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Abstract This study assessed striatal N-methyl-D-aspartate
(NMDA) glutamate receptors of 1-methyl 4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) monkeys with levodopa (L-
DOPA)-induced dyskinesias (LID). In a first experiment,
four MPTP monkeys receiving L-DOPA/Benserazide alone
developed dyskinesias. Four MPTP monkeys received L-
DOPA/Benserazide plus CI-1041 an NMDA antagonist
selective for NRI/NR2B and four were treated with L-
DOPA/Benserazide plus a small dose of cabergoline; one
monkey of each group developed mild dyskinesias at the
end of treatment. In a second experiment, a kynurenine 3-
hydroxylase inhibitor Ro 61-8048, combined with L-DOPA/
Benserazide, reduced dyskinesias in MPTP monkeys. Drug-
treated MPTP monkeys were compared to intact monkeys
and saline-treated MPTP monkeys. Glutamate receptors were
investigated by autoradiography using [PH]CGP-39653
(NRI/NR2A antagonist) and [*HJR025-6981 (NRI1/NR2B
antagonist). In general, striatal [*H]JCGP-39653 specific
binding was unaltered in all experimental groups. MPTP
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lesion decreased striatal [PH]JR025-6981 specific binding;
these levels were enhanced in the L-DOPA-alone-treated
MPTP monkeys and decreased in antidyskinetic drugs
treated monkeys. Maximal dyskinesias scores of the MPTP
monkeys correlated significantly with [PHJR025-6981 spe-
cific binding in the rostral and caudal striatum. Hence,
MPTP lesion, L-DOPA treatment and prevention of LID
with CI-1041 and cabergoline, or reduction with Ro 61-8048
were associated with modulation of NR2B/NMDA gluta-
mate receptors.

Keywords NMDA receptor- L-DOPA - Dyskinesia -
MPTP- Monkeys - Cabergoline - CI-1041 - Ro 61-8048

Abbreviations
DA Dopamine
DAT Dopamine Transporter

DOPAC 3, 4 dihydroxyphenylacetic acid
HVA Homovanillic acid

L-DOPA Levodopa

LID L-DOPA-induced dyskinesias
LTD long term depression

LTP long term potentiation

3-MT 3-methoxytyramine

NMDA  N-methyl-D-aspartate

PD Parkinson’s disease
Introduction

Adverse effects such as dyskinesias compromise dopami-
nomimetic therapy of Parkinson disease (PD) patients
(Brotchie et al. 2005). Several reports suggest that an
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augmentation in the synaptic efficacy of striatal ionotropic
glutamatergic receptors contribute to the appearance of
these motor complications (Chase 2004; Bara-Jimenez et al.
2006). The synaptic efficacy of N-methyl-D-aspartate
(NMDA) receptors increases, and the subsequent augmen-
tation in cortico-striatal excitatory drive modifies output
with dyskinesias as a consequence (Brotchie et al. 2005).

In accordance with this proposal, it has been shown that
drugs that block NMDA receptors could diminish or prevent
levodopa (L-DOPA)-induced motor response alteration in
animal model of PD (Blanchet et al. 2004; Hadj Tahar et al.
2004; Gregoire et al. 2008). In the 6-hydroxydopamine (6-
OHDA) rodent model of PD and the 1-methyl 4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) primate model of PD,
riluzole, an inhibitor of glutamate release was found to
relieve or delay L-DOPA-induced dyskinesias (LID)
(Gilgun-Sherki et al. 2003). However discordant results
have been reported in respect to changes of NMDA
receptors in dyskinesias. For instance in our previous study
with 14 PD patients displaying motor complications, the
NMDA receptors composed of the NRI1/NR2B subunits
increased in the putamen whereas those with the NR1/NR2A
subunits remained unchanged (Calon et al. 2003). The
development of dyskinesias following a D1 agonist (SKF-
82958) treatment was associated with an up-regulation of
NMDA receptors composed of NR1/NR2A and NR1/NR2B
subunits (Calon et al. 2002). Other studies using ['*’I]MK-
801 binding reported that NMDA receptors did not change
in the striatum of MPTP-lesioned monkeys and decreased in
MPTP monkeys treated with L-DOPA (He et al. 2000).
Conversely, Ulas and co-workers (1994) found an increase
of NMDA -sensitive glutamate binding in the striatum of PD
patients treated with L-DOPA; these authors did not indicate
if patients displayed dyskinesias or other motor complica-
tions. Thus, the aim of this study was to evaluate by
autoradiography changes of NMDA receptors composed of
NR2A and NR2B subunits in MPTP primates treated with
L-DOPA alone or with cabergoline, CI-1041, or Ro 61-80438.
Cabergoline is a long-acting D2 dopamine (DA) receptor
agonist (Calon et al. 2002) and CI-1041 is a specific NR2B/
NMDA antagonist (Chen et al. 2003); these drugs adminis-
tered with L-DOPA prevented the development of dyskinesias
(Belanger et al. 2003). Ro 61-8048 is a kynurenine-3-
hydroxylase inhibitor (Schwarcz and Pellicciari 2002) that
was shown to reduce dyskinesias (Gregoire et al. 2008).

Materials and Methods
Animals and Drug Treatments

Experiments were carried out using 37 drug naive female
ovariectomized monkeys (Macaca fascicularis) (2.5—

4.3 kg) in agreement with the standards of the Canadian
Council on Animal Care. Animals were maintained in a
temperature-controlled environment and artificial daylight
(lights on 06001800 hours). The Laval University com-
mittee for the protection of animals approved this study.

