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Metabotropic Glutamate Receptors 5 Blockade Reverses
Spatial Memory Deficits in a Mouse Model of Parkinson’s
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Visuo-spatial deficits are the most consistently reported cognitive abnormalities in Parkinson's disease (PD), and they are frequently
associated to motor symptoms in the early stages of the disease when dopamine loss is moderate and still restricted to the caudate—
putamen. The metabotropic glutamate receptor 5 (mGIUR5) antagonist, 2-methyl-6-(phenylethynyl)-pyridine (MPEP), has beneficial
effects on motor symptoms in animal models of PD. However, the effects of MPEP on the cognitive deficits of the disease have never
been investigated. Thus, the purpose of this study was to explore its therapeutic potentials by investigating its effects on the visuo-spatial
deficits induced by 6-hydroxydopamine (6-OHDA) lesions of dorsal striatum in CDI mice. The results demonstrated that systemic
injections of MPEP (6, 12, and 24 mg/kg, i.p.) impair visuo-spatial discrimination in intact mice at high concentrations, whereas lower doses
(1.5 and 3mg/kg, i.p.) were void of effects. Nevertheless, when an ineffective dose (MPEP 3 mg/kg) was injected, either acutely or
subchronically (8 days), it antagonized the visuo-spatial discrimination deficit induced by bilateral dopamine lesion of the striatum.
Furthermore, the same treatment increased contralateral turming induced by L-DOPA in mice bearing unilateral 6-OHDA lesion. These
results confirm the therapeutic potential of mGIuR5 blockade on motor symptoms induced by reduced striatal dopamine function.
Further, they demonstrate that mGIuR5 blockade may also have beneficial effects on cognitive deficits induced by dopamine depletion.

INTRODUCTION

It is widely recognized that motor symptoms are accom-
panied by cognitive deficits in Parkinsonian patients even at
the early stages of the disease, when dopamine (DA)
depletion is restricted to the striatal complex (Owen et al,
1997; Pillon et al, 1997, 1998). On the basis of recent
evidence, visuo-spatial memory impairments seem to be the
most constantly reported cognitive deficit in Parkinson’s
disease (PD) patients (Berger et al, 2004; Cools et al, 2002,
2007; Giraudo et al, 1997; Lewis et al, 2003; Owen et al, 1998;
Pillon et al, 1997, 1998). Consistently, extensive DA lesions,
obtained through either medial forebrain bundle or dorsal
striatum 6-hydroxydopamine (6-OHDA) administrations,
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have been found to impair memory in the spatial version of
the Morris water maze in rats (Miyoshi et al, 2002; Mura
and Feldon, 2003; Whishaw and Dunnett, 1985). Further-
more, it has been recently shown that partial bilateral DA
depletion of the dorsal striatum impairs spatial discrimina-
tion in the object-place association task in mice, and that
this effect is specific for spatial information (De Leonibus
et al, 2007), thus providing an useful animal model of
cognitive deficit in the early stages of PD.

On the basis of current theories, which consider the
imbalance between DA and glutamate in the basal ganglia
(BG) one of the major consequence of PD-related patho-
genic cascade (Breysse et al, 2003; Greenamyre and O’Brien,
1991; Klockgether et al, 1991), metabotropic glutamate
receptors (mGluRs) have been suggested as suitable targets
to modulate parkinsonian motor symptoms. Accordingly,
mGluR5 blockade ameliorates motor abnormalities induced
by lesions of the nigrostriatal dopaminergic system, or by
dopaminergic receptor antagonists in animal models of PD
(Breysse et al, 2002; Coccurello et al, 2004; Dekundy et al,
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2006; Domenici et al, 2005; Ossowska et al, 2001, 2002, 2005;
Oueslati et al, 2005; Phillips et al, 2006; Popoli et al, 2001;
Turle-Lorenzo et al, 2005). However, to our knowledge,
none of the studies in the literature investigated the possible
therapeutic potentials of mGIuR5 antagonists in the
treatment of the cognitive symptoms of the disease. It is
worth noting in this regard, that experimental findings
using pharmacological approaches or mGluR5 KO mice
demonstrate an involvement of mGluR5 in neural plasticity,
as well as in learning and memory processes (Ballard et al,
2005; Campbell et al, 2004; Gravius et al, 2005; Gubellini
et al, 2003; Homayoun et al, 2004; Lu et al, 1997; Manahan-
Vaughan and Braunewell, 2005; Simonyi et al, 2005),
suggesting that mGluR5 blockade could impair learning
and memory in intact animals. Nevertheless, glutamate
overactivity as a consequence of striatal DA depletion,
might have a causal role in the cognitive deficits of
Parkinson’s patients; in addition to motor dysfunction.
Thus, mGluR5 blockade might improve, rather than impair,
spatial memory in DA lesioned animals. Therefore, the
present study was undertaken to determine whether the
beneficial effects of mGluR5 blockade apply to both motor
and cognitive deficits observed in animal models of PD.
For this purpose, we first tested the effects of systemic
acute injection of different doses of 2-methyl-6-(pheny-
lethynyl)-pyridine (MPEP), a selective mGluR5 antagonist,
on naive mice in the object-place association task (Lenck-
Santini et al, 2005; Roullet et al, 2001). Afterward, we
selected a dose of MPEP (3 mg/kg) that was void of any
effect on naive animals and that in previous studies was
demonstrated to reverse motor deficits in an animal model
of PD (Breysse et al, 2002) and tested its acute or
subchronic (8 days) effects on the spatial deficit induced
by bilateral dorsal striatal 6-OHDA lesions. Finally, we
tested the effects of acute and subchronic (8 days) systemic
injections of MPEP (3mg/kg) on contralateral turning
induced by the DA precursor 1-DOPA on animals uni-
laterally injected with 6-OHDA in the caudate-putamen.

