 2006). Since we have recently
shown that Rhes protein is necessary for the full expression of grooming behavior (Quintero
et al., in press), which has a Gαq component (Clifford et al., 1999), it is possible that Rhes can
participate in D1-Gαq signaling. However, in adult animals, we have found a relatively
homogenous moderate distribution in the pyramidal cell layer with lower expression in dentate
gyrus. This adult pattern complements that of RGS9-2, another striatally enriched signaling
molecule that is also expressed in hippocampus. RGS9-2 is expressed at moderate levels in
dentate gyrus, with very low signal in CA1-CA3 (Rahman et al., 1999; Thomas et al.,
1998a).

Although rhes mRNA is expressed in other brain areas developmentally, its major expression
in adult animals is in the striatum, and therefore functional studies have focused on this
dopaminoceptive area. Decreases in mRNA occur after manipulations of DA systems in adult
animals (e.g. DA depletion by 6-OHDA or reserpine treatment) that result in DA receptor
supersensitivity and loss of requisite D1/D2 receptor synergism (Harrison and LaHoste,
2006). We now show that Rhes protein is also decreased under these conditions. These findings
contrast those with DARPP-32, which does not show decreases in mRNA (Ehrlich et al.,
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1990a) or protein (Raisman-Vozari et al., 1990) expression after adult 6-OHDA lesion.
Neonatal DA depletion does not result in the same deficit syndrome as in adult-lesioned animals
(reviewed in Breese et al., 2005; Bruno et al., 1998; Joyce et al., 1996), and no change in
rhes mRNA expression was associated with this manipulation in the present study. Neonate-
lesioned animals do display a decreased sensitivity to antagonists in that both D1 and D2
receptor antagonists are required to block motor behavior, rather than an antagonist to one
receptor class alone (Bruno et al., 1998). This finding could also be interpreted as a loss of
requisite D1/D2 synergism in these neonate-lesioned rats. Thus, in this model, loss of requisite
D1/D2 synergism is not associated with changes in rhes expression. This finding is in
agreement with recent results showing intact synergism in rhes-/- mice in that both D1 and D2
receptor stimulation was required in order to induce stereotypy (Quintero et al., in press). Thus,
the major role for Rhes in DA systems defined so far is to affect the sensitivity of receptor
signaling and behavior rather than D1/D2 synergism (Errico et al., 2008; Quintero et al., in
press; Spano et al., 2004; Vargiu et al., 2004).

Like rhes mNA, the expression of several other striatally-enriched signaling molecules is
independent of DA input during ontogeny. For example, DARPP-32 (Ehrlich et al., 1990b;
Luthman et al., 1990), calcineurin (Polli et al., 1991a), CaM kinase II (Polli et al., 1991b), and
DA D1 (Caboche et al., 1991; Duncan et al., 1993; Leslie et al., 1991, but see also Thomas et
al., 1998b) and D2 (Chen and Weiss, 1991; Schambra et al., 1994; Thomas et al., 1998b)
receptors are unaffected by loss of DA input during ontogeny. Furthermore, mice genetically
engineered to lack DA nevertheless show normal D1, D2, and dopamine transporter binding
levels (Kim et al., 2000) and normal striatal development (Kim et al., 2002). Collectively, these
results indicate that loss of DA input to the striatum during development does not affect the
expression levels of many striatal molecules, and our findings with rhes mRNA indicate that
it too develops normally after removal of DA during the early neonatal period.

In conclusion, by demonstrating a decrease in Rhes protein after adult 6-OHDA lesion, the
present report confirms that alterations in this signaling molecule are an integral part of the
striatal response to this manipulation. Adaptation to neonatal loss of DA input does not,
however, involve decreases in rhes mRNA. Furthermore, the transient expression of rhes
mRNA at high levels in extra-striatal brain regions during ontogeny suggests a possible
developmental function.

4. Experimental Procedure
1. Animals

For adult 6-OHDA studies, male Sprague-Dawley rats (Harlan; Indianapolis, IN) were used.
Rats were housed individually in the vivarium at the University of New Orleans on a 12h light
dark cycle, with lights on from 0600-1800 hours. Food and water were available ad libitum.
Animals recovering from surgery were fed with a mash of Purina rat chow, sucrose, and water.
For neonatal studies, pregnant Sprague-Dawley females were obtained from Harlan, and pups
of both sexes were used. All procedures were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by
the Institutional Animal Care and Use Committee of the University of New Orleans. Every
effort was made to minimize the suffering of the animals and to reduce the number of animals
used.