This research was performed in two experiments. In the
first experiment, monkeys weighing between 3.95-4.22 kg,
aged 4-11 years, were divided into five experimental
groups. One non-parkinsonian group (n=4) remained
untreated and served as healthy controls (control group),
and four groups (each n=4) were rendered parkinsonian
with the neurotoxin MPTP (Sigma-Aldrich Canada Ltd.,
Oakville, ON, Canada) administered continuously using
subcutaneous Alzet minipumps (0.5 mg/24 h in saline
solution) until sustained parkinsonian features were
achieved. Treatment was started after the bilateral parkin-
sonian syndrome had stabilized (after 1 to 6 months). Four
of these MPTP-exposed monkeys remained untreated
(MPTP group) while four others received a chronic daily
oral treatment with L-DOPA/benserazide alone (100/25 mg;
Prolopa®) (Hoffmann-La Roche limited, Mississauga, ON,
Canada) and four of the eight remaining animals were
treated simultaneously with L-DOPA (same dosage) plus
CI-1041 (Pfizer, Ann Arbor, ML, USA; 10 mg/kg), a highly
selective antagonist for NR2B containing NMDA receptor.
CI-1041 was dissolved and administered per os at 9:30 A.M.
and the spontaneous behavior of the animals was observed
until the effect of a given drug was terminated. The last four
other monkeys were treated with a combination of oral L-
DOPA and a threshold dose of cabergoline administered by
subcutaneous injection. The threshold dose of cabergoline
was the minimum dose of cabergoline producing a small
stimulatory effect but this change was not sufficient to
modify the antiparkinsonian score obtained with the
disability scale. Cabergoline (Adria laboratories, Columbus,
OH, USA) was dissolved in 0.9% sterile saline (1 ml)
acidified with 2% phosphoric acid (30 pl) and administered
at doses ranging from 0.015 to 0.035 mg/kg. Drugs were
administered in the morning (at 9:30 A.M.) for 4 weeks, and
spontaneous behaviors were observed until the end of
antiparkinsonian response (Belanger et al. 2003).

The second experiment included 17 monkeys weighing
between 2.5-4.3 kg and aged 5-8 years. The animals were
divided in four experimental groups. The control group
(n=4) remained untreated. The 13 others received MPTP
until a bilateral parkinsonian syndrome had stabilized (5—
6 months). These monkeys were divided in three groups.
An MPTP-untreated group (n=4), L-DOPA-treated group
(n=4) received L-DOPA/benserazide alone (100/25 mg;
Prolopa®), and five monkeys were treated with Ro 61-8048
plus L-DOPA (same dose). Ro 61-8048 (provided by
Newron Pharmaceuticals, Italy) was homogenized and
suspended in a solution of 0.1% (v/v) Tween80/sterile
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water. A fresh solution was prepared every 2 days and was
kept at 4°C under constant agitation. Animals of this
experimental group received 20-25 ml of Ro 61-8048
suspension by nasogastric gavage; a dose of 50 mg/kg was
given 3 h before L-DOPA administration, based on our
previous acute experiment with this drug where a signifi-
cant anti-dyskinetic response was obtained with 30 and
100 mg/kg of Ro 61-8048 (Samadi et al. 2005; Gregoire et
al. 2008). MPTP and L-DOPA were administered as
described in the first experiment.

In both experiments treatments lasted for 28 consecutive
days; behavioral assessment of these treatments was
previously reported (Belanger et al. 2003; Hadj Tahar et
al. 2004; Gregoire et al. 2008).

Tissue Preparation

Animals were killed 24 h after the end of the chronic
treatments by an over dose of sodium pentobarbital. The
brains were then immersed in isopentane (—40°C) and stored
at —80°C. Hemisected brains were cut into coronal sections of
12 um on a cryostat (—18°C) at two different levels for the
striatum corresponding approximately to levels A18-A22
(rostral striatum), A15-A18 (caudal striatum), in the atlas of
Szabo and Cowan (Szabo and Cowan 1984). Sections were
mounted onto Super Frost Plus (Fisher, Canada) slides,
desiccated overnight at 4°C and stored at —80°C.

Biogenic Amine Assays

Small frozen tissue was taken for the biogenic amine assays.
The pieces of coronal sections were homogenized in 250 pl of
0.1 M HCIO, at 4°C. The homogenate was centrifuged at
10,000xg for 20 min. The supernatants were kept at —80°C.
The pellets were dissolved in 100 pl of 0.1 M NaOH for
assay of protein content. The concentration of DA and its
metabolites 3,4-dihydroxyphenylacetic acid (DOPAC), 3-
methoxytyramine (3-MT) and homovanillic acid (HVA) was
measured by high-performance liquid chromatography with
electrochemical detection (Morissette et al. 2006).

Receptor Autoradiography

The extent of denervation was also evaluated by measuring the
DA transporter (DAT) with ['*IJRTI-121 (38-(4-I-iodo-
phenyl)tropane-263-carboxylic acid isopropyl ester, 2,200 Ci/
mmol; Mandel, Boston, MA, USA) binding autoradiography.
Specific binding was measured using 25 pM of ['*I]RTI-
121. Non-specific binding was determined by adding 100 nM
of Mazindol (Sandoz Pharmaceuticals, Dorval, Quebec,
Canada) to the incubation buffer (Morissette et al. 2006).
Autoradiography of NMDA receptors composed of
NRI/NR2A and NR1/NR2B subunits was performed using
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[*H]CGP-39653 (PerkinElmer 50 Ci /mmol) and [*H]Ro
25-6981 (F. Hoffman-Laroche Bazel, Switzerland; 25.7 Ci/
mmol) respectively according to our previously published
procedures (Calon et al. 2002). Briefly, sections were
incubated with 20 nM of [PH]CGP-39653 or 5 nM [*H]
Ro 25-6981 to estimate total binding to the NR1/NR2A and
NR1/NR2B subunits respectively. Non-Specific binding
was estimated by adding respectively 500 uM NMDA
(NR1/NR2A subunit) or 10 uM Ro 04-5595 hydrochloride
(F. Hoffman-Laroche) (NR1/NR2B subunit) to the incuba-
tion buffers. After postincubation washes, the slide-
mounted tissue sections were dried overnight at room
temperature and then exposed to [*H]-sensitive films
(Kodak BIOMAX MR) along with tritium standards
([*H]-microscales, Amersham) during 10 weeks or 4 weeks
at room temperature for [PH]CGP-39653 and [’HJRo 25-
6981 respectively. For each rostral and caudal brain regions
investigated, we used 4 to 6 brain slices for each animal for
autoradiographic analyses.