MATERIALS AND METHODS
Animals

The subjects were adult CD1 male outbred mice obtained
from Charles River (Calco, Italy). Upon arrival mice were
housed in groups of 12 in standard breeding cages
(46 x 26 x 21.8 cm), placed in a rearing room at a constant
temperature (22 + 1°C) and maintained on a 12h light/dark
cycle with food and water available ad libitum. At the time
of surgery they were 8-10 weeks old. Every possible effort
was made to minimize animal suffering, and all procedures
were in strict accordance with the European Communities
Council directives (86/609/EEC) and regulations on the use
of animals in research and NIH guidelines on animal care.

Dopamine Lesion

Mice were anaesthetized with ip. injection of chloral
hydrate (500 mg/kg; Fluka Co., Milan, Italy) and placed in
a stereotaxic apparatus (David Kopf Instruments, Tujunga,
CA, USA) with mouse adaptor and lateral ear bars. The head
skin was cut longitudinally and an injector (0.09 mm

Neuropsychopharmacology

internal and 0.20 mm external diameter), connected with a
polyethylene tubing to a 2 ul Hamilton syringe, was lowered
bilaterally into the dorsal striatum. The following stereo-
taxic coordinates were used: +0.3 mm anterior to bregma,
+ 2 mm lateral to midline, —3.0 mm ventral from the skull
surface, according to Franklin and Paxinos mouse brain
atlas (1997). In the experiments 2 and 3 lesioned animals
(Les) were bilaterally injected with 6-OHDA hydrochloride
(0.3pl per side of 1.5pg/0.1ul solution containing Na-
metabisulfite 0.1 M; Sigma, Milan, Italy), although the sham
controls were bilaterally injected with a corresponding
volume of saline (NaCl 9%). In experiment 4, the same
procedure was used but mice were injected unilaterally with
6-OHDA whereas the contralateral side was injected with
saline solution. To protect noradrenergic terminals mice
were given desipramine (35 mg/kg; Sigma). Mice were then
allowed to recover from the operation for at least 10 days.

Behavioral Apparati and Procedures

Experiments 1, 2, and 3: spatial memory studies. The
apparatus (Figure 1) was a circular open field (for a detailed
description refer to Roullet et al, 2001). The behavioral

Session 1

Session 2-4

Session 5-6

Session 7

Figure | Schematic representation of the experimental apparatus (see
‘Experimental procedure’ section for detailed description).



procedure was similar to that previously described (Roullet
et al, 2001). Mice were individually submitted to seven
consecutive, 6-min sessions. Intersession interval was 3 min.
During session 1 (S1), mice were placed into the empty
open field. In sessions 2-4 (S2-S4), five objects were
positioned into the open field as shown in Figure 1
(habituation phase). During the spatial test session (S5)
the objects configuration was changed by displacing two of
the objects (Figure 1). After spatial test session the animals
were submitted to two additional sessions: S6 and S7. In
session 6, the configuration of the objects was kept
unchanged as compared to S5. In the last session (session
7), one of the familiar objects was replaced by a new object.
In the dose-response study (experiment 1) the last two
sessions (S6 and S7) were omitted.

Drug injections (vehicle or MPEP) were performed 30 min
before the first training session (S1). For the subchronic
experiment (experiment 3), animals received daily injection
of MPEP or vehicle for 7 days, and immediately after they
were returned to their home cage. On the eighth day 30 min
after the injection they were submitted to the spatial task.

Experiment 4: rotational study. The apparatus was a vase
with a diameter of 18 and 18 cm high. Approximately 7 days
after surgery animals were injected with 4mg/kg of
amphetamine, placed in the rotameter and screened for
the following 60 min. Rotation was defined as a 360°
rotation of the body axes in the same direction. Only those
animals that made more than 200 ipsilateral turns, and
showed a ratio ((number of ipsilateral rotations/total
number of rotations) x 100) of ipsilateral rotations greater
than 70% were included in the experiment. Approximately 7
days after screening, the animals received one injection of
vehicle or MPEP (3 mg/kg) per day for 8 consecutive days.
On the first (acute) and on the eighth (subchronic) day
immediately after MPEP injection, animals were placed in
the rotameter for 30 min (habituation). After this habitua-
tion phase they were injected with saline or .-DOPA (25 mg/
kg) and benserazide (20 mg/kg, 30 min before .-DOPA) and
tested for further 40 min. Turning behavior was recorded on
a videotape and screened off line by an observer blind to the
treatments. The effects of injections two through six were
not recorded, and after the injection the animals were
immediately returned to their home cages.

