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Metabotropic glutamate receptors (mGluRs) have recently been
considered as potential pharmacological targets in the treat-
ment of neurodegenerative disorders and particularly in parkin-
sonism. Within the basal ganglia, receptors of group I (mGluR1
and mGluR5) are widely expressed; the present study was thus
aimed at blocking these receptors in a 6-hydroxydopamine
(6-OHDA) model of Parkinson’s disease in the rat. Considering
the prominent expression of mGluR5, we have used the selec-
tive mGluR5 antagonist 2-methyl-6-(phenylethynyl)-pyridine
(MPEP) to target these receptors. In rats trained to quickly
depress a lever after a visual cue, bilateral lesions of the dopa-
minergic nerve terminals in the striatum produced severe aki-
netic deficits, which were expressed by increases in delayed
responses and reaction times. Acute MPEP injection (1.5, 3,
and 6 mg/kg, i.p.) had no effect, whereas chronic administra-

tion, ineffective in a control group, significantly reversed the
akinetic deficits. Alleviation of these deficits was seen after 1
week of treatment, and the preoperative performance was fully
recovered after a 3 week treatment of MPEP at all doses.
Chronic MPEP also induced ipsilateral rotation in the unilateral
6-OHDA circling model. However, no effect was seen of MPEP
(1.5, 3, or 6 mg/kg, i.p.) on haloperidol-induced catalepsy (1
mg/kg, i.p.). Altogether, these results suggest a specific role of
mGluRs in the regulation of extrapyramidal motor functions and
a potential therapeutic value for mGluR5 antagonists in the
treatment of Parkinson’s disease.

Key words: basal ganglia; metabotropic receptor antagonist;
6-OHDA lesions; Parkinson’s disease; reaction time task; gluta-
mate; metabotropic receptors (mGluR5 subtype); MPEP; rat

Recent findings on the development of motor abnormalities in
Parkinson’s disease (PD) suggest a crucial involvement of in-
creased glutamatergic activity in basal ganglia circuitry (Wich-
mann and DeLong, 1997). In experimental models of PD, reduc-
tion of excitatory amino acid transmission has thus been
suggested to serve as a therapeutic alternative that may improve
the motor symptoms in PD (Carlsson and Carlsson, 1989; Berg-
man et al., 1990; Schmidt et al., 1990; Amalric et al., 1995; Baunez
et al., 1995; Rouse et al., 2000; Baron et al., 2002). In parkinsonian
patients, surgical therapies have been successfully applied to
improve symptomatology (Benabid et al., 1994; Limousin et al.,
1995a,b). In addition to this surgical approach, non-invasive phar-
macotherapies relying on drug discovery programs are actively
pursued.

As a first approach, a number of studies showed that ionotropic
glutamate receptor antagonists of the NMDA subtypes could
counteract parkinsonian symptoms or act in synergy with L-3,4-
dihydroxyphenylalanine (L-DOPA) in animal models of PD
(Greenamyre and O’Brien, 1991; Schmidt et al., 1992; Ossowska,

1994; Danysz et al., 1997; Starr et al., 1997). The alleviation of
parkinsonian motor signs was often limited, however, because of
the occurrence of uncontrolled side effects at higher dose regi-
mens (hallucinations, cognitive perturbations, postural imbal-
ance) (Amalric et al., 1995; Andine et al., 1999). The narrow
window between symptomatic relief and side effects with these
NMDA receptor antagonists gave rise to the hypothesis that a
modulatory action on glutamate transmission would avoid some
of these undesirable side effects.

Recent emphasis has been placed on metabotropic glutamate
receptors (mGluRs) in the treatment of neurodegenerative dis-
orders. On the basis of primary sequence, second messenger
coupling, and pharmacological profiles, mGluRs can be classified
into three subgroups: group I (mGluR1 and mGluR5), group II
(mGluR2 and mGluR3), and group III (mGluR4, 6, 7, and 8) (for
review, see Conn and Pin, 1997). The expression of mGlu5
receptors in the basal ganglia suggests that this receptor subtype
might be an interesting target in the treatment of PD. Indeed,
mGlu5 receptors have been implicated as major players in the
excitatory drive to the subthalamic nucleus from glutamatergic
afferents (Awad et al., 2000). The recent identification of a selec-
tive and systemically active ligand for the mGluR5 subtype, i.e.,
2-methyl-6-(phenylethynyl)-pyridine (MPEP) (Gasparini et al.,
1999), allowed us to evaluate the potential therapeutic benefit in
animal models for nervous system disorders (Spooren et al.,
2001). The present study therefore tested the effects of MPEP
administration in a rat model of PD induced by bilateral
6-OHDA lesions in the striatum. It was shown previously that this
model produces profound deficits in a reaction time task (Amalric
and Koob, 1987; Amalric et al., 1995; Baunez et al., 1995). The
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effects of acute or chronic application of MPEP were thus tested
in this model of akinesia and in additional models of PD: the
unilateral 6-OHDA rotation and the haloperidol-induced
catalepsy.

MATERIALS AND METHODS
Experiment 1: reaction time task
Animals
Male Wistar rats (n � 85; Iffa Credo, Lyon, France), weighing 110–120
gm at the beginning of the experiment, were housed in groups of two per
cage and maintained in temperature-controlled conditions with a 12 hr
light /dark cycle (7 A.M.-7 P.M., lights off). Their food supply was
restricted to 15–17 gm/d per rat to keep them at 80% of the free-feeding
weight of control animals. Water was provided ad libitum.

