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Abstract
The present study examined the effect of a subchronic systemic administration of the glutamate
metabotropic mGluR5 receptor antagonist MPEP on l-DOPA-induced dyskinesias and striatal gene
expression in adult rats with a unilateral 6-OHDA lesion of dopamine neurons. The daily systemic
administration of l-DOPA for two weeks induced a gradual increase in limb dyskinesia and axial
dystonia. The subchronic systemic co-administration of MPEP reduced the severity of limb
dyskinesia and axial dystonia over the whole duration of l-DOPA treatment. Subchronic l-DOPA
administration was paralleled by a significant increase in mRNA levels of the two isoforms of the
GABA-synthesizing enzyme glutamic acid decarboxylase (GAD67 and GAD65) and
preprodynorphin (PPD). Single cell analysis on emulsion radioautographs indicated that l-DOPA-
induced increases in GAD67 occurred predominantly in preproenkephalin-unlabeled striatonigral
and, to a lesser extent, in preproenkephalin-labeled striatopallidal neurons. MPEP completely
reversed the effects of l-DOPA on GAD67 and reduced the increases in GAD65 and PPD mRNA
levels in striatonigral neurons. MPEP also reversed the small l-DOPA-induced increase in GAD67
mRNA levels in striatopallidal neurons. Altogether, the findings support the idea that the relative
efficacy of mGluR5 receptor antagonists to oppose l-DOPA-induced abnormal involuntary
movements involves an ability to oppose increases in GAD gene expression and GABA-mediated
signaling in striatonigral and striatopallidal neurons. The results also confirm the potential usefulness
of antagonists of mGluR5 receptors as adjuncts in the treatment of l-DOPA-induced dyskinesia in
patients with Parkinson’s disease.

Introduction
Parkinson’s disease is characterized by a loss of dopamine (DA) neurons in the substantia nigra,
pars compacta (SNc), resulting in basal ganglia DA deficiency and motor abnormalities.
Levodopa (l-DOPA), the metabolic precursor of DA, is an agent commonly used for the
symptomatic treatment of Parkinson’s disease. Studies in rats with a unilateral 6-
hydroxydopamine (6-OHDA) lesion of DA neurons indicate that the systemic administration
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of l-DOPA increases DA levels in the ipsi- and, to a lesser extent, the contra-lateral striatum
(Abercrombie et al., 1990). Increased DA levels derived from l-DOPA have positive effects
on Parkinson’s disease symptoms. However, long-term repeated exposure to l-DOPA also
results in decreased therapeutic effectiveness and induces abnormal involuntary movements
known as l-DOPA-induced dyskinesias (LID). Several studies have shown that
pharmacological antagonists of metabotropic mGluR5 receptors can improve motor
complications induced by l-DOPA. For instance, the mGluR5 receptor antagonists MTEP or
MPEP can reduce the severity of LID in 6-hydroxydopamine-(6-OHDA)-lesioned rats
(Lundblad et al., 2002; Dekundy et al., 2006; Mela et al., 2007; Levandis et al., 2008) and LID
in MPTP-treated monkeys is paralleled by an increase in striatal mGluR5 expression (Samadi
et al., 2008).

The mechanisms involved in LID are unclear but they correlate with abnormal cell signaling
in GABAergic striatonigral and to, a lesser extent, striatopallidal projection neurons.
Striatonigral neurons co-express preprodynorphin (PPD) whereas striatopallidal neurons co-
express preproenkephalin (PPE) (Gerfen and Young, 1988). The chronic systemic
administration of l-DOPA to 6-OHDA-lesioned rats is associated with prominent increases in
PPD mRNA levels in striatonigral neurons (Cenci et al., 1998; Carta et al., 2003; 2005; Nielsen
and Soghomonian, 2004) and smaller increases in PPE mRNA levels in striatopallidal neurons
(Cenci et al., 1998; Henry et al., 1999). The systemic administration of mGluR5 receptor
antagonists opposes the stimulatory effects of l-DOPA on PPD or PPE mRNA levels in 6-
OHDA-lesioned rats (Mela et al., 2007). These findings suggest that antagonists of mGluR5
receptors may exert a positive effect on LID via a reversal of the molecular plasticity induced
by l-DOPA in both striatonigral and striatopallidal neurons.