Experimental Groups

Experiment 1: MPEP dose-response on spatial discrimi-
nation in the object-place association task. Six groups of
naive animals were used. Each group was injected (i.p.) with
one of the doses of MPEP (vehicle, 1.5, 3, 6, 12, 24 mg/kg)
30 min before testing.

Experiment 2: acute MPEP administration in the object-
place association task, in 6-OHDA lesioned mice. Lesioned
and sham animals were divided into two subgroups
approximately 15 days after surgery. The two groups were
treated with either vehicle or 3 mg/kg MPEP 30 min before
the visuo-spatial task.

Experiment 3: subchronic MPEP administrations in the
object-place association task, in 6-OHDA lesioned mice.
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Lesioned and sham animals were divided into two
subgroups approximately 15 days after surgery. The two
groups were treated with either vehicle or 3 mg/kg MPEP for
8 consecutive days. On the eighth day, 30 min after the
injection of vehicle or MPEP the animals were submitted to
the visuo-spatial task.

Experiment 4: acute and subchronic MPEP administra-
tions on rotations induced by -DOPA in unilateral 6-
OHDA lesioned animals. After the screening with amphe-
tamine, mice were divided into four groups: 1. saline
pretreated (from day 1 to day 8) and challenged with vehicle
on days 1 and 8; 2. saline pretreated (from day 1 to day 8)
and challenged with 1-DOPA on days 1 and 8; 3. MPEP
pretreated (from day 1 to day 8) and challenged with vehicle
on days 1 and 8; 4. MPEP pretreated (from day 1 to day 8)
and challenged with L-DOPA on days 1 and 8.

Lesion Verification

To assess striatal DA levels in lesioned and sham animals
(experiments 2 and 3), biochemical analyses were per-
formed ex vivo on tissue samples. Mice were killed and the
brain frozen at —10°C before punching. Punches were
obtained from brain slices (frontal sections) no thicker than
I mm. Stainless steel tubes 1 mm internal diameter were
used to punch the dorsal striatum. DA was determined by
means of reverse high-performance liquid chromatography
(HPLC) coupled with electrochemical detection. Frozen
samples were weighed and homogenized in 150 pl of HCIO,
(75 mM). The homogenates were centrifuged at 14 000 rpm
for 20min at 4°C. Aliquots of the supernatant were
transferred in the HPLC system. DA and NE levels were
determined simultaneously using an HPLC coupled with
electrochemical detection (Alexys 100 LC-EC; Antec Leyden,
Alfatech, TItaly). Electrochemical detection was accom-
plished using an amperometric detector with a glassy
carbon working electrode (VT-03 flow cell, 3mm GC WE)
and a Ag/AgCl reference electrode (ISAAC) at a potential of
+600mV. The method sensitivity was set at 20nA.
Separation was achieved on a Reprosil-Pur 120 C18-AQ-
5UM column (150 x 4mm) protected by guard column
(10 x 4mm) with the same feature (Chebios, Roma, Italy).
The flow rate was 1.2 ml/min. The mobile phase consisted of
3% acetonitrile in 0.1 M Na-phosphate buffer, pH 3, 0.1 mM
Na,EDTA, 4mM KCl, and 0.1 mM sodium 1-heptanesulfo-
nate (Sigma). Tissue levels of DA and noradrenaline (NE;
pg/mg wet weight) were used for statistical analyses.

Data Collection and Statistics

Data collection was performed using video recordings (for
details see Roullet et al, 2001). In all sessions, locomotor
activity was recorded by counting the number of sector
crossings. From sessions 2 to 7, object exploration was
evaluated on the basis of the mean time spent by the animal
in contact with the different objects. A contact was defined
as the snout of the subject actually touching an object.
Habituation to the objects was assessed by averaging the
duration of contacts with the five objects during sessions 2,
3, and 4 in each group. In sessions 4 and 5, the exploration
time was considered also as the mean time of exploration
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for the two object categories: displaced object (DO) and
nondisplaced object (NDO). The animals’ ability to
selectively react to the spatial change was analyzed by
calculating the spatial re-exploration index (DO (S5)—DO
(S4) =DO and NDO (S5)—NDO (S4) =NDO). Finally, in
session 7, a NDO was substituted with a new one in the
same location. In sessions 6 and 7, the exploration time was
considered as the mean time of exploration of the two object
categories: substituted object (SO) and nonsubstituted
object (NSO). The animals’ ability to selectively react to
the nonspatial change (novel object) was analyzed by
calculating the nonspatial re-exploration index (SO
(S7)—S0 (S6) =SO and NSO (S7)—NSO (S6) =NSO).