All procedures were conducted in accordance with the requirements of
the French “ Ministère de l’agriculture et de la pêche” Décret no.
87–848, October 19, 1987.

Behavioral procedure
Eight operant boxes (Campden Instruments, Cambridge, UK) were used
for the reaction time (RT) task. Each box was equipped with a lever, a
food magazine, and a cue light (a 2.8 W bulb) located above the lever
corresponding to the conditioning stimulus (CS). The lever required a
force of 0.8 N for switch closure. A house light located on the ceiling was
turned on at the beginning of the testing session. Each box was placed in
a wooden sound-attenuating cabinet that was ventilated by a low-level
noise fan. Rats were trained to depress the lever and wait for the onset
of the visual trigger stimulus presented after four randomly and
equiprobably generated intervals (0.5, 0.75, 1.00, or 1.25 sec.). To be
rewarded by a food pellet (45 mg; Phymep, Paris, France), the rat was
required to release the lever with a RT below 600 msec. The RT was
measured in milliseconds from the onset of the stimulus to the lever
release. Each daily session ended after 100 trials. Performance was
evaluated by recording the number of correct and incorrect (nonre-
warded) responses as either “premature,” corresponding to early with-
drawal of the lever (before the onset of the CS), or “delayed,” when the
lever was released with RT above 600 msec. After training, rats were
tested for 6 consecutive days in the RT task from preoperative baseline
values before surgery. After a 7 d postoperative recovery period, they
were tested again for 24 sessions up to 32 d.

Dopamine lesion
The animals were anesthetized by an intramuscular injection of xylazine
(15 mg/kg) and ketamine (100 mg/kg) and placed in a stereotaxic
instrument (David Kopf Instruments) with the incisor bar positioned
�3.0 mm under the interaural line for surgical procedures based on
coordinates of Paxinos and Watson (1986). Lesioned animals received a
bilateral injection of 6-OHDA hydrochloride (Sigma Aldrich, Lyon,
France) (4 �g/�l, 3 �l per side) in the striatum at the following coordi-
nates: anteroposterior (AP) �0.2 mm, lateral (L) �3.5 mm, dorsoven-
tral (DV) �4.8 mm (from skull) according to bregma. The sham
control group received the vehicle alone (ascorbate solution, 0.1 mg/
ml) in the dorsal striatum. The infusion was made with a micropump
over 9 min using a 10 �l Hamilton microsyringe, connected by a Tygon
tubing fitting to the 30 gauge stainless steel injector needles. A 1 week
recovery period was allowed before the animals were again tested daily
on the behavioral task.

Drugs
6-OHDA (Sigma Aldrich) was dissolved in ascorbic acid solution (0.1
mg/ml in 0.9% saline) to prevent oxidation. MPEP hydrochloride (No-
vartis, Basel, Switzerland) was dissolved in distilled water and injected
intraperitoneally in a volume of 1 ml/kg.

Experimental procedure
Acute MPEP treatment. Twenty-four rats were used to test the effects of
an acute injection of MPEP. Control rats (“sham”; n � 9) and dopamine
(DA)-depleted rats (6-OHDA; n � 15) were tested on the RT task. The
effects of the lesion were tested between days 9 and 14 after surgery.
Each group (sham vs 6-OHDA) was then divided into three different
groups receiving three doses of MPEP (0.3, 1, or 3 mg/kg) in a different

order of injection over 3 weeks following a Latin-square design. Injec-
tions were performed once a week over 3 weeks.

Chronic MPEP treatment. The effects of 6-OHDA lesion were tested
between postoperative days 9 and 14. MPEP was then injected intraperi-
toneally for 3 weeks (days 15–31 after surgery), and the animals were
immediately tested in the RT task. The animals were divided into four
subgroups depending on the dose of MPEP (MPEP 0, n � 10; MPEP 1.5,
n � 7; MPEP 3, n � 10; MPEP 6, n � 10). The effects of MPEP chronic
treatment were tested further in a control group of animals (sham
operated) under the same experimental conditions. MPEP was chroni-
cally injected intraperitoneally for 3 weeks at the same doses (i.e., 0, 1.5,
3, and 6 mg/kg; n � 6 for each group, except n � 8 for the 0 group)
between postoperative days 9 and 31.

Statistical analysis
The effects of dopamine depletion and MPEP treatments on RT perfor-
mance were evaluated on each variable (i.e., number of correct, prema-
ture, and delayed responses and RTs) averaged across each session. For
each variable, the data were submitted to a mixed design ANOVA with
different subgroups (“6-OHDA” vs “MPEP1.5” vs “MPEP3” vs
“MPEP6”) and different orders (for the acute experiment) as the
between-subject factor, the sessions (6 before surgery, 6 after surgery,
and 18 with chronic treatment or the acute treatment sessions) as the
within-subject factors, as appropriate. Post hoc multiple comparisons
between groups were made using simple main effects analysis and Fisher
test, as appropriate.

To detect whether rats had a preparatory motor strategy to perform
the conditioned reaction time task (using the visual stimulus occurrence,
i.e., the shorter RTs are associated with the longer delay), RTs were
plotted as a function of the intervals preceding the CS at preoperative
day 2 and postoperative days 12 and 31. The ANOVA involved two
within-subjects factor: the four various intervals and the preoperative
and postoperative sessions (Statview 5.0 program, Abacus concept).