GABA is the neurotransmitter of striatonigral and striatopallidal neurons. These two subsets
of neurons express the two isoforms of the GABA-synthesizing enzymes GAD67 and GAD65
(Mercugliano et al., 1992). The systemic administration of l-DOPA induces marked increases
in GAD gene expression in striatonigral neurons (Soghomonian et al., 1996; Cenci et al.,
1998; Carta et al., 2003; Nielsen and Soghomonian, 2004; Katz et al., 2005) and smaller
increases in striatopallidal neurons (Carta et al., 2003; 2005; Nielsen and Soghomonian,
2004). Subchronic administration of l-DOPA to 6-OHDA-lesioned rats induces marked
increases in GABA release in the substantia nigra (Yamamoto et al., 2006) while the systemic
blockade of mGluR5 receptors opposes these increases (Mela et al., 2007). Based on these
findings, it can be hypothesized that antagonists of mGluR5 receptors would normalize GAD
gene expression in striatonigral neurons. A role of mGluR5 receptors on peptide or GAD gene
expression in 6-OHDA-lesioned rats has been documented in some regions of the basal ganglia
(Breysse et al., 2003; Oueslati et al., 2005). However, the effects of a systemic administration
of mGluR5 receptor antagonists on l-DOPA-induced increases in GAD gene expression in
striatal neurons have not been examined. The main objective of this study was therefore to
examine the effects of a subchronic administration of the mGluR5 receptor antagonist MPEP
on l-DOPA-induced increases in GAD67 and GAD65 mRNA levels in sriatal neurons and
severity of abnormal involuntary movements in adult rats with a unilateral 6-OHDA lesion of
dopamine neurons.

Experimental procedures
Subjects and drug treatments

A total of 18 adult male Sprague-Dawley rats (Charles River, Wilmington, MA, USA)
weighing 250-300 g were maintained under a 12-h light-dark cycle with constant temperature
and humidity. Food and water were available ad libitum. All experimental procedures were
performed in full accordance with the Institutional Animal Care and Use Committee guidelines
at Boston University of School of Medicine. All rats were anesthetized with a combination of
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ketamine (80 mg/kg) and xylazine (10 mg/kg) intraperitoneally and placed in a stereotaxic
apparatus. Rats were unilaterally depleted of dopamine by intracerebral injections of 6-OHDA
(8.0μg of free base in 2μl of saline with 1.0% ascorbic acid) into the left rostal substantia nigra,
pars compacta (anterior/posterior=3.4mm, lateral=2.0mm, height=2.8mm) and the left median
forebrain bundle (anterior/posterior=4.0mm, lateral=1.1mm, height=1.9mm) with the incisor
bar at 0mm. This combined injection was carried out in order to optimize the rate of successful
lesion of dopamine neurons and minimize the potential number of animals used for this study.
Manual injections of 6-OHDA were administered with a Hamilton syringe over 2 min, and the
syringe was kept in place for 5 min following the injection. Then, the skin was sutured and the
rats were returned to their cage following anesthesia recovery.

Three to four weeks following surgery, the rats were randomly divided into three groups, which
received a daily injection of vehicle, l-DOPA (6mg/kg) or MPEP (2-methyl-6-(phenylethynyl)-
pyridine) (1mg/kg) followed by l-DOPA (6mg/kg). The dose of MPEP was chosen based on
previous studies showing that a dose of 1.25-1.50mg/kg opposes l-DOPA-induced increases
in striatal PPD mRNA levels, phospho-Erk or abnormal involuntary movements (Mela et al.,
2007; Levandis et al., 2008; Rylander et al., 2009). All injections were administered
intraperitoneally between 10:00 and 12:00AM for 14 days. The glutamate receptor antagonist
was injected 5 minutes before l-DOPA. l-DOPA methyl ester was dissolved in vehicle solution
(saline with 0.1% of ascorbic acid) with 25mg/kg of the peripheral decarboxylase inhibitor
benserazide. MPEP was dissolved in vehicle solution. All drugs were obtained from Sigma
Chemical Co. (St Louis, MO) and were prepared fresh each day prior to the injections.

Behavioral assessment
Rats were returned to their home cage after the i.p. injection and the severity of dyskinetic
movements induced by l-DOPA was assessed on alternate days using a rating scale adapted
from Cenci and co-workers (Cenci et al., 1998). Briefly, each rat was observed for two minutes
every 20 minutes for a total duration of a three hours session following l-DOPA. Dyskinesias
were subdivided into two subtypes: axial dystonia (torsion of the body) and forelimb dyskinesia
(extension of the forepaw). Each subtype was scored from 0 to 4 based on presence and severity
of the movements: 0=absent, 1=occasional-occurs during less than 50% of the two-minutes
session, 2=frequent-occurs more than 50% for of the two-minutes session, 3=continuous but
interrupted by a sensory stimulus (a rub on the animal’s side), or 4=continuous and not
interrupted by the sensory stimulus. The average number of subtype scores was calculated for
each session and for each rat (average of 9 observations). In addition, dyskinesia and dystonia
scores were calculated for each time interval. The mean values for axial dystonia and limb
dyskinesia were analyzed separately. Because there were no differences in the effects of MPEP
on axial dystonia and limb dyskinesia, the two scores were combined for the final statistical
analyses. Three hours after the last injection of l-DOPA on day 14, all rats were sedated with
CO2 and killed by decapitation. Brains were rapidly removed, frozen in powdered dry ice, and
maintained at -80 °C. Ten μm-thick sections were cut on a Microm HM-505 cryostat and thaw-
mounted on chromalum gelatin-coated glass slides. Coronal sections were collected at level of
the striatum (interaural 10.0-10.6 mm) according to the atlas of Paxinos and Watson (1986)
and stored at -80 °C.