Image, Data, and Statistical Analysis

Quantification of all autoradiograms was performed on a
G4 Macintosh connected to a Sony video camera (model
XC-77) and a constant illumination light table using
computerized densitometry with the software package
NIH Image 1.63 (developed at the U.S. National Institutes
of Health and available on the Internet at http://rsb.info.nih.
gov/nih-image/). Optical grey densities were transformed
into nCi/mg of tissue equivalent using a standard curve
generated with tritium standards ([*H]-microscales, Amer-
sham) and then converted into fmol/mg of tissue using the
specific activity of the radioligand.

For analysis, the caudate nucleus and putamen were
divided in four subregions (medial-lateral and dorsal-
ventral) at two rostrocaudal coordinates. Statistical compar-
isons of data were performed with a one way analysis of
variance with subregions and treatments as variables, for
each autoradiographic assay, followed by post-hoc pairwise
comparisons with Fisher’s probability of least significant
difference test. A simple regression model was used to
determine coefficients of correlation and the significance of
the degree of linear relationship between variables.

Results

Behavioral Assessment

The behavioral evaluation of these monkeys has previously
been reported using parkinsonian and dyskinesia scores

developed in our laboratory (Hadj Tahar et al. 2004;
Gregoire et al. 2008). L-DOPA alone or combined with
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CI-1041, cabergoline, or Ro 61-8048 significantly lowered
the parkinsonian scores as compared to the controls. In the
L-DOPA-treated group, the animals rapidly developed
dyskinesias that were mainly choreic in nature. Conversely,
co-administration of CI-1041 (Hadj Tahar et al. 2004) or
cabergoline (Belanger et al. 2003) completely prevented the
induction of dyskinesia in three animals in which no
dyskinesia was noted until the end of the study, the fourth
monkey developed mild choreic movements of the lower
limbs at the end of the fourth week of treatment. In the
group that received Ro 61-8048 with L-DOPA, dyskinesias
were significantly reduced compared to MPTP monkeys
that receive L-DOPA alone (Gregoire et al. 2008).

Denervation Assessment

Catecholamine concentrations were measured in the cau-
date nucleus and putamen. Results in each experiment were

similar in the caudate nucleus and putamen at the rostro-
caudal regions analyzed. MPTP lesioning resulted in an
extensive depletion of striatal DA concentration in all
MPTP-treated monkeys with an average decrease of 99%
compared to intact monkeys. Biogenic amine results of the
first experiment were previously reported in a study
focusing on subtype five of metabotropic glutamate
receptors (Samadi et al. 2008). Assessment of denervation
of the monkeys of the second experiment showed an
extensive decrease of DA (anterior: caudate nucleus F3 ;3=
61.0, p<0.0001 and putamen F3;3=199.1, p<0.0001;
posterior: caudate [ ;,=63.0, p<0.0001 and putamen
F315=121.9, p<0.0001) and its metabolites DOPAC
(anterior: caudate F3;3=27.5, p<0.0001 and putamen
F313=40.9, p<0.0001; posterior: caudate F5,,=5.35,
p=0.014 and putamen Fs;3=14.5, p=0.0002), 3-MT
(anterior: caudate F3;3=291.1, p<0.0001 and putamen
F513=100.9, p<0.0001; posterior: caudate Fs3;,=59.3,
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Figure 1 Effect of MPTP lesion and treatments on catecholamine
concentrations in control monkeys (n=4), untreated MPTP monkeys
(n=4), L-DOPA-treated MPTP monkeys (n=4), and MPTP monkeys
treated with L-DOPA and Ro 61-8048 (n=5). Data are mean+SEM
(bars) in the rostral and caudal parts of the caudate nucleus and
putamen expressed in percentage of controls. Values are the mean+
SEM (bars) in percent of control, where 100% control values were for

rostral caudate, DA=138.0, DOPAC=11.0, 3-MT=38.1, and HVA=
285.6 ng/mg protein; for the caudal caudate, DA=87.9, DOPAC=7.0,
3-MT=25.2, and HVA=96.9; for rostral putamen, DA=160.9,
DOPAC=11.4, 3-MT=44.9, and HVA=475.9; and for caudal puta-
men, DA=112.6, DOPAC=5.5, 3-MT=39.6, and HVA=289.4; *p<
0.01 and **p<0.0001 vs. control monkeys
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»<0.0001 and putamen F3;3=58.5, p<0.0001) and HVA
(anterior: caudate F3;3=29.0, p<0.0001 and putamen
F313=35.3, p<0.0001; posterior: caudate F;,=22.3, p<
0.0001 and putamen F5;3=24.2, p<0.0001), in MPTP
monkeys, compared to the controls (Fig. 1). The DOPAC/
DA and HVA/DA concentrations ratios were increased in
MPTP-treated monkeys (data not shown). MPTP lesion
also induced a decrease of ['*’T|RTI-121 specific binding to
the DAT in the lateral, medial, dorsal and ventral parts of
the caudate nucleus (anterior: DM: F ;3=68.3, p<0.0001;
VM: F;513=28.0, p<0.0001; DL: F5,3=236.4, p<0.0001;
VL: F5,3=115.6, p<0.0001; posterior: DM: F3 13=127.3, p
<0.0001; VM: F313=235.1, p<0.0001; DL: F5,3=129.1, p
<0.0001; VL: F5,3=223.6, p<0.0001) and putamen (ante-
rior: DM: F313=110.5, p<0.0001; VM: F;;3=109.2, p<
0.0001; DL: F3,3=163.4, p<0.0001; VL: F;,3=126.7,
p<0.0001; posterior: DM: F3;3=52.9, p<0.0001; VM:

Figure 2 Representative auto-
radiograms of coronal brain
sections showing ['**T|RTI-121
binding to the dopamine trans-
porter (DAT) in the rostral and
caudal striatum of control and

Control monkey
ROSTRAL STRIATUM

F3’13:39.7, p<00001, DL: F3,13:67.1, p<00001, VL:
F313=57.9, p<0.0001) of all MPTP-treated monkeys
(Figs. 2 and 3). Extent of denervation as assessed with
DA and metabolites concentrations and DAT specific
binding in the caudate and putamen was similar in all the
MPTP-lesioned groups of monkeys (Figs. 1 and 3).

Distribution of [*’H]Radioligands Binding to Glutamate
Receptors in the Basal Ganglia

[PH]JCGP-39653 and [*H]Ro 25-6981 binding was ob-
served in all parts of the rostral and caudal caudate-
putamen of monkeys (Fig. 4). No lateral-medial or ventral-
dorsal gradients of [*H]CGP-39653 and [*H]Ro 25-6981
total binding were observed in control monkeys in the
rostral and caudal caudate nucleus as well putamen

(Fig. 4).

Striatal dopamine transporter autoradiography

MPTP-monkey

MPTP monkeys of the experi-
mental groups investigated

Caudate nucleus

Putamen

CAUDAL STRIATUM
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Figure 3 Effect of MPTP lesion and treatments on striatal dopamine
transporter (DAT)-specific binding labelled with ['*IJRTI-121 in
control monkeys (n=4), untreated MPTP monkeys (n=4), L-DOPA-
treated MPTP monkeys (n=4), and MPTP monkeys treated with L-
DOPA and Ro 61-8048 (n=5). Data are mean+SEM (bars) in the
rostral and caudal parts of the caudate nucleus and putamen expressed in
percentage of controls. One hundred percent control values (fmol/mg of

First Experiment
NR2A/NMDA Receptors

Striatal [PH]CGP-39653 specific binding to NMDA contain-
ing NRI/NR2A subunits did not significantly change with
the lesion and treatments in the anterior and posterior regions
of the caudate nucleus as well as the putamen (anterior
caudate nucleus, DM: Fy13=0.65, p=0.632; VM: F, 3=
0.87, p=0.504; DL: F4,3=1.30, p=0.320; VL: F4;3=2.16,
p=0.131; posterior caudate nucleus, DM: Fy4 =123, p=
0.352; VM: Fy 1,=1.06, p=0.422; DL: F41,=0.69, p=0.609;
VL: F,;,,=0.77, p=0.565) and (anterior putamen, DM:
F413=0.33, p=0.855; VM: F,4,;3=0.54, p=0.709; DL:

tissue) were for the rostral caudate, dorsomedial (DM)=1.1, ventrome-
dial (VM)=1.1, dorsolateral (DL)=0.9 and ventrolateral (VL)=0.9; for
the caudal caudate, DM=1.5, VM=1.3, DL=1.6, VL=1.6; for the
anterior putamen DM=0.8, VM=0.8, DL=1.0, VL=1.1; for the caudal
putamen DM=1.2, VM=1.2, DL=1.5, VL=1.4. **p<0.0001 vs.
control monkeys

F413=2.90, p=0.064; VL: F4,5=0.68, p=0.619; posterior
putamen, DM: Fj,,=1.01, p=0.445; VM: F,,=1.94,
p=0.173; DL: F4,,=2.89, p=0.073; VL: F,4,=2.78,
p=0.080) (Table 1). MPTP monkeys treated with L-DOPA
alone or with CI-1041 or cabergoline also had striatal [*H]
CGP-39653 specific binding unchanged (Table 1).

NR2B/NMDA Receptors

Striatal [°’HJRo 25-6981 specific binding to NMDA receptors
containing NR1/NR2B subunits was changed following the
MPTP lesion and treatments in the anterior caudate nucleus
(DM: F4,14=3.93, p=0.024; VM: F414=3.35, p=0.040; DL:
F414=2.25, p=0.116; VL: F4,4=2.53, p=0.087) and puta-
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Figure 4 Representative auto-
radiograms of coronal brain
sections showing A [*H]CGP-
39653 binding to NR1/NR2A

Rostral Striatum

A: [3H] CGP-39653 binding to NR1/NR2A NMDA receptors

Caudal Striatum

and B [*H]JRo 25-6981 binding
to NR1/NR2B assembly of
NMDA receptors of control
monkeys. Total and non-specific
binding, for the rostral and cau-
dal caudate nucleus and puta-
men is shown

Total binding of a
control monkey

Non specific binding Total binding of a

control monkey

B: [*H] Ro 25-6981 binding to NR1/NR2B NMDA receptors

Rostral Striatum

Caudal Striatum

5.‘.9"':"3:_».