Histology
At the end of the experiment, animals were killed by decapitation. The
brains were then removed and frozen to �80°C. Coronal 10 �m tissue
sections were cut at �20°C using a microtome cryostat (Leica CM3050)
at the level of the striatum.

The binding of [ 3H]-mazindol to dopamine uptake sites in the striatum
was measured according to the procedure described by Javitch et al.
(1985). Briefly, sections were air dried and rinsed for 5 min at 4°C in 50
mM Tris buffer with 120 mM NaCl and 5 mM KCl. They were then
incubated for 40 min with 15 nM [ 3H]-mazindol (NEN DuPont; specific
activity 17 Ci/mM) in 50 mM Tris buffer containing 300 mM NaCl and 5
mM KCl added with 0.3 mM desipramine to block the noradrenalin
transporter. Nonspecific binding was determined by incubating some
sections in the same solution plus 30 mM benztropine. Sections were
rinsed twice for 3 min in the incubation medium without mazindol and
for 10 sec in distilled water and were air dried. Autoradiographs were
generated by apposing the sections to 3H-sensitive screen (Raytest) for
7 d and were further quantified with a � imager (Fuji-Bas 5000).

Experiment 2: turning behavior
Animals
Male Sprague Dawley rats (Iffa Credo, Les Oncins, France; n � 120)
weighing 250–280 gm at the time of surgery (see below) were used. The
animals were housed four per cage in a temperature-controlled room
(22 � 1°C) under artificial illumination (6 A.M.-6 P.M., lights on) with ad
libitum access to water and food (Ecosan, Eberle Nafag AG, Gossau,
Switzerland).

Surgery
Before surgery, all animals received an injection of desipramine hydro-
chloride (30 mg/kg, i.p.; USPC Inc., Rockville, MD) to protect norad-
renergic cells. One hour later the animals received an injection of
pentobarbital (55 mg/kg, i.p.; Vetanarcol, Veterinaria AG, Zurich, Swit-
zerland) and were subsequently placed (under deep anesthesia) in a
stereotaxic apparatus. A unilateral lesion was made by injecting 9 �g
6-OHDA (hydrobromide; Fluka Chemie AG, Buchs, Switzerland) in 0.7
�l ascorbic acid solution (dilution 1 mg/ml) over 10 min into the left
medial forebrain bundle [coordinates: AP 3.6 mm (from bregma), L 1.1
mm (from midline), and DV �7.9 mm (from dura); Pellegrino et al.
(1997)]. The control group received the ascorbic solution at the same
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coordinates. The injection was aimed at the rostral pole of the substantia
nigra where the ascending nigrostriatal bundle converges to produce a
so-called near-maximal lesion (Spooren et al., 1999). After the injection,
the needle was kept in place for another 10 min to allow diffusion of the
toxin away from the injection site and to prevent backflow.

After surgery, the animals were allowed to recover for at least 21 d
before they were tested in the rotameter. Selection of animals to be
included in the studies was performed using the rotational response to
apomorphine (0.25 mg/kg, s.c.), and only responders (�100 net rota-
tions) to this treatment were used.

Procedures for rotameter testing
All animals were tested in automated rotameter cylinders (TSE, Bad
Homburg, Germany), and the number of rotations (ipsilateral and con-
tralateral) was recorded automatically.

The animals (n � 16 for each treatment group) received one injection
with MPEP (doses: 7.5 or 30 mg/kg, p.o.) or vehicle (methylcellulose,
0.5%) per day for 7 d. Considering the bioavailability of MPEP by oral
administration, the doses of MPEP injected by mouth were comparable
to those administered intraperitoneally in the RT task. They were chosen
according to earlier studies examining the effects of acute MPEP on
rotation (Spooren et al., 1999). The turning behavior after the first and
seventh injection were recorded automatically (see above) in the rota-
meter. The effects of injections two to six were not recorded, and after
the injection the animals immediately returned to their home cages.

Statistical analysis
The number of net rotations (i.e., the number of contralateral rotations
minus the number of ipsilateral rotations) per treatment was statistically
evaluated by means of a repeated measures ANOVA with one factor
between groups (dose: 0, 7.5, or 30 mg/kg, p.o.) and two factors within
groups (repeated), i.e., tests days (day 1 or 7) and time points (10, 20, 30,
40, 50, 60, 70, 80, and 90 min after injection). The number of net
rotations at distinct time points between treatment groups [vehicle vs
MPEP (7.5 or 30 mg/kg, p.o.) or within treatment groups (one injection
vs seven injections)] were compared using an unpaired and paired t test,
respectively; p � 0.05 was considered as statistically significant (Software:
Systat 10.0).

Experiment 3: catalepsy
To compare the effects of acute and chronic administration of MPEP on
haloperidol-induced catalepsy, the animals were tested in the horizontal
bar test as follows. Each animal was gently placed with its forepaws on a
metal rod suspended 9 cm above the floor, and the time elapsing before
it climbed down from the bar was recorded in seconds. The mixed D1/D2
dopaminergic receptor antagonist haloperidol (Haldol injectable solu-
tion; Janssen, Boulogne, France) was dissolved in physiological 0.9%
saline solution and injected systemically at a dose of 1 mg/kg. In the two
experimental procedures (acute vs chronic) haloperidol (or its solvent)
was injected 20 min before MPEP injection, and catalepsy was measured
every 20 min during the 3 hr testing.