3H-mazindol binding radioautography
The density of striatal pre-synaptic dopamine re-uptake sites in the striatum was measured
by 3H-mazindol binding radioautography as previously described (Soghomonian et al.,
1994). Fresh-frozen tissue sections were dried under a flow of air. Sections were rinsed for 5
min at 4 °C in 50 mM Tris buffer with 120 mM NaCl and 5 mM KCl to wash off endogenous
ligand. Sections were then incubated for 40 min at 4 °C in 15 nM 3H-mazindol (PerkinElmer
Life Sciences, Boston, MA, USA, specific activity 21.0 Ci/mmol) in 50 mM Tris buffer with
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300 mM NaCl and 5 mM KCl. Desipramine (0.3mM; Sigma Chemical Co.) was added to block
binding to norepinephrine transporters. Nonspecific binding was determined in the presence
of 30 μM unlabeled benztropine (Sigma Chemical Co.). Sections were then quickly rinsed in
ice-cold buffer, distilled water and air-dried. All sections were apposed to Kodak Biomax MR
X-ray films (Eastman Kodak, Rochester, NY, USA) at room temperature for 35-45 days. The
films were developed in Kodak D-19 for 3.5 min at 14 °C.

In situ hybridization histochemistry
For single-labeling in situ hybridization, two or three sections per rat were processed
with 35S-radiolabeled complementary (cRNA) riboprobes as previously described by (Nielsen
and Soghomonian, 2004). Briefly, coronal brain sections at the level of the striatum were
quickly dried at room temperature and immediately fixed for 5 min in 3% paraformaldehyde
in a phosphate buffer (pH 7.2). Sections were then sequentially rinsed in 2× SSC, phosphate
buffer saline (0.1 M), 0.25% acetic anhydride with triethanolamine for 10 min, Tris-glycine
for 30 min and dehydrated in ethanol. For GAD67, GAD65, PPE or PPD single-labeling
experiments, sections were hybridized for 4 h at 52 °C with 4.0 ng of radiolabeled cRNA probe
(average specific activity: 4.3×105 cpm/ng). Probes were diluted in 20 μl of hybridization
solution (40% formamide, 10% dextran sulfate, 4× SSC, 10 mM dithiothreitol, 1.0% sheared
salmon sperm DNA, 1.0% yeast tRNA, 1× Denhardt’s solution). For post-hybridization
washes, the sections were washed in 50% formamide at 52 °C for 5 and 20 min, RNAse A (100
μg/ml; Sigma) for 30 min at 37 °C, and in 50% formamide for 5 min at 52°C. Following
dehydration in ethanol and xylene, the slides were apposed to Kodak BioMax MR X-ray films
for 10-15 days. Films were developed in Kodak D-19 for 3.5 min at 14°C.

For double-labeling experiments, two sections per rats were processed with a combination of
the 35S-labeled GAD67 riboprobe and a digoxigenin-labeled (DIG-labeled) PPE ribroprobe.
Synthesis of the DIG-labeled PPE probe was performed by in vitro transcription from a cDNA
encoding for PPE (inserted into pSP64) in the presence of digoxigenin-labeled UTP (Roche
Applied Science, Indianapolis, IN, USA). Sections were hybridized at 52 °C for 4 h with 20
μl of the DIG-labeled PPE probe (200-400 ng) and the radioactive GAD67 probe (4 ng) in
hybridization solution described above. Pre-hybridization and post-hybridization washes were
as described above. Following post-hybridization washes, sections were incubated overnight
at 4 °C with 90 μl of an anti-DIG antibody Fab fragment conjugated with alkaline-phosphatase.
Then, sections were incubated in the dark 1.5-3 h in 75 mg/ml Nitroblue tetrazolium chloride
and 50 mg/ml X-phosphate (Roche Applied Science), and 0.24mg/ml levamisol (Sigma
Chemical Co.).The reaction was terminated by rinsing the slides in 10 mM Tris buffer with 1
mM EDTA (pH 8.0) and 2× SSC for 15 min. Following dehydration in 70% ethanol, sections
were processed for emulsion autoradiography. Slides were coated with Amersham LM-1
nuclear emulsion, air dried for 3 h and half, and stored at room temperature in light-tight boxes
with desiccant for 10 days. Sections were developed in Kodak D-19 developer for 3.5 min at
14 °C, and mounted with crystal mount (Biomedia, Foster City, CA, USA).