Total binding of a
control monkey

men (DM: Fy 14=2.65, p=0.077; VM: F414=4.29, p=0.018;
DL: F414=2.96, p=0.057; VL: F414=6.28, p=0.004). No
significant effect of lesion and treatments was seen in the
posterior striatum (caudate nucleus: DM: Fy 14=1.28, p=
0.325; VM: Fy 14=1.13, p=0.382; DL: F4 14=0.81, p=0.540;
VL: F4,4=0.84, p=0.521). putamen: DM: F4,4=0.56, p=
0.697; VM: F414=0.69, p=0.613; DL: F4 14=0.84, p=0.523;
VL: F4,4=0.42, p=0.794) (Fig. 5). A decrease of [*H]Ro
25-6981 specific binding in the MPTP lesioned compared to
the control monkeys was significant in the anterior medial
caudate nucleus and in the ventral putamen (Fig. 5). [’H]Ro
25-6981 specific binding in MPTP monkeys chronically
treated with L-DOPA was significantly higher in the anterior
dorso-medial caudate nucleus and in the ventro-lateral
putamen compared to untreated MPTP monkeys (Fig. 5).
The non-dyskinetic MPTP monkeys that received the
combined L-DOPA+CI-1041 treatment had [’HJRo 25-
6981 specific binding levels significantly lower than control
monkeys and similar to those observed in untreated MPTP
monkeys in the anterior striatum (Fig. 5). The other non-
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Non specific binding Total binding of a

control monkey

dyskinetic MPTP monkeys that received L-DOPA plus
cabergoline presented significant lower levels of [*H]JRo
25-6981 specific binding in the medial part of the anterior
caudate nucleus compared to the control group. This effect
was more pronounced in the ventral part of the anterior
putamen (Fig. 5). In the anterior putamen, this decrease was
also significant when compared to L-DOPA-treated MPTP
monkeys. In the posterior striatum the pattern was similar to
that observed in the anterior striatal region but was not
significant (Fig. 5).

Second Experiment
NMDA/NR2A Receptors

In both the anterior and posterior striatal regions, in general
[PH]CGP-39653 specific binding was not significantly
changed by the lesion and treatments (anterior caudate
nucleus DM: F513=0.49, p=0. 694; VM, F;5=0.45, p=
0.719; DL: F5,,3=0.83, p=0.502; VL: F5 ;5=0.84, p=0.498;
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Table 1 [*H]CGP-39653 specific binding to NR1/NR2A subunit of the NMDA receptors in anterior and posterior subregions of the caudate-
putamen of control (intact), MPTP+saline-treated, MPTP+L-DOPA-treated, and non-dyskinetic MPTP+L-DOPA+CI-1041 or + non-dyskinetic
L-DOPA +cabergoline-treated monkeys

Caudate Putamen

DM VM VL DL DM VM VL DL

Rostral
Control 100+7.9% 100+5.2% 100+10.6* 100+74.6* 100+4.9* 100+5.7% 100+4.6* 100+4.2°
MPTP + Saline 78.4+£10.8 72.1+7.7 103.4+173.9 130.2+£22.8 100.6+714.1  105.7£18.7 107.9+11.1 115.8+9.1
MPTP+L-DOPA 96.1£9.0 94.9+5.5 136.9+10.4 150.5+70.1 109.4+9.8 102.5+£78.0 102.1+£13.2  121.5+3.1

MPTP+L-DOPA + 78.2+19.7 80.4+75.0 110.8+/2.5 127.7+21.9 98.5+£19.4 91.7£15.9 106.5+10.1 116.1£12.0
CI-1041
MPTP+Cabergoline 98.7+£22.7 86.7+£27.3 90.1+£173.4 117.5+14.5 84.5+£27.7 70.9+£29.5 75.5+31.7 83.6+£15.4

Caudal
Control 100£2.3% 100£2.72 100+7.7% 100£4.27 100+3.7¢ 100£2.4° 100+£2.3% 100+4. 7%
MPTP + Saline 100.6+5.1 99.5+7.0 121.5+7.2 121.6+7.5 112.5+11.2  1142+14.5 117.9+8.3 139.3+£9.3
MPTP+L-DOPA 119.8424.5 108.3+78.5 111.5+186 122.3+20.5 101.3+5.8 100.6+5.7 107.7+8.7 117.1+£9.9
MPTP+L-DOPA 84.7+10.5 87.7£9.2 99.2+5.2 100.1+£70.6 86.9+£8.9 81.2+5.5 87.4+6.9 107.9+13.7

+CI-1041
MPTP+Cabergoline  129.4+25.8  119.9+16.1 118.9+19.8 123.8+£26.2 97.8+14.1 90.9+72.0 88.9+71.2  102.8+£9.5

Results are expressed as percent of the mean of 4 control monkeys+SEM values

#100% control values in fmol/mg of tissue are rostral caudate nucleus: dorso-medial (DM)=71.9+7.0, dorso-lateral (DL)=66.8+10.6, ventro-medial
(VM)=66.5+7.4, ventro-lateral (VL)=70.9+9.6; rostral putamen: DM=76.5+8.8, DL=87.6+5.4, VM=74.4+9.4, VL=87.0+8.1; caudal caudate
nucleus: DM=6.5+£0.3, DL=7.5+£0.5, VM=6.4£0.2, VL=7.6+0.3; caudal putamen: DM=8.0£0.5, DL=8.8+£0.7, VM=8.2+0.4, VL=10.4£0.6

posterior caudate nucleus DM: F33=0.75, p=0.538; VM:  25-6981 specific binding was observed in subregions of the
F513=1.13, p=0.372; DL: F5 ;3=1.25, p=0.332; VL: F; ;3= rostral and caudal caudate nucleus and putamen (Fig. 6).
2.75, p=0.085) and (anterior putamen DM: F3;3=0.43, Following L-DOPA treatment, [*HJRo 25-6981 specific
p=0.738; VM: F3,3=0.16, p=0.922; DL: F3,5=0.31, p= binding increased significantly in all regions of the anterior
0.816; VL: F3,3=0.11, p=0.953; posterior putamen DM: and posterior caudate-putamen compared to untreated MPTP
F513=3.85, p=0.034; VM: F;,3=3.01, p=0.069; DL: monkeys (Fig. 6). In the L-DOPA+Ro 61-8048-treated
F513=1.88, p=0.183; VL: F5,3=2.90, p=0.075) (Table 2). group [PHJRo 25-6981 specific binding remained elevated
In the L-DOPA-alone-treated group and L-DOPA+Ro 61-  (Fig. 6).