Acute MPEP treatment on haloperidol-induced catalepsy. Twenty-one
rats were used to test the effects of an acute injection of MPEP on the
cataleptogenic effects of haloperidol. The animals were divided into
three groups depending on the dose of MPEP (MPEP 0, n � 7; MPEP
3, n � 7; MPEP 6, n � 7). A group of eight control rats received
haloperidol vehicle 20 min before MPEP solvent injection.

Chronic MPEP treatment on haloperidol-induced catalepsy. Thirty-two
rats were used to test the effects of chronic injection of MPEP on the
cataleptogenic effects of haloperidol. The rats were divided into four
groups depending on the dose of MPEP (MPEP 0, n � 8; MPEP 1.5, n �
8; MPEP 3, n � 8; MPEP 6, n � 8). Each animal received a 3 week
treatment with MPEP before receiving the haloperidol injection.

Statistical analysis
Catalepsy data were analyzed nonparametrically by performing a multi-
ple Kruskal-Wallis “H” test, and the median latency was calculated for
each dose and for each 20 min period. Individual comparisons were
performed using the nonparametric Mann–Whitney U test.

RESULTS
Experiment 1: reaction time task
Histology
The binding of [3H]-mazindol to dopamine uptake sites in the
striatum as determined on coronal sections was used to delineate
the extent of dopamine depletion induced by the bilateral striatal
6-OHDA injections (Fig. 1). It was found that the dopamine
lesions were consistently restricted to the dorsolateral part of the
striatum at the rostral level and extended more ventrally at the
more caudal levels (end of the anterior commissure).

6-OHDA lesion effect on correct and incorrect responses
The effects induced by 6-OHDA infusion into the dorsal part of
the striatum were analyzed on postoperative days 9–14. As illus-
trated in Table 1 and Figure 2, the number of correct responses
was markedly reduced as compared with the preoperative levels
within each of the five lesioned groups (i.e., acute, 6-OHDA,
MPEP1.5, MPEP3, and MPEP6 groups). 6-OHDA lesions re-
sulted in a significant decrease in the correct responses whatever
the group tested ( p � 0.05; paired t test after significant
ANOVA, F(4,56) � 21.60, F(4,36) � 3.30, F(4,24) � 4.82, F(4,36) �
12.19 and 8.25). This effect was also found to be significantly
different from correct responses of the sham-operated group

Figure 1. Binding of [ 3H]-mazindol to dopamine uptake sites at the
striatum level. Photomicrographs comparing the level of [ 3H]-mazindol
labeling in striatal sections from a control animal (A) and a bilaterally
lesioned animal (B). The lack of mazindol binding in B shows the
restricted size of the 6-OHDA lesion in the dorsal striatum as compared
with sham animals.
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( p � 0.05; Newman–Keuls test) and greater in magnitude in the
“acute” 6-OHDA group than the “chronic” group because of a
significant increase in premature responding (Table 1). This was
previously found to result from slightly more ventral diffusion of
the 6-OHDA neurotoxin in the striatum (Amalric et al., 1995).
The effects of 6-OHDA lesions were long lasting, and no recovery
of baseline performance was observed 32 d after surgery in the
6-OHDA group (data not shown).

The decreased number of correct responses was mainly caused
by a significant increase of delayed responses in all the lesioned
groups ( p � 0.05; paired t test after significant respective ANOVA,

F(4,56) � 5.59, F(4,36) � 7.02, F(4,24) � 4.78, F(4,36) � 10.43 and
8.03). This effect was also significant in comparison with sham
control group performance ( p � 0.05; Newman–Keuls test).

Reaction time and motor readiness
In addition, the dopamine depletion in the dorsal striatum signif-
icantly increased RTs when compared with preoperative values
( p � 0.05; paired t test) (see Fig. 4A). At day 32 after lesion, RTs
averaged a value of 422 � 25.25 msec in comparison with 330 �
18 msec on day 3 preceding the lesion ( p � 0.05; paired t test).
We also investigated whether 6-OHDA lesion disrupted the re-

Table 1. Effects of acute MPEP treatment on RT task performance

Pre Post

MPEP (mg/kg)

0.3 1 3

Correct
Sham (n � 9) 70 � 3.2 71 � 2.6 72 � 3.0 71 � 3.9 63 � 4.5
6-OHDA (n � 15) 68 � 3.2 41 � 4.5a,b 42 � 4.2a,b 42 � 4.7a,b 34 � 4.8a,b

Premature
Sham 25 � 3.4 22 � 2.6 21 � 2.8 23 � 3.4 30 � 3.8
6-OHDA 27 � 2.8 44 � 4.7a,b 44 � 4.5a,b 44 � 5.6a,b 48 � 5.1a,b

Delayed
Sham 6 � 1.0 7 � 1.8 7 � 1.7 6 � 1.0 7 � 1.9
6-OHDA 5 � 0.9 15 � 2.5a,b 14 � 2.5a 14 � 2.3a,b 14 � 2.8a

The values correspond to the mean number of correct, premature, and delayed responses during different sessions: one preoperative (pre); one postoperative (post) at day
12 after the lesion; and on the session recorded immediately after MPEP injections at various doses (0.3, 1, and 3 mg/kg), in sham animals and 6-OHDA-lesioned rats.
ap � 0.05, paired t test, as compared with sham group after significant ANOVA.
bp � 0.05, paired t test, as compared with preoperative performance after significant ANOVA.