The effects of MPEP treatment on the variable measured
in the visuo-spatial task (experiment 1) were analyzed by
using two-way ANOVA for repeated measure, with MPEP
doses (six levels: vehicle, 1.5, 3, 6, 12, 24 mg/kg) as the
between factor. The effects of lesions on DA and NE tissue
levels were analyzed by using a one-way ANOVA, lesion
(two levels: sham and lesion) as between factors. The effects
of acute or subchronic (experiment 4) treatment with MPEP
in the 6-OHDA lesioned animals on the rotations induced
by saline or 1-DOPA were analyzed by using a four-way
ANOVA for repeated measure with MPEP dose (two levels:
vehicle and 3 mg/kg) and L-DOPA (two levels: vehicle and
L-DOPA) as between factors, days of treatment (two levels:
day 1 and day 8), and direction of rotation (two levels:
ipsilateral and contralateral) as repeated measures. Tukey
honestly significant difference post-hoc analysis was used
when appropriate.

RESULTS

Experiment 1: Effects of MPEP Administrations on
Spatial Discrimination in the Object-Place Association
Task

Table 1 shows the mean number of sector crossing during
all sessions and the mean time of objects exploration during
the habituation phase for animals treated with the different
doses of MPEP. All groups progressively reduced locomotor
activity in a similar way over the consecutive sessions (main
effect of session (Fy 540 =299.632; p<0.05)). Furthermore,
the ANOVA revealed a significant interaction between dose
and session (Fyg 40 = 1.842; p<0.05). The post hoc analysis
showed a reduction (p <0.05) in locomotor activity from S1

to S5, but no differences among groups in any of the
sessions.

Independently on the dose of MPEP, the animals showed
a similar pattern of objects exploration during the habitua-
tion phase (from S2 to S4 in Table 1), namely a high level of
exploration in session 2, and a progressive reduction in the
following sessions (main effect of session (F, ;50 =200.573;
p<0.05)). Systemic administration of MPEP affected the
pattern of objects exploration in a dose dependent manner
(main effect of dose (Fsg=8.509; p<0.05), interaction
between MPEP dose and sessions (Fjq ;20 =2.714; p<0.05)).
This effect was mainly due to the lowest dose of MPEP
(1.5 mg/kg), which increased (p<0.05) objects exploration
in all three sessions, and to a reduction (p <0.05) in objects
exploration in the group injected with the highest dose of
MPEP in session 1 (Table 1), as compared to vehicle
injected animals.

Figure 2 illustrates the effect of systemic injection of
MPEP on the spatial re-exploration index after objects
displacement. Vehicle injected animals selectively re-
explored the DOs far more than the NDOs, thus demon-
strating that they were able to discriminate and selectively
react to the spatial change. Acute MPEP injections impaired
spatial discrimination at the two highest doses. Mice
injected with the low doses or the vehicle showed intact
spatial discrimination by differentially exploring the two
object categories. The ANOVA revealed a significant main
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Figure 2 Effects of systemic acute pretraining injection of 2-methyl-6-
(phenylethynyl)-pyridine (MPEP; O, 1.5, 3, 6, 12, 24 mg/kg, i.p.) on animal’s
ability to react to a spatial novelty. The histograms illustrate the mean time
(s = SEM) spent exploring displaced object (DO) and nondisplaced object
(NDO) in S5 minus the time spent exploring the same object category in
S4, spatial re-exploration index. (¥) p<0.05 DO vs NDO, within
treatment.

Table I Mean Number of Sector Crossings (£ SEM) During Sessions (S1-55) and Mean Duration of Contacts with the Objects (s + SEM)
During Habituation (52-54) in Groups Treated with Different Doses of MPEP (Vehicle, 1.5, 3, 6, 12, 24 mg/kg)

Locomotion Habituation
MPEP dose N
SI S2 S3 S4 S5 (%) S2 S3 S4 (%)
Vehicle 229+ 17 56+ 14 [15£9 909 89+ 10 2716 12+£09 709 |14
1.5 mg/kg 241 £ 17 |65+ 14 |33£8 01 £9 106£ 12 34133 # 20£27 # |7+£29# Il
3 mg/kg 255+ 18 |73+£18 129+ 16 87% 10 106£7 32126 19+34 113 10
6 mg/kg 229% 14 170+ 10 130+ 12 90£ 10 89 £ || 23124 1217 9+£19 13
12 mg/kg 223%17 [41 £ 15 92+ 12 77£10 74+ 13 21£26 10 1.7 7x1 8
24 mglkg 272% 10 152+ 10 86t 12 72%13 73%13 154227 717 514 10

#p < 0.05 first vs last session within group; *p <0.05 MPEP vs vehicle within session.
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effect of object category (F;go=67.92; p<0.05) and an
interaction between object category and MPEP doses
(FS,GO = 2.679; p < 0.05).