8048 group, [PH]CGP-39653 specific binding was un-

changed in caudate nucleus of both regions. In the  Relationship between Behavior and Biochemical Results
dorsomedial posterior putamen, ["H]JCGP-39653 specific

binding of L-DOPA+Ro 61-8048-treated MPTP monkeys  There were significant positive correlations between maxi-
was significantly higher than untreated MPTP monkeys and ~ mum dyskinesias scores for all the MPTP monkeys (n=29)

L-DOPA-treated MPTP monkeys (Table 2). and [’H]Ro 25-6981 specific binding (in percent of
respective control values for each experiment). This correla-
NMDA/NR2B Receptors tion was more significant in the rostral (caudate nucleus:

R=0.711, p=0.0001 and putamen: R=0.683, p=0.0001) than
Striatal [*H]Ro 25-6981 specific binding was also changed  the caudal striatum, (caudate nucleus: R=0.541, p=0.0024
by lesion and treatments in this experiment (anterior caudate ~ and putamen: R=0.414, p=0.025) (Fig. 7). Overall no
nucleus DM: F313=5.06, p=0.015; VM: F33=3.62, p= significant correlation was measured between dyskinesia
0.043; DL: F5,3=4.88, p=0.017; VL: F515=4.99, p=0.016; scores and striatal [3H]CGP—39653 specific binding (data not
posterior caudate nucleus DM: F33=4.94, p=0.017; VM: shown).
F3,13:6.97,p20.005; DL: F3,13:3.63,p20.042; VL: F3,13:
4.50, p=0.023) and (anterior putamen DM: F3 ;3=3.21, p=
0.059; VM: F513=5.03, p=0.016; DL: F5 ;3=4.51, p=0.022;  Discussion
VL: F513=6.17, p=0.008; posterior putamen DM: F5 3=
3.19, p=0.060; VM: F; ;3=4.51, p=0.022; DL: F513=3.49, A long time ago amantadine, a noncompetitive antagonist
p=0.047; VL: F5,;3=5.49, p=0.012). A decrease of [PHJRo  of NMDA receptors, was reported to improve both motor
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Figure 5 [’H]Ro 25-6981 specific binding to NR1/NR2B subunit of
NMDA receptors in anterior and posterior subregions of the caudate-
putamen of control monkeys (intact, n=4), untreated MPTP monkeys (n
=4), L-DOPA-treated MPTP monkeys (n=4), L-DOPA+CI-1041-
treated MPTP monkeys (n=3) and L-DOPA +cabergoline-treated MPTP
monkeys (n=3). Results are expressed as relative percent of the mean of
4 control monkeys+SEM (bars) values. One hundred percent control
values in fmol/mg of tissue are rostral caudate: dorso-medial (DM)=

fluctuations and dyskinesias in advanced PD, suggesting
the implication of NMDA receptors in motor disorders
(Schwab et al. 1969). Since then, it is now well-established
that glutamate, the principal excitatory neurotransmitter, is
involved in the development of PD, LID, and other motor
complications associated with dopatherapy (Hallett et al.
2005). Nevertheless, studies concerning the regulation of
these receptors in PD and LID are inconclusive. The
present study sought the role of glutamate NR2A- and
NR2B-containing NMDA receptors in a monkey model of
PD and dyskinesias. All MPTP monkeys of this study were
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461.2+25.4, dorso-lateral (DL)=381.4+27.8, ventro-medial (VM)=
426.6+21.2, ventro-lateral (VL)=367.4+32.1; rostral putamen: DM=
384.6+32.3, DL=395.5+34.6, VM=432.3+36.2, VL=449.2+29.0;
caudal caudate: DM=474.9+6.7, DL=404.3+14.8, VM=487.9+39.8,
VL=407.6+24.9; caudal putamen: DM=308.5+18.3, DL=345.4+69.5,
VM=364.1+23.4, VL=351.3+20.9. *p<0.05; **p<0.01, and ***p<
0.005 vs. control monkeys; ¢p<0.05 vs. untreated MPTP monkeys; $p<
0.05 vs. L-DOPA-treated MPTP monkeys

extensively and similarly denervated, as assessed with
striatal DA concentration and specific binding to the DAT.

The NMDA receptor is composed of several subunits
(NR1, NR2A-D, and NR3C) (Erreger et al. 2007). This
variability in NMDA receptor composition confers diversi-
ty for functional regulation of this receptor. In fact, there are
multimeric NRI/NR2A-D-containing NMDA receptors,
and Erreger et al. (Erreger et al. 2004, 2007) demonstrated
that the NR1-NR2 heterodimer is a functional association.
The present study evaluated NMDA receptor binding
composed of NR2A and NR2B subunits.
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Table 2 [*H]CGP-39653 specific binding to NR1/NR2A subunit of the NMDA receptors in anterior and posterior subregions of the caudate-
putamen of control (intact), MPTP+saline-treated, MPTP+L-DOPA-treated, and MPTP+L-DOPA+Ro 61-8048-treated monkeys