2. 6-OHDA Injections
2.1 Adult surgeries—Dopamine denervation surgery was performed on male rats weighing
175-200 grams. Animals were anesthetized with a ketamine (80 mg/kg)/xylazine (8 mg/kg)
mixture and placed in a stereotaxic frame. Rats were administered desmethylimipramine (DMI,

Harrison et al. Page 6

Brain Res. Author manuscript; available in PMC 2009 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



15 mg/kg, i.p.), to protect noradrenergic neurons, followed 30 min later by injection of the
neurotoxin 6-OHDA (8 μg free base in a volume of 4 μl of saline in 0.1% ascorbic acid; Sigma-
Aldrich; St. Louis, MO) into the medial forebrain bundle of the left hemisphere in order to
cause unilateral denervation of the striatum. Three weeks post-surgery, animals were screened
for contralateral rotation to apomorphine (0.25 mg/kg i.p.; Sigma-Aldrich), an indication of
>95% dopamine depletion and dopamine receptor supersensitivity. Rotations were counted for
1 min at 15, 20, and 25 minutes post-apomorphine injection, with a criterion of 5 rotations/
minute for each observation period required for inclusion in subsequent analysis.

2.2 Neonatal surgeries—On postnatal day 4, rat pups (male and female) were given
bilateral intracerebroventricular (ICV) injections of vehicle or 6-OHDA in order to destroy
dopamine input to the CPu by using a procedure adapted from Avale et al. (2004).
Noradrenergic terminals were protected by administration of DMI (Sigma, 25 mg/kg, s.c.) 30
minutes prior to ICV 6-OHDA injection. Pups were then anesthetized with 4% tribromoethanol
(i.p.), and skull landmarks were visualized through the skin with the aid of a dissecting
microscope. A guarded, beveled cannula was inserted to a depth of 3.2 mm ventral to the skull
surface at a position 0.5 mm posterior to bregma and 0.5 mm lateral to the sagittal suture. Fifty
μg 6-OHDA (free base) in a volume of 5 μl saline/0.1% ascorbic acid was delivered over 4
minutes, and the cannula was removed after an additional minute. Control animals received 5
μl of vehicle. Pups were marked for identification by toe clipping and returned to the dams
after complete recovery from anesthesia. At weaning, male and female rats were separated and
housed in groups of 3-4 until sacrifice at 3 months of age.

3. Western blotting
3.1 Tissue Preparation—Rats were killed by rapid decapitation, and brains were quickly
removed, frozen in isopentane at -40 °C, and stored at -80 °C until use. On the day of processing,
brains were warmed to -14 °C in a cryostat. Landmarks on the ventral surface of the brain were
used to cut a ∼1 mm slice containing the anterior CPu. Punches were taken from the CPu on
each side by using a Harris Uni-Core tissue puncher with a diameter of 1mm (Electron
Microscopy Sciences; Hatfield, PA). Tissue punches (2 per hemisphere) were homogenized
in 20 volumes of lysis buffer consisting of 50 mM Tris-HCl (pH=8), 150 mM NaCl, 5 m
MgCl2, 1% Triton X-100, 0.5% Na deoxycholate, 0.1% SDS, and Sigma protease inhibitor
cocktail (Catalog # P8340). After sonication (5 pulses of 5 seconds each), samples were
incubated on a rotating shaker at 4 °C for 30 minutes followed by centrifugation at 12,000 ×
g for 15 minutes. Aliquots of supernatants were used to determine protein concentrations with
the Bio-Rad Detergent Compatible Protein Assay. Supernatants were then combined with 2×
sample buffer, boiled, and stored at -20 °C.

3.2 SDS-PAGE—Proteins were separated by SDS-PAGE using 12.5% Criterion
polyacrylamide gels (Bio-Rad) and transferred to PVDF membranes. For cultured cells, 20
μg total protein was used, and for brain, 40 μg total protein was used. After blocking with 5%
Carnation milk in TBS-T (20 mM Tris, 150 mM NaCl, 0.1% Tween-20), membranes were
incubated at 4°C overnight in primary antibody [Rhes, 1:1000, see below; TH (Chemicon/
Millipore; Temecula, CA), 1:5000]. Membranes were washed and incubated for 1 hour in HRP-
labeled goat anti-rabbit antibody (Rhes) or HRP-labeled goat anti-mouse antibody (TH). Bands
were visualized by using the SuperSignal chemiluminescence detection kit (Pierce/Thermo
Fisher; Rockford, IL).