Quantification of X-ray film and emulsion autoradiographs
Labeling with 3H-mazindol and GAD67, GAD65, PPE and PPD cRNA probes in the striatum
was first quantified on X-ray films. The images on X-ray films were viewed on a Machintosh
computer connected to a Sony CCD video camera. The analog signals of mRNA labeling on
X-ray films were converted to a digital image of 640×480 pixels using NIH image 1.61
software. The levels of mRNA labeling were expressed as relative optical density (OD), which
was calculated by standardization against Kodak gelatin filters and after subtracting the optical
density of the film. Bilateral measurements were obtained from two to three consecutive
sections per rat for each group. The unilateral value for each rat was calculated by averaging
values from the two or three sections.
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The quantification of GAD67 mRNA labeling in PPE-negative or positive neurons in the
striatum was accomplished on double-labeled emulsion radioautographs using a Nikon Eclipse
E600 microscope connected to a Sony CCD video camera and microscope images were
observed live with NIH Image 1.61 (Nielsen and Soghomonian, 2004). The area covered with
silver grains in individual neurons of the striatum was measured under light- or dark-field
illumination with a 60× objective in order to measure GAD67 mRNA labeling in PPE-negative
or -positive neurons respectively. The measured values were expressed as a number of pixels
per neuron. Forty to fifty neurons per section and per side were measured in five rats in each
group, and two slides were measured for each rat. The unilateral value for each rat was
calculated as the average value from two slides. The investigator who carried out this
quantification was blind to the experimental groups.

Statistical analysis
Behavioral data were analyzed with a non-parametric Kruskal-Wallis followed with a Dunn’s
multiple comparison test. For experiments on film or emulsion radioautographs, differences
in mRNA labeling between ipsi-and contralateral sides were compared with a paired t test.
Differences between groups in the ipsi- or contralateral striatum were compared using a one-
way ANOVA followed by a Bonferroni post hoc comparison test. In all cases, p<0.05 was
considered statistically significant.

Results
3H-Mazindol autoradiography

All rats with a 6-OHDA-lesion had a marked loss of 3H-mazindol labeling in the ipsi- compared
to contra-lateral striatum (Figure 1). Quantitative analysis of radioautographs indicated that 6-
OHDA-lesioned rats had an average 90% loss of 3H-mazindol labeling in the ipsi- compared
to contralateral striatum (average relative OD value for the contra-and ipsi-lateral side: 0.221
±0.025 vs 0.020±0.006). The extent of loss of 3H-mazindol labeling did not differ between
experimental groups (one-way ANOVA: F(2, 16)=0.45; p=0.78).

Behavioral observations
6-OHDA-lesioned rats injected with vehicle did not exhibit nor develop axial dystonia or limb
dyskinesia. Chronic treatment with l-DOPA for 13 days resulted in a gradual increase in axial
dystonia and limb dyskinesia that seemed to reach a maximum between day 9 and 13 of a daily
administration (Figures 2). The co-administration of MPEP delayed the occurrence of axial
dystonia and limb dyskinesia until day 5 of treatment (Figure 2). Thereafter, rats treated with
MPEP gradually developed axial dystonia and limb dyskinesia. Because there were no
differences in the effects of MPEP on l-DOPA-induced axial dystonia and limb dyskinesia,
results are illustrated for the combined dystonia and dyskinesia scores. When compared to rats
injected with l-DOPA alone, the average axial dystonia and limb dyskinesia scores from days
8-12 were significantly lower in the MPEP group (Figure 2).

GAD67 and GAD65 mRNA labeling in the Striatum
In accordance with previous findings (Nielsen and Soghomonian, 2004; Katz et al., 2005)
GAD67 and GAD65 mRNA levels were significantly higher in the ipsi- compared to
contralateral striatum in 6-OHDA-lesioned rats (Figures 3A, 3D and 4). GAD67 and GAD65
mRNA levels were also higher in the ipsi- compared to contralateral striatum in the l-DOPA
or MPEP group (Figures 3B-C, 3E-F and 4). One-way ANOVA showed that GAD67 and
GAD65 mRNA labeling in the striatum ipsilateral to the lesion was significantly different
between groups (F(2,16)=11.25, p<0.01 for GAD67; F(2,16)=8.98, p<0.01 for GAD65). Post-
hoc Bonferroni’s multiple comparisons indicated that l-DOPA induced a significant increase
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in GAD67 and GAD65 mRNA levels compared to the vehicle group (p<0.01) (Figure 4). The
administration of MPEP had a tendency to oppose the l-DOPA-induced increases in GAD67
and GAD65 mRNA levels since there were no significant differences between the MPEP and
vehicle groups. However, the decrease in GAD67 mRNA levels was more pronounced in the
MPEP group and was the only one to reach significance when compared to the l-DOPA group
(Figures 3E-F and 4A). Comparisons between groups on the contralateral side indicated no
significant differences in GAD67 mRNA labeling. However, GAD65 mRNA labeling was
significantly increased in the contralateral striatum in the l-DOPA and MPEP groups compared
to the vehicle group (F(2,16)=7.85, p<0.01) (Figure 4B).