Experiments 2 and 3: Effects of Acute and Subchronic
MPEP Administrations on Spatial Discrimination in 6-
OHDA Lesioned Mice

Lesion verification. The biochemical analysis, performed in
the sham and the lesioned animals tested in the behavioral
experiments, revealed comparable levels of DA depletion in
the two lesioned groups as compared to their sham controls.
The reduction in DA levels observed in 6-OHDA lesioned
groups being approximately 50% of tissue levels in controls
mice (sham = 8792 + 520.6 pg/mg tissue; lesio-
ned =4776.5 £ 376.8 pg/mg tissue). One-way ANOVA for
repeated measure revealed in both experiments only an
effect of the lesion (F;30=61.7; p<0.05; F;44=19.474;
P <0.05). On the contrary, striatal tissue levels of NE did not
differ in lesioned compared with sham animals
(F151=1.943; p=NS; 6-OHDA lesioned =179 £ 35 pg/mg
tissue; sham = 249 * 35 pg/mg tissue).

Experiment 2: Effects of acute administration of MPEP on
the spatial deficit induced by bilateral dorsal striatal 6-
OHDA lesions. On the basis of dose-response experiment
to test the effects of the mGluR5 antagonist in lesioned
animals we chose the dose of 3 mg/kg. Table 2 reports the
number of sectors crossing in all sessions and the mean
time of objects exploration during the habituation phase for
sham and lesioned animals pretreated with either vehicle or
MPEP (3 mg/kg) 30 min before S1. All groups progressively
reduced locomotor activity across sessions (main effect
sessions (Fg 19, =131.933; p<0.05)). Although there was a
slight difference in the pattern of locomotor activity across
sessions between the different groups (MPEP x lesion x ses-
sions interaction (Fs 19, =2.732; p<0.05)), post hoc analysis
revealed a significant reduction of the locomotor activity in
all groups and no significant differences among groups in
the different sessions (Table 2). Similarly, all groups
progressively reduced objects exploration in a similar way
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across sessions (main effect of session (F,¢q=153.548;
p<0.05)).

Figure 3a represents the spatial re-exploration indexes for
all groups. As expected, sham animals re-explored DO more
than NDO, independent of the pretreatment, thus confirm-
ing the results obtained in naive animals (experiment 1)
indicating that acute injection of 3 mg/kg of MPEP does not

Acute MPEP administration
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=
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- Vehicle MPEP Vehicle MPEP Treatment
Sham Lesion Pre-Treatment

Re-exploration index S7-S6 (s) O

Treatment
Pre-Treatment

20 - Vehicle

MPEP Vehicle
Sham Lesion
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Figure 3 Effects of acute vehicle or 2-methyl-6-(phenylethynyl)-pyridine
(MPEP; 3mg/kg) administrations in sham and 6-hydroxydopamine (6-
OHDA) lesioned animals on their ability to react to a spatial novelty in S5
and to a novel object in S7. (a) The histograms illustrate the mean time
(s = SEM) spent exploring displaced object (DO) and nondisplaced object
(NDO) in S5 minus the time spent exploring the same object category in
S4, spatial re-exploration index. (*) p <0.05 DO vs NDO, within group. (b)
The histograms illustrate the mean time (s+SEM) spent exploring
substituted object (SO) and nonsubstituted object (NSO) in S7 minus
the time spent exploring the same object category in S6, nonspatial re-
exploration index. (*) p<0.05 SO vs NSO, within group.

Table 2 Mean Number of Sector Crossings (£ SEM) During Sessions (S1-57) and Mean Duration of Contacts with the Objects (s + SEM)
During Habituation (52-54) in Sham and 6-OHDA Lesioned (Les) Animals Acutely or Subchronically Injected with Vehicle or MPEP (3 mg/

kgip)
Locomotion Habituation
Experiment  Pretreatment
Sl S2 S3 S5 S6 S7 (*) S2 S3 S4 (%)
Acute Vehicle 20319 179 £26 12115 93%13 93+17 66%13 78x15 208%1.6 12712 78%15
218% 16 158+ 12 1156 9515 69+8 66% |1 60+ 11 214126 10+2.1 79+ 17
MPEP 238+ 17 l6l £ 14 8917 T71x1l 78+8 5612 4010 242%22 10+2.1 6.1 14
187x16 14110 102£10 78x12 72+13 56=%1| 5612  202+23 7+13 5413
Subchronic Vehicle 204£23 [50£18 95+ 11 85+ || 797 62+10 48%8 267 2.1 133£22 109%2
205+ 13 18712 [133+9 99+8 99+10 6610 7610 227%15 152+12 98% 14
MPEP 22719 152+ |1 10311 83%9 87%9 8713 53+10 326%12 14317 105% 1.6
200+ | 173+10 120+9 90+ 10 82%8 7811 60+9 266115 146+ 1.6 106%19

#p <0.05 first vs last session within group.
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affect spatial discrimination. On the contrary, 6-OHDA
lesioned animals re-explored the two object categories for a
similar amount of time, thus demonstrating an impairing
effect of the lesion on spatial discrimination. However,
pretreating lesioned animals with MPEP re-established the
spatial discrimination ability, as shown by the selective re-
exploration of DO as compared to NDO in the lesioned
group pretreated with 3mg/kg of MPEP. The ANOVA
revealed a significant main effect of the object category
(F, 3, =49.444; p<0.05) and that the lesion effect almost
approached statistical significance (F, 3, =3.437; p=0.07).