3.3 Rhes Antibody—A rabbit polyclonal antibody was generated and affinity purified by
Bethyl Laboratories (Montgomery, Texas). The antibody recognizes a peptide in the C-
terminus of Rhes, the region in which Rhes shows the most divergence from other proteins.
The specificity of the antibody was tested in three ways: (1) the use of preimmune serum, (2)
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use of purified recombinant GST-tagged Rhes protein (Abnova Corporation, Taiwan), and (3)
comparing lysates from CHO-K1 cells with or without heterologously expressed Rhes. CHO-
K1 cells in 12-well plates were transfected with 0.8 μg pcDNA3.1 (Invitrogen; Carlsbad, CA)
containing the entire Rhes coding sequence (AF134409) or with empty pcDNA3.1 vector.
Lysates were prepared 24h and 48h after transfection.

4. In Situ Hybridization
4.1 Tissue Preparation—Brains were cut in coronal or sagittal planes at 20 μm in a cryostat
at -10 (neonates) or -14°C (adults), and sections were adhered to Vectabond-treated slides
(Vector Laboratories; Burlingame, CA). In all cases, slide-mounted sections were fixed in 4%
paraformaldehyde in phosphate buffered saline (PBS) and stored at -80°C until use.

4.2 Riboprobe and hybridization—A radiolabeled antisense riboprobe was generated by
in vitro transcription as described previously (Harrison and LaHoste, 2006). A sense riboprobe
was prepared in the same manner. In situ hybridization was performed as described previously
(Harrison and LaHoste, 2006).

5. Tyrosine Hydroxylase Immunohistochemistry
Immunohistochemistry was performed essentially as described (Harrison and LaHoste,
2006) on slide-mounted, post-fixed coronal sections representing anterior, middle, and
posterior striatum from adult rats that had received neonatal 6-OHDA lesions. The sections
were adjacent to sections used for rhes in situ hybridization. Sections were pretreated with
H2O2, washed in PBS, and blocked for 1 h in PBS with 5% normal horse serum (NHS) and
0.2% Triton X-100. After an overnight incubation at room temperature with mouse anti-TH
monoclonal antibody (1:5000; Chemicon) in PBS with 1% NHS and 0.1% Triton X-100,
sections were washed and incubated for 1 h in horse anti-mouse biotinylated IgG (1:200; Vector
Laboratories) in PBS with 1% NHS. After a final set of washes in PBS, immunoreactivity was
visualized by incubation of sections with ABC reagent (Vector) followed by diaminobenzidine.

6. Data Analysis
Films of Western blots were digitized, and a measure of relative optical density (ROD) × pixels
was obtained with MCID Elite software (Cambrigde, UK). Data were analyzed with GraphPad
Prism by paired t-test (left and right hemispheres of a given rat paired), with p<0.05 considered
significant.