Caudate Putamen
DM VM VL DL DM VM VL DL
Rostral
Control 100+20.0° 100+£21.9* 100+78.4* 100+£78.5% 100£20.6% 100+£22.6° 100+£22.4% 100+23.0*
MPTP + 77.5+£25.7 79.9428.8 71.7425.3 76.4+22.9 81.1£26.2 87.3+29.4 98.94+22.9 100.4+26.53
Saline
MPTP+L- 75.7+14.7 68.5+13.3 72.1+14.1 77.1+£16.2 95.1+£12.3 89.4+10.3 102.9+175.9 113.9+16.4
DOPA
MPTP+L- 97.3+11.7 86.1£9.9 98.2+10.2 106.0+£71.2 108.2+9.7 101.96+8.9 111.2+£8.9 121.2+70.1
DOPA +Ro
61-8048
Caudal
Control 100+£1771.27 100+5.9* 100+8.8* 100+£77.9° 100+3.9* 100+2. 72 100+2.9* 100+4.4*
MPTP + 107.8+12.8 98.7+9.1 110.9+£8.1 114.9+11.6 85.1£12.9 95.3+11.9 105.5+173.1 113.5+20.3
Saline
MPTP +L- 130.1+£25.1 121.1+£17.6 136.8+18.9 130.7+20.4 83.4+13.3 88.95+9.8 107.6+13.4 132.1+18.4
DOPA
MPTP +L- 128.0+£15.7 123.5+173.3 140.2+9.5 135.9+173.2 124.5+7.9%% 123.7+£9.3 138.8+10.3 1459+12.7
DOPA +Ro
61-8048

Results are expressed as relative percent of the mean of four control monkeys = SEM values.

#100% control values in fmol/mg of tissue are rostral caudate nucleus: dorso-medial (DM)=98.5+19.7, dorso-lateral (DL)=100.7+18.6, ventro-
medial (VM)=91.1£19.9, ventro-lateral (VL)=93.8+£17.2; rostral putamen: DM=82.5+17.0, DL=85.3+19.6, VM=78.3+17.7, VL=83.7+18.8;
caudal caudate nucleus: DM=66.7+7.5, DL=73.548.7, VM=70.5+4.2, VL=74.446.5; caudal putamen: DM=8.0+3.3, DL=79.6+3.5, VM =88+

3.3, VL=93.1£2.7

*#p<0.05 vs. saline-treated MPTP monkeys; ® p<0.05 vs. L-DOPA-treated MPTP monkeys

In both experiments, NMDA receptors composed of
NR2A subunits were generally unchanged in all treatment
groups in the anterior and posterior parts of both the
caudate nucleus and putamen. In contrast, the NR1/NR2B-
containing NMDA receptors decreased with the MPTP
lesion whereas these levels were enhanced in the L-DOPA-
alone-treated MPTP monkeys. CI-1041 and cabergoline
administered with L-DOPA were able to prevent dyskine-
sias and the augmentation of NMDA receptors containing
NR2B. For the Ro 61-8048+L-DOPA-treated MPTP
monkeys, NMDA receptors containing NR2B were not
significantly reduced compared to untreated MPTP
monkeys; the dyskinesia scores of these monkeys correlat-
ed positively with the specific binding to NR2B-containing
NMDA receptors.

Effects of MPTP Lesion on NMDA Receptors

Our laboratory was the first to report a post-mortem study
investigating alterations of glutamate receptors in the brain
of L-DOPA-treated human PD patients in relation with the
development of motor complications (Calon et al. 2003).
Caudate nucleus and putamen [*H]CGP-39653 binding to
NR2A/NMDA receptors were unchanged in subgroups of

PD patients compared to age-matched controls (Calon et
al. 2003). Previously, we reported no effect in MPTP-
lesioned monkeys on NMDA receptors composed of
NR2A subunits in the total striatum (Calon et al. 2002).
Accordingly, the present data suggest that NMDA recep-
tors containing NR2A subunits are not altered by PD, in
contrast to those composed of NR2B subunits that were
decreased. The lesion-induced decrease of NR1/NR2B-
containing NMDA receptors may be due to an augmen-
tation of the cortico-striatal release of glutamate that
down-regulated the receptor. A possible mechanism of
NRI1/NR2B-containing NMDA receptors reduction is the
des-inhibition of glutamate cortico-striatal neurons as a
result of depletion of DA and subsequent loss of inhibitory
D2 effect localized post-synaptically on the cortical
dendrites (Deutch 1993) and pre-synaptically on cortico-
striatal terminals (Desce et al. 1992). In contrast, He et al.
reported unchanged ['*’I]MK-801 specific binding in the
striatum of monkeys with MPTP-induced PD compared to
controls (He et al. 2000). Others studies reported an
increase of NMDA receptors in PD patients (Ulas et al.
1994) and in 6-OHDA-lesioned rats (Samuel et al. 1990).
These discrepancies may be explained by different radio-
ligands used and their specificities for the NMDA
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Figure 6 [*H]Ro 25-6981 specific binding to NR1/NR2B subunit of
the NMDA receptors in anterior and posterior subregions of the
caudate-putamen of control (intact, n=4), untreated MPTP monkeys
(n=4), L-DOPA-treated MPTP monkeys (n=4), and L-DOPA+Ro 61-
8048-treated MPTP monkeys (n=5). Results are expressed as relative
percent of the mean of four control monkeys+SEM (bars) values. One
hundred percent control values in fmol/mg of tissue are: rostral
caudate: dorso-medial (DM)=279.4+25.2, dorso-lateral (DL)=254.8+

subunits. In agreement with our autoradiographic studies,
western blotting studies have shown a decrease of striatal
NR2B/NMDA receptor levels with MPTP (Hallett et al.
2005) or 6-OHDA lesions (Dunah et al. 2000).