Figure 3b represents the re-exploration index for the SO
and theNSO after vehicle and MPEP injections in sham and
lesioned groups. 6-OHDA lesions did not affect the ability of
the animals to detect and react to the novel object. All
groups explored the new object much more than the
familiar ones (main effect of object category (F; 3, =51.139;
p<0.05)). The post hoc comparisons confirmed that sham
animals re-explored the SO significantly more than NSO
independently on the pretreatment. Lesioned animals also
re-explored SO more than NSO, however, when pretreated
with MPEP a reduction in SO re-exploration index was
observed.

Experiment 3: Effects of subchronic MPEP administra-
tions on the spatial deficit induced by bilateral dorsal
striatal 6-OHDA lesions. Table 2 reports the number of
sectors crossing during all sessions and the mean time of
objects exploration during the habituation phase for sham
and lesioned animals pretreated with vehicle or MPEP
(3mg/kg) for 7 days and challenged with either saline or
MPEP (3 mg/kg) 30 min before S1. Also in this case neither
the lesion nor the pretreatment affected the pattern of
sectors crossing (main effect of session (Fg 5, =167.629;
p<0.05) and session x lesion interaction (Fg,q,=3.343;
p<0.05)). The post hoc analysis confirmed that all groups
reduced the number of sector crossings across sessions
(p<0.05) and that there were no differences among groups.
Similarly, all groups reduced objects exploration (Table 2)
across sessions (main effect of session (F,o4=203.807;
p<0.05), session x lesion interaction (Fo4=6.768;
p<0.05) and  session x MPEP  dose interaction
(Fp04=4.913; p<0.05)). The post hoc analysis confirmed
that there were no significant differences among groups.
Figure 4a shows the spatial re-exploration index for all
groups. Sham animals showed a clear preference for DOs as
compared to NDOs. MPEP subchronic treatment did not
affect the mice ability to selectively re-explore the DO.
Lesioned animals were once again impaired in DO re-
exploration. On the contrary, lesioned mice, subchronically
administered with MPEP demonstrated higher levels of re-
exploration of DO as compared to NDO, thus demonstrat-
ing a recovery of the spatial discrimination deficit induced
by the lesion, similar to that observed after acute treatment.
Three-way ANOVA revealed a significant main effect of the
object category (F;4;=46.149; p<0.05) and of object
category x MPEP dose (F,4;=4.372; p<0.05). The post
hoc analyses revealed a significant difference in the re-
exploration levels of the two object categories only for the
sham groups independently of the treatment and in the
lesioned animals pretreated with MPEP. No significant
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Figure 4 Effects of subchronic administrations (8 days) of vehicle or 2-
methyl-6-(phenylethynyl)-pyridine (MPEP; 3 mg/kg) in sham or 6-hydro-
xydopamine (6-OHDA) lesioned animals on their ability to react to a
spatial novelty in S5 and to a novel object in S7. (a) The histograms
illustrate the mean time (s £ SEM) spent exploring displaced object (DO)
and nondisplaced object (NDO) in S5 minus the time spent exploring the
same object category in S4, spatial re-exploration index. (*) p<0.05 DO vs
NDO, within group. (b) The histograms illustrate the mean time (s £ SEM)
spent exploring substituted object (SO) and nonsubstituted object (NSO)
in S7 minus the time spent exploring the same object category in S6,
nonspatial re-exploration index. (¥) p<0.05 SO vs NSO, within group.

difference was found in the lesioned animals pretreated with
vehicle.

As illustrated in Figure 4b, all groups re-explored SO
more than NSO (main effect of object -category
(F147=123.624; p<0.05)). Although, the interaction
between MPEP dose X object category approached statisti-
cal significance (F,4;=>5.179; p=0.05), post hoc analysis
demonstrated that the difference between SO and NSO was
significant in all groups, and there were no significant
differences between groups in the re-exploration of any of
the object categories.

Experiment 4: Effects of Acute and Subchronic MPEP
Administrations on Rotational Behavior Induced by
L-DOPA in Unilateral 6-OHDA Lesioned Animals

Injection of p-amphetamine (4mg/kg) induced a net
preference for rotations ipsilateral to the lesioned site
(rotation direction (F; 4, =140.442; p<0.05)), in the ani-
mals subsequently assigned to one of the four experimental
groups. The mean ipsilateral rotation + SEM in 60 min being
554.71 £39.6 (turns per 40 min), whereas the mean con-
tralateral rotation reached 60.5+8.7. The experimental
groups in the subsequent experiments were equated for
rotational behavior induced by amphetamine.