In situ hybridization autoradiographs were digitized and analyzed with MCID Elite software.
For each hybridization run, optical density readings were taken from the images of the 14C
standards, and a standard curve was established based on these values. Caudate-putamen (CPu)
was divided into anterior (11.08-10.08, AP coordinates in mm anterior to IA, from Paxinos
and Watson, 1998), middle (10.08-9.08), and posterior (9.08-8.08) segments, which were
sampled separately. Anatomical areas to be measured were outlined manually. For some
studies, the CPu was divided into four quadrants [dorsomedial (DM), dorsolateral (DL),
ventromedial (VM), and ventrolateral (VL)], which were measured separately. In the posterior
CPu, VM is replaced by globus pallidus, an area with negligible rhes mRNA signal which was
not measured. A value representing the mean density of each area was obtained and was
converted to nCi/mg tissue equivalent based on the 14C standard curve. For neonate-lesion
studies, since multiple hybridization runs were performed, data were expressed as percent of
the vehicle-treated control samples from the same film. Data were analyzed by two factor
(treatment × region) ANOVA with GraphPad Prism software.
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Figure 1.
An anti-peptide antibody recognizes Rhes protein. (a) Western blot of increasing amounts of
a recombinant GST-tagged Rhes protein (MW = 55.5 kD). (b) CHO-K1 cells were transfected
with either empty vector (pcDNA3.1; lane 1, emp) or pcDNA3.1 with an insert encoding the
30 kD form of Rhes protein, and harvested either 24h or 48h later (lanes 2 and 3). Western blot
of 20 μg of total protein from cell lysates shows that the Ab recognizes a ∼30 kD band
specifically in the Rhes-transfected cells.
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Figure 2.
Rhes protein is significantly decreased in hemispheres of adult rats receiving 6-OHDA. (a)
Western blot of Rhes protein from left and right striata of two representative rats. Lanes 1 and
2 are left and right striata, respectively, of a single rat, and lanes 3 and 4 are left and right striata,
respectively, of a separate rat. (b) Western blot of TH in striata of the same rats as in (a). (c)
Quantification of Western blots for Rhes protein indicating a significant decrease in Rhes
protein in 6-OHDA-treated striata versus untreated striata. Data were analyzed by paired t-test;
n = 8. * p<0.05.
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Figure 3.
Rhes mRNA expression in the neonatal period determined by in situ hybridization, sagittal
view. Rat pups were sacrificed for analysis on postnatal days 6, 10, 15 and 24, and as adults.
A, Medial and lateral sections from rats of the stated ages showing the medial-to-lateral gradient
of rhes mRNA in CPu. Hippocampal and cerebellar signal is higher in neonates than in adults.
B, Cresyl violet stained sections (top panel) delineate layers of rhes mRNA expression in the
same sections (bottom panel). C, higher magnification of P15 from panel B. C1-C3 are cresyl
violet-stained sections; C4-C6 show rhes mRNA in the same sections. scale bar = 1 mm (A,
B) or 500 μM (C). GL = glomerular layer; DG = dentate gyrus; EGL = external germinal layer;
ML = mitral cell layer; Sub = subiculum; GrL = granular cell layer.
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Figure 4.
Rhes mRNA expression in the neonatal period as determined by in situ hybridization, coronal
view. Rat pups were sacrificed for analysis on postnatal days 4, 8, 10, 15, and 24. Rhes mRNA
expression increased gradually during this time in striatum (B, C, D, and E), CA1 of
hippocampal formation (F), and cerebellum (H). No signal was detected with a 35S-labeled
sense riboprobe in anterior CPu (I), posterior CPu (J), hippocampus (K), or cerebellum (L).
OB, olfactory bulbs; NAc SH, shell of nucleus accumbens; NAc core, core of nucleus
accumbens; ANT, anterior nucleus of the thalamus; DG, dentate gyrus; Sub, subiculum; MGN,
medial geniculate nucleus; PN, pontine nuclei; IC inferior colliculus.
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Figure 5.
Quantification of rhes mRNA during neonatal development. Rhes mRNA increased gradually
until day 15, at which point it stabilized at adult levels. Autoradiographs of in situ hybridization
were quantified according to 14C standards exposed to the same film. Whole striata were
manually outlined, and a value of mean density was obtained. For each animal, 2-4 samples
were taken from adjacent striatal sections. n = 2-3.
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Figure 6.
Dopamine depletion of neonatal rat pups does not affect rhes mRNA expression. Rat pups were
administered ICV 6-OHDA or vehicle on postnatal day 4 and sacrificed at 3 months in order
to determine TH immunoreactivity and rhes mRNA expression. Rats that received neonatal 6-
OHDA showed severe DA depletion, as measured by TH immunoreactivity, but rhes mRNA
was still expressed, as measured by in situ hybridization of adjacent sections with a 35S-labeled
rhes riboprobe.
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Figure 7.
Quantification of rhes mRNA levels in rats treated with 6-OHDA or vehicle on postnatal day
4. Autoradiographs from in situ hybridization were quantified according to 14C standards
exposed to the same film and expressed as percent of vehicle-treated animals from the same
film. DA-depleted rats showed no statistical differences in rhes mRNA expression relative to
vehicle-treated controls at any level of CPu or in NAc or OT. n = 6 for vehicle-treated, n = 11
for 6-OHDA.
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