Single-cell quantification of GAD67 mRNA labeling in striatal neuronal profiles negative and
positive with PPE

Previous studies have shown that a 6-OHDA lesion of dopamine neurons increases GAD67
mRNA levels in PPE-positive but not PPE-negative neurons whereas the systemic
administration of l-DOPA induces prominent increases in GAD67 mRNA levels in PPE-
negative and smaller increases in PPE-positive neurons (Carta et al., 2003; Nielsen and
Soghomonian, 2004). In order to assess the contribution of these two populations of striatal
neurons to the effects of MPEP on GAD67 mRNA levels, double-labeling in situ hydridization
was used to measure GAD67 mRNA levels in neurons labeled (presumed striatopallidal) or
unlabeled (presumed striatonigral) with PPE. In PPE-negative neurons, GAD67 mRNA levels
in the ipsilateral striatum were significantly different between experimental groups (ANOVA:
F(2,14)=11.91, p<0.01) (Figure 6A). Post-hoc Bonferroni’s multiple comparisons
demonstrated that GAD67 mRNA levels were significantly higher in 6-OHDA-lesioned rats
injected with l-DOPA compared to rats injected with vehicle (Figures 5A-B and 6A). These
increases were reversed by MPEP (Figures 5B-C and 6A). Further statistical analysis indicated
that GAD67 mRNA levels in PPE-negative neurons were higher in the ipsi- compared to
contralateral striatum in the l-DOPA but not in the vehicle or MPEP group (Figure 6A).

In PPE-positive neurons, GAD67 mRNA levels in the ipsilateral striatum were significantly
different between groups (ANOVA: F(2,14)=4.36, p<0.05) (Figure 6B). GAD67 mRNA levels
were significantly higher in 6-OHDA-lesioned rats injected with l-DOPA compared to rats
injected with vehicle (Figure 5D and E). GAD67 mRNA levels in rats injected with MPEP
were not different from the vehicle group and were slightly lower than the l-DOPA group but
this difference did not reach significance (Figures 5E-F and 6B). This result indicated that
although MPEP opposed the effect of l-DOPA on GAD67 mRNA levels in striatopallidal
neurons, the effects were small. Further comparisons between ipsi- and contralateral sides
indicated that GAD67 mRNA levels were higher in the ipsi- compared to contralateral striatum
in all experimental groups (Figure 6B). No significant differences in GAD67 mRNA levels in
PPE-positive neurons between groups were found in the contralateral striatum.

PPD and PPE mRNA labeling in the Striatum
In accordance with earlier studies (Gerfen et al., 1990; Andersson et al., 1999), PPD mRNA
levels were significantly decreased in the ipsi- compared to contralateral striatum of 6-OHDA-
lesioned rats (Figure 7A). In contrast, in rats injected with l-DOPA, PPD mRNA levels were
significantly higher in the ipsi- compared to contralateral side (Figure 7A). In the MPEP group,
PPD mRNA levels were not significantly different between the ipsi- and contralateral side.
ANOVAs between groups confirmed that PPD mRNA levels were significantly different in
the ipsilateral striatum (F(2,17)=6.87, p<0.01). Post-hoc Bonferroni’s multiple comparisons
indicated that PPD mRNA levels were significantly higher in 6-OHDA-lesioned rats injected
with l-DOPA compared to rats injected with vehicle (Figure 7A). However, there were no
statistical differences between the l-DOPA and MPEP groups (Figure 7A). This indicated that
MPEP decreased but did not completely reverse the effect of l-DOPA on PPD mRNA levels.
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No difference in PPD mRNA levels between groups was observed on the side contralateral to
the 6-OHDA lesion (Figure 7A).

Striatal PPE mRNA levels were significantly increased in the ipsi- compared to contralateral
striatum in all experimental groups (Figure 7B). PPE mRNA levels in the ipsilateral striatum
were slightly higher in the l-DOPA group but this difference was not significant. ANOVAs
showed no significant differences in PPE mRNA levels between groups in the ipsi- or the
contralateral striatum (Figure 7B).