Figure 5 illustrates the effects of acute (day 1) and
subchronic (day 8) administrations of MPEP on rotational
behavior induced by 1-DOPA 25mg/kg in unilateral 6-
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Figure 5 Effects of acute (day |) and subchronic administrations (day 8)
of vehicle or 2-methyl-6-(phenylethynyl)-pyridine (MPEP; 3 mg/kg) on
ipsilateral and contralateral rotations induced by L-DOPA or vehicle in 6-
hydroxydopamine (6-OHDA) injected lesioned mice. (*) p<0.05
ipsilateral vs contralateral, within treatment, within day and within
pretreatment; ($) p<0.05 vehicle vs MPEP, within treatment, within day
and within direction of the rotation; (#) p<0.05 day | vs day 8, within
pretreatment, within treatment and within direction of the rotation.

OHDA lesioned animals. As shown in Figure 5 L-DOPA
treatment induced a preferential contralateral turning on
day 1 (vehicle/t-DOPA group). This effect diminished
across test sessions (day 8). Pretreatment with MPEP
increased 1-DOPA induced contralateral rotations after a
single injection as well as after repeated administrations, the
effect being more robust after 8 days of treatment. The
three-way ANOVA for repeated measure, demonstrated that
the effect of the direction of rotation (F,4,=3.964;
p=0.053) and the interaction between MPEP dose x
L-DOPA x day (F; 4, =3.905; p=0.054) approached statis-
tical significance. Furthermore, it revealed a significant
effect of the interaction 1-DOPA X direction of the rotation
(F1,4,=18.779; p<0.05), MPEP x day x direction of the
rotation (F; 4, =4.843; p<0.05) and between MPEP x
L-DOPA x day x direction of the rotation (F 4, =4.624;
p<0.05). The post hoc analysis confirmed that, on day 1,
L-DOPA treatment increased contralateral as compared to
ipsilateral rotations, independently on whether the animals
where pretreated with vehicle or MPEP. This effect
habituated across testing days when the animals were
preinjected with vehicle, but it dramatically increased when
the animals were subchronically (day 8) treated with MPEP.

DISCUSSION

In this study we investigated whether the mGIuR5
antagonist MPEP, which has been recently found to reverse
motor symptoms in animal models of PD, could also
improve the spatial memory deficit induced by DA loss in
the striatum. The results confirmed previous findings that
mild (about 50%) striatal DA depletion impairs animals’
ability to discriminate a spatial change, but does not affect
their ability to discriminate a new object (De Leonibus et al,
2007). Furthermore, it was also found that acute injections
of high doses of MPEP impair spatial discrimination in
intact animals. However, the most intriguing finding of this
study was that MPEP at a low dose, though ineffective in
sham animals, was able to reverse the spatial discrimination
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deficit induced by 6-OHDA lesions of the striatum.
Interestingly, the same dose of MPEP that improved the
visuo-spatial memory deficits in this model potentiated
contralateral turning induced by 1L-DOPA, thereby confirm-
ing its antiparkinsonian action.

Acute systemic injections of high doses of MPEP impaired
spatial discrimination in the object-place association task.
The impairment was not secondary to motor or object
exploration deficits, as doses of the drug which affected
locomotion or objects exploration (ie 1.5mg/kg) did not
affect spatial discrimination. These data are consistent with
previous findings in the literature showing that low doses of
MPEP have no effect on spatial learning and memory
(Ballard et al, 2005; Campbell et al, 2004; Homayoun et al,
2004; Manahan-Vaughan and Braunewell, 2005; Naie and
Manahan-Vaughan, 2004; Petersen et al, 2002; Steckler et al,
2005).

As any potential antiparkinsonian drug needs to be
repeatedly administered, we also tested the effects of
subchronic injections of MPEP on the same task. Interest-
ingly, lesioned animals treated with MPEP for 7 days and
challenged with a further dose of the drug before testing,
could discriminate the spatial change, thus demonstrating
that the acute effect induced by MPEP in 6-OHDA lesioned
mice is maintained after repeated injections. Furthermore,
we report that repeated administration of MPEP 3 mg/kg
did not affect spatial or novel object discrimination in sham
animals. As MPEP has recently been investigated in studies
related to anxiety, depression, and psychotic disorders
(Belozertseva et al, 2007; Homayoun et al, 2004; Pilc et al,
2002), the results of this experiment, by showing no major
cognitive impairments after repeated systemic injections of
the drug, provide experimental evidence in favor of future
clinical investigation. However, the route of administration
is a critical point as repeated intracerebroventricular
injections of MPEP have been reported to impair neural
plasticity and spatial memory in naive animals (Manahan-
Vaughan and Braunewell, 2005; Naie and Manahan-
Vaughan, 2004). These opposite results after systemic or
brain focal administration of the drug could be due to the
low solubility of MPEP compound. Intracerebral infusion of
MPEP solution at low pH may produce deleterious effects
on behavior that would not be observed after systemic
injections.