Figure 2. Effects of chronic MPEP treatment on correct and delayed performance after 6-OHDA lesion. The vertical axes give the mean number of
trials � SEM per block of six sessions for the two variables measured (correct and delayed responses). The effects are measured during various blocks
of six sessions corresponding to the following: one block before the surgery ( pre), one from day 9–14 after lesion ( post), and three blocks during MPEP
chronic treatment from days 15–20, 21–26, and 27–32 after lesion, respectively, of the first, second, and third week. The effects induced by the different
doses of MPEP [1.5 mg/kg (A), 3 mg/kg ( B), and 6 mg/kg ( C)] are compared with the preoperative and postoperative levels. �, Significant difference
from preoperative performance ( p � 0.05; paired t test after significant ANOVA). ❖ , Significant difference from postoperative performance ( p � 0.05
paired t test after significant ANOVA).
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sponse preparatory processes, also termed “motor readiness.” It
was found that RTs significantly decreased as a function of the
variable intervals (significant “interval” effect ANOVA, F(3,24) �
7.80 for preoperative performance), suggesting optimal motor
preparatory processes. This effect on motor readiness remained
significant whatever the postoperative day (ANOVA, F(3,24) �
7.61 and 3.03 at 12 and 32 performance days after lesion,
respectively).

Acute MPEP treatment on correct and incorrect responses
No significant effect of the order of injection of the various doses
tested according to the Latin-square design was found for any
variable (“order” effect, all F(2,18) �0.77; interaction order �
“dose,” all F(6,54) � 1.18 for all measures). As shown in Table 1,
the acute treatment with various doses of MPEP (0.3, 1, and 3
mg/kg) had no effect on the behavioral performance after the
6-OHDA lesion; the number of correct responses remained sig-
nificantly lower than the preoperative level ( p � 0.05; paired t
test after significant ANOVA, F(4,56) � 21.61), whereas the num-
ber of delayed and premature responses remained significantly
higher ( p � 0.05; paired t test after significant ANOVA, F(4,56) �
5.59; and ANOVA, F(4,56) � 6.29, respectively).

Chronic MPEP treatment on correct and incorrect responses
6-OHDA. Chronic treatment with MPEP normalized the number
of delayed responses of 6-OHDA-lesioned rats at all doses tested,
as shown in Figure 2. One week of treatment with 6 mg/kg MPEP
was sufficient to produce this beneficial effect ( p � 0.05; paired t
test comparing the 3 weeks of treatment with post-lesion level),
whereas 2–3 weeks of treatment at a lower dose were required to
produce the same effect (3 and 1.5 mg/kg). At the end of the
chronic treatment with MPEP, all selected doses had induced a
full recovery of these responses in comparison with postoperative
level of performance ( p � 0.05; paired t test; after significant
treatment effect ANOVA, F(4,36) � 8.03, F(4,36) � 10.43, F(4,24) �
4.78 for 6, 3, and 1.5 mg/kg, respectively). The time effect of this
recovery is illustrated as day-by-day performance in Figure 3.

MPEP at a dose of 1.5 mg/kg normalized the number of
correct responses at the second week of treatment and this effect
remained stable until the end of the experiment (no significant

difference between pretreatment and second and third week of
treatment). This effect was not observed after MPEP treatment at
the doses of 3 and 6 mg/kg. MPEP was found to induce an
increase in premature responding that prevented the normaliza-
tion of correct responses (Table 2) ( p � 0.05; paired t test; after
significant “treatment” effect on premature responses ANOVA,
F(4,36) � 12.65 and 4.23, respectively).

Control group. Chronic treatment with MPEP at the same
doses in a control group of animals (i.e., no lesion), trained
previously in the RT task, did not significantly modify the number
of correct, premature, or delayed responses, except in the group
treated with 3 mg/kg MPEP. Chronic treatment with 3 mg/kg
MPEP was found to transiently decrease the number of correct
responses (ANOVA, F(4,20) � 3.21; p � 0.05) associated with a
nonsignificant increase in premature responding (Table 3). How-
ever, no reduction of delayed responses was observed at any dose
tested in the control animals, suggesting a selective effect of the
compound in 6-OHDA-lesioned animals in this parameter. No
ataxia or any debilitating effects were observed on behavior
whatever the dose of MPEP used.

Reaction time and motor readiness. The increase in RTs induced
by a DA depletion in the dorsal striatum was totally reversed at
day 32 after lesion in animals treated with either 1.5 or 3 mg/kg
(no significant difference when compared with preoperative per-
formance; p � 0.05; paired t test) (Fig. 4B,C). The motor readi-
ness effect was not affected by chronic treatment with either 1.5 or
3 mg/kg MPEP [significant interval effect ANOVA, F(3,18) � 5.69
and F(3,24) � 7.14 for day 32 after lesion performance in the two
MPEP groups (1.5 and 3 mg/kg, respectively)].

Experiment 2: turning behavior
The ANOVA indicated statistical significance for factors dose
(F(2,48) � 8.81), test day (F(1,48) � 7.19), time (F(3,384) � 16.22),
and the interaction test � time point (F(8,384) � 8.48) using the
number of net rotations (contralateral � ipsilateral rotations) as
dependent variable.