Discussion
Our study shows that the systemic subchronic administration of MPEP delays the onset and
reduces the severity of limb dyskinesia and axial dystonia induced by subchronic l-DOPA in
6-OHDA-lesioned rats. The antagonist also opposed the effects of l-DOPA on GAD and
peptide gene expression in striatonigral and, to a lesser extent, striatopallidal neurons. Because
mGluR5 receptors are expressed in striatal GABAergic projection neurons (Kerner et al.,
1997; Testa et al., 1994; Paquet et Smith, 2003; Gubellini et al., 2004; Galvan et al., 2006;
Kuwajima et al., 2007), it is possible that the ability of the antagonist of group I mGluR5
receptors to oppose l-DOPA-induced movement disorders and increased gene expression in
dopamine-depleted animals involves a direct effect on glutamate receptors expressed by
striatonigral and striatopallidal neurons.

Effects of MPEP on l-DOPA-induced abnormal involuntary movements and striatal gene
expression

The finding that the subchronic co-administration of MPEP significantly reduces the severity
of l-DOPA-induced abnormal involuntary movements in 6-OHDA-lesioned rats is consistent
with previous studies using the chemically related mGluR5 receptor antagonist MTEP (3-[(2-
methyl-1,3-thiazol-4-yl)ethynyl] pyridine) (Dekundy et al., 2006; Mela et al., 2007; Gravius
et al., 2008). Evidence that the behavioral effects of subchronic MPEP were maintained
throughout the subchronic administration schedule of l-DOPA is consistent with other studies
using the antagonist MTEP (Mela et al., 2007) or a dose of MPEP comparable to that used in
our study (Levandis et al., 2008). These findings also support other evidence for a lack of
tolerance to the anxiolytic effects of a systemic chronic administration of a mGluR5 receptor
antagonist (Gravius et al., 2008).

The finding that MPEP administration reduced but did not completely reverse the effect of l-
DOPA on striatal PPD mRNA levels is consistent with other studies using a comparable dose
of the antagonist MTEP (Dekundy et al., 2006; Mela et al., 2007). A dose-response study was
not carried out in our study but the effect of the mGluR5 antagonist MTEP on l-DOPA-induced
increases in PPD mRNA levels in the striatum were previously shown to be dose-dependent
and reversed with a dose of 6mg/kg (Mela et al., 2007), suggesting that higher doses of MPEP
may have completely reversed the effect of l-DOPA on PPD mRNA levels. It should be
emphasized, however, that doses of MTEP or MPEP comparable to that used in our study
(1mg/kg) were previously shown to oppose the l-DOPA-induced increases in striatal PPD
mRNA levels, FosB or phospho-Erk and the development of abnormal involuntary movements
(Mela et al., 2007; Levandis et al., 2008; Rylander et al., 2009). Furthermore, a dose of 1.25
or 6.25 mg/kg of MTEP was equally efficacious to reduce expression of striatal phospho-Erk1/2
induced by l-DOPA in the 6-OHDA-lesioned rat (Rylander et al., 2009). The finding that
subchronic l-DOPA tends to increase PPE mRNA levels is also consistent with a previous
study (Mela et al., 2007) although in our experiment, the effect was small and did not reach
statistical significance. In this previous study (Mela et al., 2007), the mGluR5 receptor
antagonist MTEP was able to reverse the l-DOPA-induced increase in PPE mRNA levels. It
is of interest that the intrastriatal infusion of an antagonist of group III receptors was able to
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reduce haloperidol-induced increases in striatal PPE (Konieczny et al., 2007), indicating that
such receptors may play a preferential role on the modulation by dopamine of gene expression
in striatopallidal compared to striatonigral neurons. On the other hand, our results confirm that
subchronic l-DOPA administration to 6-OHDA-lesioned rats increases GAD67 and GAD65
mRNA levels in striatonigral and, to a lesser extent, GAD67 in striatopallidal neurons (Carta
et al., 2003; Nielsen and Soghomonian, 2004; Katz et al., 2005). We now provide original
evidence that the blockade of mGluR5 receptors with MPEP opposes these increases, which
suggests that stimulation of mGluR5 receptors could be involved in the modulation of striatal
GAD gene expression induced by systemic l-DOPA. Because the effects of MPEP were more
pronounced on GAD67 than on GAD65 or PPD mRNA levels, it is likely that different
mechanisms are involved in the transcriptional regulation of these genes in striatonigral
neurons.