The effects of mGluR5 blockade on spatial discrimination
in DA lesioned animals cannot be attributed to a general
enhancing effect on an animal’s ability to detect or to react
to novel information. Indeed, acute administrations of
MPEP did not affect novel object discrimination in sham
controls and worsened, rather then improved, novel object
discrimination in lesioned animals; this latter effect
disappeared after repeated administration and was never
evident in sham animals. These data are in agreement with
previous findings demonstrating that the same or higher
doses of MPEP has no effect on short-term novel object
discrimination in intact animals (Barker et al, 2006). A
further caveat to be considered is that high doses of MPEP
have been demonstrated to act also as NMDA receptor
antagonists (O’Leary et al, 2000). However, NMDA receptor
antagonism is achieved at brain concentrations higher than
those reached after the doses used in the present study
(Cosford et al, 2003; O’Leary et al, 2000). Moreover, NMDA
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antagonists alone or in combination with a reduced DA
activity impair rather than improve mice performance in an
object-place association tasks (Roullet et al, 1996). There-
fore, it seems unlikely that the effect observed in these
experiments could be due to NMDA receptors blockade.

On the basis of these results we verified the effects of
acute and repeated systemic injection of MPEP (3 mg/kg) on
rotational behavior induced by 1-DOPA, in 6-OHDA
unilaterally lesioned mice, a classical animal model of
motor symptoms in PD. Consistent with previous studies,
MPEP administration increased contralateral turning in-
duced by L-DOPA. This effect was further potentiated after 7
days treatment. These results on the one hand confirm and
extend previous findings in rats showing that chronic, but
not acute, injection of low doses of MPEP can reverse the
akinetic deficit induced by partial DA lesions of the dorsal
striatum (Breysse et al, 2002, 2003). On the other hand, they
contradict other experimental evidence showing that
systemic acute or subchronic injection of MPEP, at low or
high doses, reduces contralateral turning induced by 1-
DOPA in unilaterally 6-OHDA lesioned animals (Domenici
et al, 2005; Spooren et al, 2000). This apparent discrepancy
may be explained by the different site and extent of the
lesion (Breysse et al, 2003; Domenici et al, 2005). In
summary, we showed that MPEP, at low dose, has beneficial
effects on cognitive as well as on motor deficits induced by
partial DA depletion of the dorsal striatum, with no
additional behavioral side effects.

There are several potential mechanisms and possible
brain sites at which MPEP might have acted after its
systemic administration. Recent autoradiographic studies
with PET ligand show high concentrations of mGluR5 in the
striatum, cortex and hippocampus (Wyss et al. 2007).
However, in 6-OHDA lesioned rats, MPEP binding was
increased in comparison to controls. Although mGluR5 up-
regulation was observed in different brain regions, such as
hippocampus and frontal cortex, it was more robust in the
striatum. Further, in this structure it was accompanied by
enhanced mGluR5 expression, as assessed by western blot
analysis (Pellegrino et al, 2007). These findings support the
existence compensatory mechanisms, at the striatal level,
after nigrostriatal DA degeneration. In functional terms, one
possibility is a direct effect of the mGluR5 antagonist on DA
release in the striatum, by a presynaptic modulatory action
on residual DA nerve terminals. However, MPEP (within the
same dose range used in this study) has been reported to
have no effect on extracellular DA in the prefrontal cortex
and in the nucleus accumbens, and even reduce DA
extracellular levels in the striatum in intact animals
(Golembiowska et al, 2003; Homayoun et al, 2004). More
likely, MPEP could modulate striatal glutamate release.
Although mGluR5 are located predominantly postsynapti-
cally, a presynaptical localization has recently been reported
on corticostriatal glutamatergic afferents (Rodrigues et al,
2005). Consistently, it has been shown that MPEP could
regulate glutamate release within the striatum (Rodrigues
et al, 2005; Thomas et al, 2001). Hence, MPEP might act by
reducing the availability of extracellular glutamate in the
striatum, which in turn would lead to a reduced stimulation
not only of mGIuR5 but also of ionotropic glutamate
postsynaptic receptors. Finally, mGluR5 blockade in the
output nuclei of the BG, in addition to the striatum, might
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be responsible for the effects observed. In line with this,
recent findings showed that DA lesion of the striatum is
associated with overactivity of the subthalamic nucleus and
substantia nigra pars reticulata, which are normalized by
MPEP in parallel to the beneficial effect of MPEP on motor
symptoms (Breysse et al, 2003; Phillips et al, 2006). It
should be mentioned that the above-hypothesized mechan-
isms are not necessarily mutually exclusive and MPEP
might act at different levels to revert 6-OHDA induced
deficits. Additional studies using integrated approaches will
help to elucidate these issues.

In conclusion, the most interesting finding of this study
was the demonstration that, in an animal model of PD,
systemic pharmacological treatments with potential ther-
apeutic efficacy on motor symptoms not only do not have
any detrimental effects on spatial learning and novelty
exploration but on the contrary can also reverse the spatial
discrimination deficit associated to the DA loss in the
striatum. Therefore, regardless of the possible neural
mechanisms underlying these beneficial effects, mGlu5
receptors may prove to be interesting potential targets for
the development of possible treatments of PD.
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