Vehicle treatment
At no time point were statistically significant differences found in
the number of net rotations within vehicle-treated animals after
the chronic (seven times) treatment in comparison with the first
(acute) vehicle injection (Fig. 5).

Vehicle versus MPEP
After the acute and chronic vehicle treatment, the animals exhib-
ited a preference for spontaneous contralateral rotations during
the registration period of 90 min. In contrast, after the acute and
chronic treatment with MPEP (one time and seven times 7.5 or 30
mg/kg, p.o.), an ipsilateral rotation preference was found that
resulted in statistically significant increases in the number of
ipsilateral net rotations at distinct time points as compared with
acute and chronic vehicle controls (Fig. 5).

MPEP treatment (acute versus chronic)
Chronic (seven times) application of MPEP (7.5 and 30 mg/kg,
p.o.) induced a significant increase in the number of (ipsilateral
preference) net rotations 30 and 40 min after the injection as
compared with the acute treatment with these doses of MPEP.

Experiment 3: catalepsy
Haloperidol (1 mg/kg) produced a profound increase in catalepsy
as shown by a progressive increase in the median latency to step
down the rod over time as compared with controls ( p � 0.05;

Figure 3. Chronic MPEP treatment on delayed responses over time in
the RT task. The mean number of delayed responses per session is
illustrated for the 6 preoperative sessions (days �6 to �1), the 6 postop-
erative sessions (days 9–14), and the 18 sessions (days 15–32) of chronic
treatment with distilled water, MPEP 1.5 (n � 7), MPEP 3 (n � 10), or
MPEP 6 (n � 10). Animals were tested every day in a 100-trial session.
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Mann–Whitney U test after Kruskal–Wallis test; H � 80.65 and
103.68 for the first and second experiment, respectively) (Fig.
6A,B). Catalepsy induced by haloperidol was not significantly
antagonized by the acute injection of MPEP (3 and 6 mg/kg, i.p.;
p � 0.05), although 3 mg/kg MPEP showed a trend toward
reversal of catalepsy (p � 0.07) 150 min after haloperidol injec-
tion (Fig. 6A). In contrast, 6 mg/kg MPEP did not modify the
cataleptic state of the rats. When injected chronically for 3 weeks
at whatever the dose tested (1.5, 3, and 6 mg/kg), MPEP did not
significantly influence haloperidol-induced catalepsy (Fig. 6B).

DISCUSSION
The present results demonstrate that chronic but not acute treat-
ment with MPEP, i.e., a selective mGluR5 antagonist, has re-
markable beneficial effects on the expression of certain deficits in
a reaction time task induced by bilateral injections of 6-OHDA
into the striatum. In this rodent model of Parkinson’s disease, the
dopaminergic lesions impaired the performance by increasing the
number of delayed responses and lengthening RTs, which sug-
gests a deficit in motor planning. These akinetic deficits were fully
reversed by MPEP treatment at all doses tested (1.5, 3, and 6
mg/kg). Animals treated with the lowest doses of MPEP were
able to reach all prelesion levels of performance within 3 weeks.
Interestingly, acute injections of MPEP in 6-OHDA animals or
chronic treatment at the same doses in nonlesioned animals did

not modify the performance. Furthermore, it is shown that
chronic treatment with MPEP also significantly increases ipsilat-
eral rotations in the classical unilateral 6-OHDA lesion circling
model. In contrast, in the model of PD involving dopamine
receptor antagonist administration (i.e., the catalepsy test),
chronic treatment with MPEP was ineffective.

Recent evidence suggests that the neurodegeneration of the
dopamine neurons of the substantia nigra pars compacta, eliciting
the motor symptoms of PD, results in an increase in glutamatergic
activity at the striatal and subthalamic nucleus (STN) levels of the
basal ganglia. Ultimately, the increase in glutamate activity of the
STN is responsible for overactivity in the basal ganglia output
structures [i.e., internal segment of the globus pallidus (GPi) and
the substantia nigra pars reticulata (SNr)] that are also directly
under the control of the striatum (Rouse et al., 2000). In the
primate 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine model of
PD, the expression of the mRNA encoding for cytochrome oxi-
dase subunit I, a molecular marker for functional neuronal activ-
ity, was found to be enhanced in the STN and in the SNr/GPi
(Vila et al., 1997). Therefore, several attempts have been made to
reduce STN overactivity by using pharmacological as well as
surgical tools. In parkinsonian patients, high-frequency stimula-
tion of the STN, which blocks STN neuronal activity (Benazzouz
et al., 2000; Beurrier et al., 2001), alleviates the motor symptoms

Table 2. Effects of chronic MPEP treatment on premature performance after 6-OHDA lesion

MPEP (mg/kg) Pre Post First week Second week Third week

0 28 � 3.2 28 � 3.2 28 � 3.1 27 � 2.5 29 � 2.4
1.5 28 � 4.0 30 � 5.0 37 � 4.0 35 � 6.0 34 � 5.0
3 27 � 2.5 29 � 3.6 41 � 3.5a,b 41 � 2.6a,b 44 � 1.6a,b

6 26 � 3.0 29 � 3.0 39 � 4.0a,b 38 � 4.0a,b 33 � 3.0

Values correspond to the mean number of premature responses � SEM per six sessions during the various blocks of the experiment. The first block (pre) represents the six
sessions preceding the surgery, the second (post) corresponds to the six sessions after lesion, the three others correspond to the 3 weeks of MPEP treatment (first, second,
and third weeks).
aSignificant difference from preoperative performance ( p � 0.05 paired t test after significant ANOVA).
bSignificant difference from postoperative performance ( p � 0.05 paired t test after significant ANOVA).