The finding that systemic l-DOPA was also able to increase GAD65 but not GAD67 mRNA
levels in the striatum on the side contralateral to the 6-OHDA lesion is consistent with earlier
and more recent evidence that agonists of dopamine D1 receptors selectively increase mRNA
levels for this GAD isoform in striatonigral neurons in the dopamine-intact but not the
dopamine-depleted striatum (Laprade and Soghomonian, 1995; 1997; Yamamoto and
Soghomonian, 2008). Although systemic l-DOPA induces prominent increases in striatal
dopamine levels in the ipsilateral side of a 6-OHDA lesion, modest increases can also be
detected in the contralateral striatum (Abercrombie et al., 1990), which could explain the
modest but significant effects seen here on GAD65 mRNA levels in the contralateral striatum.
The observation that MPEP did not reverse the l-DOPA-induced increase in GAD65 mRNA
levels in the contralateral striatum and had a smaller effect in the ipsilateral striatum on this
mRNA compared to that on GAD67 mRNA levels lends further support for the possibility that
different mechanisms are involved in the transcriptional regulation of these two mRNAs in
striatal neurons and that loss of dopamine alters these mechanisms.

Although the mechanisms involved in the effects of the mGluR5 receptor antagonist on gene
expression in striatal efferent neurons are unknown, they may involve direct interaction
between mGluR5 and dopamine receptors co-expressed in these neurons. Indeed, activation
of mGluR5 receptors induces phosphorylation of Erk1/2 in striatal neurons (Choe et al.,
2002) via a Ca2+- dependent and -independent pathway (Mao et al., 2005) and dopamine D1
and mGluR1/5 receptors cooperate to enhance Erk1/2 phosphorylation in striatal neurons
(Voulalas et al., 2005). Other studies have also shown that mGluR1/5 receptors potentiate
cAMP formation induced by agonists of D1-like receptors (Paolillo et al., 1998) and co-
activation of mGluR1/5 and D1 receptors synergistically enhances CREB phosphorylation
(Voulalas et al., 2005). Stimulation of dopamine D1 receptors or the administration of l-DOPA
to 6-OHDA-lesioned rats induces Erk1/2 expression in striatonigral neurons (Gerfen et al.,
2002) and mGluR5 receptor antagonism reduces l-DOPA-induced striatal Erk1/2
phosphorylation (Rylander et al., 2009). Based on these data, it is possible that the effects of
MPEP on l-DOPA-induced gene expression in striatonigral neurons involve inhibition of an
Erk1/2-dependent signaling pathway, a possibility also supported by earlier findings that
Erk1/2 is involved in amphetamine-induced PPD gene expression in striatal neurons (Shi and
McGinty, 2006) and that l-DOPA selectively activates Erk/1/2 in striatonigral neurons (Santini
et al., 2009). Evidence for a contribution of Erk1/2 to LID and l-DOPA-induced gene
expression in striatonigral neurons has been recently reviewed (Cenci and Lindgren, 2007).

Loss of dopamine neurons alone or in conjunction with l-DOPA administration increases
mGluR5 expression (Konradi et al., 2004; Samadi et al., 2008; Sanchez-Pernaute et al.,
2008) and enhances coupling of dopamine D1 receptors to the protein G(olf) (Corvol et al.,
2001; 2004) in striatal neurons. Loss of dopamine may therefore enhance the functional
interaction between dopamine D1 and mGluR5 receptors in striatonigral neurons, an effect that
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could be partially reversed by mGluR5 receptor antagonists. The mechanisms involved in the
effects of MPEP on l-DOPA-induced gene expression in striatopallidal neurons are also
unclear. It has been shown that mGluR5 receptors interact with dopamine D2 receptors, which
are enriched in striatopallidal neurons. Agonists of mGluR5 receptors decrease the high affinity
of dopamine D2 receptors (Popoli et al., 2001) and stimulation of dopamine D2 receptors can
reverse the 6-OHDA lesion-induced increases in gene expression in striatopallidal neurons
(Henry et al., 1999). Thus, mGluR5 receptor blockade could decrease gene expression in
striatopallidal neurons secondary to an enhancement of dopamine D2 receptor affinity and
increased responsiveness to the effects of dopamine derived from l-DOPA.

Conclusions
Findings in this report provide original evidence that the blockade of mGluR5 receptors
opposes the increases in striatal GAD mRNA levels induced by chronic l-DOPA administration
in the 6-OHDA-lesioned rat. They also suggest that the transcriptional activity of genes
encoding for the two GAD isoforms in striatonigral and striatopallidal neurons is a down-
stream target of the intracellular signaling pathways modulated by agonists of dopamine
receptors in the dopamine-intact and dopamine-depleted striatum. Recent microdialysis studies
indicate that the subchronic administration of l-DOPA leads to prominent increases in the
release of GABA in the SNr of 6-OHDA-lesioned rats (Yamamoto et al., 2006). This increase
is blocked by the subchronic administration of the mGluR5 receptor antagonist MTEP (Mela
et al., 2007). Our results are therefore consistent with the idea that mGluR5 receptor antagonists
oppose the effects of chronic l-DOPA on GABAergic neurotransmission in the striatonigral
pathway, an effect that could explain the efficacy of these antagonists to decrease the severity
of LID in experimental models and in Parkinson’s disease.
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Figure 1.
Photomicrograph of an X-ray film showing the radioautographic image from a coronal brain
section illustrating the loss of 3H-mazindol binding in the striatum ipsilateral (Ipsi) to the 6-
OHDA lesion. All rats used in this study had a comparable loss of binding.
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Figure 2.
Effect of MPEP on l-DOPA induced limb dyskinesia and axial dystonia in 6-OHDA-lesioned
rats. Rats received a daily administration of vehicle (not shown on this graph since axial
dystonia or limb dyskinesia scores were null) or l-DOPA in combination with vehicle (LD:
black squares) or MPEP (MPEP: black diamonds) for 14 days. Data are expressed as the mean
±SEM of cumulative axial dystonia and limb dyskinesia. Significant differences between
groups were determined by a Kruskal-Wallis followed by Dunn’s multiple comparison test.
*p<0.05 compared to vehicle; ¶<0.05 compared to MPEP. n=6 rats per group.
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Figure 3.
Photomicrographs of x-ray films from striatal sections processed for in situ hybridization with
a GAD67 (A-C) or GAD65 (D-F) cRNA probe. Sections illustrate labeling in the striatum of
6-OHDA-lesioned rats chronically treated with vehicle (A and D), l-DOPA (B and E) or l-
DOPA combined with MPEP (C and F). Veh=vehicle, LD=l-DOPA, LD+MP= l-DOPA
+MPEP.
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Fig. 4.
GAD67 (A) and GAD65 (B) mRNA levels in the striatum of 6-OHDA-lesioned rats chronically
treated with vehicle, l-DOPA or l-DOPA and MPEP. Data are expressed as the mean±S.E.M.
expressed as a percent of the contralateral (contra) side of vehicle-treated rats. mRNA levels
were compared within groups with a paired t-test (*p<0.05 compared to contralateral side).
Differences between groups were analyzed with a one-way ANOVA followed by Bonferroni’s
post hoc test (#p<0.01 compared to the ipsilateral side in the vehicle group; ¶<0.01 compared
to the ipsilateral side in the l-DOPA group) (n=6 per group).
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Figure 5.
Bright-field or combined bright- and dark-field photomicrographs of emulsion autoradiographs
showing the effects of vehicle (A and D), l-DOPA (B and E), and l-DOPA+ MPEP (C and F)
on GAD67 mRNA levels in the striatum on the side ipsilateral to the 6-OHDA lesion. Sections
were processed for in situ hybridization histochemistry with a radioactive probe for GAD67
and a non-radioactive probe for PPE. Radioactive labeling appears as dark clusters of silver
grains (bright-field) or white clusters of silver grains (dark-field), whereas the non-radioactive
label appears as a diffuse precipitate over striatal cell bodies. Veh=vehicle, LD=l-DOPA, LD
+MP=l-DOPA+MPEP.
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Figure 6.
Quantification of GAD67 mRNA levels in PPE-negative (A) and PPE-positive (B) neurons in
the striatum of 6-OHDA-lesion rats followed by administration of vehicle, l-DOPA or l-DOPA
+MPEP for 14 days. Data were represented as mean±S.E.M. pixels per labeled neuron
measured by computerized image analysis of emulsion autoradiographs. *p<0.01 compared
with side contralateral to 6-OHDA lesion (paired t-test). Differences between groups were
analyzed by one-way ANOVA followed by Bonferroni’s post hoc test (#p<0.05 compared with
ipsilateral side in vehicle group; ¶<0.05 compared with ipsilateral side in l-DOPA group). (n=5
per group).
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Figure 7.
PPD (A) and PPE (B) mRNA levels in the striatum of 6-OHDA-lesioned rats chronically
treated with vehicle, l-DOPA (LD) or l-DOPA and MPEP (LD+MP). Data are expressed as
the mean±S.E.M. expressed as a percent of the contralateral (contra) side of vehicle-treated
rats. mRNA levels were compared within group with a paired t-test (*p<0.05 compared to
contralateral side). Differences between groups were analyzed with a one-way ANOVA
followed by Bonferroni’s post hoc test (#p<0.05 compared to the ipsilateral side in the vehicle
group) (n=6 per group).
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