Table 3. Effects of chronic MPEP treatment on RT task performance of control animals (no lesion)

MPEP (mg/kg) Pre Post First week Second week Third week

Correct
0 67 � 4.3 68 � 2.0 70 � 2.6 68 � 4.7 69 � 4.2
1.5 69 � 4.3 64 � 5.6 62 � 5.7 64 � 6.0 62 � 3.0
3 67 � 4.8 65 � 2.7 58 � 4.0a 59 � 5.0a 58 � 6.0
6 68 � 3.9 63 � 2.0 61 � 3.9 59 � 6.1 56 � 3.0

Premature
0 28 � 4.7 27 � 1.7 24 � 1.7 26 � 4.8 25 � 3.9
1.5 25 � 4.3 30 � 5.8 30 � 5.6 28 � 6.0 31 � 4.0
3 27 � 5.2 28 � 2.1 36 � 4.7 36 � 5.0 37 � 6.0
6 26 � 3.7 31 � 1.9 30 � 3.7 35 � 6.1 35 � 5.0

Delayed
0 5 � 1.4 5 � 1.1 6 � 1.2 6 � 1.2 6 � 1.6
1.5 6 � 1.2 7 � 1.7 9 � 1.5 8 � 2.0 7 � 1.0
3 6 � 1.2 7 � 2.7 6 � 1.7 5 � 1.0 5 � 2.0
6 7 � 1.0 6 � 2.0 9 � 2.4 6 � 2.5 5 � 2.0

Values correspond to the mean number of correct, premature, and delayed responses during the different sessions: preoperative (pre), postoperative (post), and the 3 weeks
of treatment at the various doses of MPEP (0, 1.5, 3, and 6 mg/kg).
aSignificant difference from postoperative performance ( p � 0.05 paired t test after significant ANOVA).

5674 J. Neurosci., July 1, 2002, 22(13):5669–5678 mGluR5 Antagonist Reverses Parkinsonism in Behaving Rats



of PD and the dyskinetic movements induced by long-term
L-DOPA treatment (Benabid et al., 1994; Limousin et al.,
1995a,b). In parallel, pharmacotherapies have been dedicated to
modulating glutamate transmission with compounds acting at the
mGluR subtypes in addition to the classical DA replacement
therapy.

Because of its strategically interesting expression pattern
within the basal ganglia, the mGluR5 subtype was considered a
serious target for the pharmacological treatment of PD. In situ
hybridization and immunohistochemistry studies reported a high
level of mGluR5 expression in the striatum and a moderate
labeling in the STN and its output structures, the external seg-
ment of the globus pallidus, GPi, and SNr in the rat (Testa et al.,
1994; Shigemoto and Mizuno, 2000). Furthermore, in these basal
ganglia structures, the group I mGluRs are located primarily at
postsynaptic sites (Tallaksen-Greene et al., 1998; Hanson and
Smith, 1999; Awad et al., 2000; Hubert et al., 2001). MPEP could

therefore produce its beneficial anti-parkinsonian effect by reduc-
ing the excessive glutamatergic drive on GABAergic output path-
ways of the basal ganglia and thereby counteracting the shutdown
of thalamocortical projections. In addition, MPEP might also
directly inactivate mGlu5 receptors in the striatum and modulate
the neurotransmission of the output pathways. In agreement with
this, recent behavioral studies have pointed out the role of group
I or II mGluRs agonists in the nucleus accumbens in the gener-
ation and regulation of locomotion in a dopamine-dependent
manner (Sacaan et al., 1992, Attarian and Amalric, 1997; Vezina
and Kim, 1999; Swanson and Kalivas, 2000; Breysse et al., 2002).
A possible mechanism to explain the restoration of normal motor
function by MPEP is an increase in the DA level in the striatum,
and this could be achieved in a partially inactivated DA system.
This is further suggested in our partial model of 6-OHDA lesions
in which intact DA nerve terminals may still be functionally active
and possibly modulated by MPEP treatment. The present model
involves a progressive neurodegeneration of DA neurons that
may represent the preclinical stages of PD. These dopaminergic
lesions are known to produce specific impairments in motor
planning that were not compensated for several weeks after the
lesion (Amalric and Koob, 1987; Amalric et al., 1995), and the
major deficits, reflected by an increase in the number of delayed
responses, are also observed in parkinsonian patients tested in
similar RT tasks. Under these conditions, the behavioral progres-
sive recovery of preoperative performance observed after chronic
MPEP is similar to that obtained after chronic L-DOPA treat-
ment in the same RT task and might constitute an alternative to
the classic L-DOPA therapy (Maurin et al., 2001).

The beneficial effect of MPEP on parkinsonian-like deficits
might also be explained by an interaction between group I mGlu
and NMDA receptors that are known to be colocalized in differ-
ent areas of the CNS such as the hippocampus, striatum, STN,

Figure 4. Effects of 6-OHDA lesion and MPEP (1.5 and 3 mg/kg)
chronic treatment on reaction time. Mean RTs are plotted as a function
of the various intervals preceding the stimulus onset for the three groups
of animals [6-OHDA (n � 10), MPEP 1.5 mg/kg (n � 7), and MPEP 3
mg/kg (n � 10)]. Mean RTs were measured during three representative
sessions: a preoperative day ( J-3) and two postoperative days ( J12 and
J32) corresponding to the lesion effect without treatment in comparison
with the end of chronic treatment, respectively.

Figure 5. Acute or chronic treatment of MPEP on turning behavior.
Error bars represent the mean (�SEM) number of net rotations (� the
number of contralateral minus ipsilateral rotations; positive value indi-
cates contralateral turning preference and a negative value indicates
ipsilateral turning preference) per 10 min interval during 90 min of
registration after a single (1�) or chronic (7�) application of vehicle
(0.5% methylcellulose) or MPEP (7.5 mg/kg, p.o.). �p � 0.05; ��p �
0.01; ���p � 0.01 versus respective (1x or 7x) vehicle treatment (unpaired
t test); **p � 0.01 for the indicated comparison (paired t test).
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and thalamus in rat (Fitzjohn et al., 1996; Doherty et al., 1997;
Pisani et al., 1997; Awad et al., 2000; Salt and Binns, 2000). For
instance, Awad et al. (2000) reported that the activation of
mGluR5 has direct excitatory effects and potentiates NMDA
receptor currents in neurons of the STN, thereby increasing burst
firing. Blockade of mGluR5 receptors with MPEP will thus exert
a negative modulatory action on NMDA responses, thus reducing
STN activity, and ultimately improve the motor deficits produced
by the dopaminergic lesion.

Pharmacological attempts to reduce excessive glutamate activ-
ity in the basal ganglia have been achieved with NMDA receptor
blockade in animal models of PD (Greenamyre et al., 1991;
Schmidt et al.,1992; Baunez et al., 1994; Ossowska, 1994; Amalric
et al., 1995; Ossowska et al., 1996; Lorenc-Koci et al., 1998).
These studies have yielded only limited success, basically because
of considerable side effects induced by some compounds that were
envisioned to have therapeutic benefit (Schmidt et al., 1992;

Schmidt, 1994; Amalric et al., 1995). Clinical data suggest that
undesirable effects might also be predicted to occur in humans
(Ossowska et al., 1994; Andine et al., 1999). The subtype selec-
tivity of MPEP and the modulatory action of the mGluRs on
glutamatergic transmission may be responsible for the benefi-
cial effect displayed by MPEP in comparison with NMDA
antagonists.

A 3 week chronic treatment of MPEP is necessary to reverse
the deficits produced by the bilateral 6-OHDA model of PD in
the RT task, whereas acute injection has no effect. Furthermore,
chronic MPEP administration produced a clear ipsilateral rota-
tional response, whereas only a weak effect was observed previ-
ously in the same unilateral 6-OHDA lesion model after an acute
injection of MPEP (Spooren et al., 2000). The fact that mGluRs
mediate modulatory effects of synaptic transmission by the acti-
vation of a number of intracellular metabolic pathways (Pin and
Duvoisin, 1995; Schoepp et al., 1999) may explain these findings.
Recent molecular studies indeed suggested an important role for
Homer protein complexes in the regulation of trafficking and
surface expression of group I mGluRs (Roche et al., 1999; Xiao
et al., 2000). Behavioral correlates of this regulation have been
suggested by Swanson et al. (2001) to explain the reduction of
locomotor activation induced by a group I mGluR agonist in the
nucleus accumbens after repeated cocaine administration. This
chronic treatment produced long-term attenuation of group I
mGluR function, and this diminished function was associated
with decreased levels of mGluR5 and Homer 1b/c protein. In line
with the idea that Homer 1a/b/c proteins are involved in the
targeting of mGluR5 to the dendritic sites and axons and that this
effect is regulated by neuronal activity (Ango et al., 2000), we
suggest that MPEP chronic treatment acts in reducing neuronal
hyperactivity in the different basal ganglia structures by dynami-
cally regulating mGluR5 distribution in the neurons. This may
lead to a stronger reduction of the transduction pathway than
acute blockade with MPEP (Ango et al., 2001). This effect might
not be observed in a pharmacological model of PD using DA
receptor antagonists. Indeed, it was reported recently that acute
MPEP treatment was able to antagonize the catalepsy and muscle
rigidity induced by haloperidol (Ossowska et al., 2001). The
present findings using a similar cataleptic test show that the
reversal of catalepsy is clearly dependent on the dose tested and
that chronic treatment with MPEP does not potentiate the anti-
parkinsonian-like effect of acute administration. These discrepant
results might be explained by the different doses of haloperidol
used (0.5 vs 1 mg/kg in the present study). As suggested above, a
large blockade of DA receptors would prevent the functional
interaction between group I mGluRs and DA activity existing in
normal conditions (Meeker et al., 1998; David and Abraini, 2001).

In conclusion, the data presented here suggest that mGluR5
may be a particularly interesting target for modifying the gluta-
matergic hyperactivity within basal ganglia circuitry observed in
PD. Chronic treatment with MPEP when used at an appropriate
dosage may be considered a nonsurgical approach to the treat-
ment of PD without adding side effects. Combined long-term
treatment with subthreshold doses of MPEP and NMDA recep-
tor antagonists and L-DOPA could therefore provide new thera-
peutic benefits that bypass the problems inherent with DA
therapy.
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