Changes in NR2 subunit composition of NMDA receptors
within synapses can be triggered by mechanisms that include
differences in insertion (Barria and Malinow 2002), internal-
ization (Lavezzari et al. 2004), and lateral diffusion (Tovar
and Westbrook 2002). The surface mobility of NMDA
receptors depends of its NR2A or NR2B subunits composi-
tion (Groc et al. 2007); the NR2A/NMDA receptors being
more stable than the NR2B-containing ones (Groc et al.
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23.4, ventro-medial (VM)=285.4+24.1, ventro-lateral (VL)=258.6+
22.3; rostral putamen: DM=232.7+27.2, DL=227.4+21.6, VM=
256.2+£19.2, VL=260.3+£17.7; caudal caudate: DM=264.4+20.2,
DL=218.6+20.7, VM=250.7+21.7, VL=216.9422.4; caudal puta-
men: DM=167.6+19.4, DL=150.2+17.5, VM=17.2+15.5, VL=
180.3+15.7 *p<0.05 and **p<0.01 vs. control monkeys; *p<0.05;
*p<0.01 and **ep<0.001 vs. untreated MPTP monkeys; $p<0.05 vs.
L-DOPA-treated MPTP monkeys

2007). In addition, following agonist binding the subsequent
conformational transitory changes was found to be regulated
by the identity of NR2 subunit; this process being more rapid
for NR2A than NR2B (Erreger et al. 2005). The duration of
activation for NR1/NR2B is longer than for NR1/NR2A
(Erreger et al. 2005). The differences in time course (slower
deactivation for NR1/NR2B) and frequency dependence of
both current and total charge transfer, and downstream
signaling molecules may explain how NRI1/NR2A and
NR1/NR2B make distinct contributions to synaptic plasticity
(Erreger et al. 2005) and probably their localization in
synaptic cleft at a giving moment.
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Figure 7 Correlation between
maximum dyskinesias scores of

ROSTRAL

MPTP monkeys from both
experiments and [*H]Ro 25-
6981 specific binding to NR1/
NR2B subunit of the NMDA
receptors expressed as relative
percent of respective control
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Effects of Repeated L-DOPA Treatment on NMDA
Receptors: Relation with Dyskinesias

We found an increase of NR2B-containing NMDA recep-
tors in dyskinetic monkeys. A decrease of NMDA receptor
levels in MPTP monkeys treated with L-DOPA and
displaying dyskinesias was reported as measured with
['I]MK-801 (He et al. 2000). However, ['*’I]MK-801
does not discriminate the different subunits of these
receptors (He et al. 2000). By western blot, Hallett et al.
showed that LID increased levels of NR2A receptors in a
synaptic membrane fraction while NR2B did not change
(Hallett et al. 2005). A trend for a decline of NMDA
receptors has also been observed in 6-OHDA-lesioned rats
treated with L-DOPA (Dunah et al. 2000). In agreement
with our results, Hurley et al. using immunoautoradio-
graphic analysis showed that animals with high levels of
dyskinesia had increased levels of NR2B receptors in the
striatum (Hurley et al. 2005). Discrepancies observed in
the modulation of NMDA receptors may be explained by
the different assays used to measure the levels of these

receptors, and seems to depend on the activation state and
subtype of striatal dopaminergic receptors (Cepeda et al.
1993). For example, we previously observed that there was
a 111% increase in [P’H]CGP-39653 binding in dyskinetic
monkey striatum following SKF-82958 (D; receptors
agonist) treatment (Calon et al. 2002). This is not observed
with chronic L-DOPA treatment. In fact, DA can either
potentiate or attenuate responses evoked by excitatory
neurotransmitters (Cepeda et al. 1993). Activation of D,
receptors potentiates responses evoked by NMDA receptors
but D, activation primarily attenuates these responses
(Cepeda et al. 1993). Picconi et al. demonstrated that
chronic L-DOPA treatment is able to restore long term
potentiation (LTP) in the denervated striata (Picconi et al.
2003) that can be reversed (depotentiation) by low
frequency stimulation (Picconi et al. 2003). This depot-
entiation is lost in a LID rodent model (Picconi et al. 2003),
suggesting an important modification of glutamate recep-
tors function (Picconi et al. 2005) involving the NR2B-
containing NMDA receptors. However, as mentioned above
concerning synaptic plasticity, there are several potential
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mechanisms by which NMDA receptors subtypes selec-
tively activate signaling molecules; the differential locali-
zation of the two subunits on pre- and postsynaptic
compartments also modify the synaptic plasticity (Gerkin
et al. 2007). Alternatively, the synaptic or extrasynaptic
localization of NR2A or NR2B can confer on them
differential sensitivity to contrasting stimulus patterns
leading to LTP or long term depression (LTD) (Bliss and
Schoepfer 2004).

Effect of Repeated L-DOPA+CI-1041, Cabergoline,
or Ro 61-8048 Treatment on NMDA Receptors: Relation
with Prevention of Dyskinesias

The selective NMDA NRI1/NR2B subunit antagonist (CI-
1041) (Hadj Tahar et al. 2004) and cabergoline (Belanger et
al. 2003) prevented dyskinesia. CI-1041 prevented the
augmentation of NR2B/NMDA receptors. Thus antagonizing
NR2B/NMDA receptors is efficient against LID. Alterna-
tively, cabergoline by its action on cortico-striatal pre-
synaptic D2 DA receptors (Maura et al. 1989) can reduce
glutamate release. Both actions may contribute to prevent
dyskinesias by reducing glutamatergic activity. Ro 61-8048
inhibits kynurenine 3-hydroxylase and diverts tryptophane
degradation towards kynurenic acid (KYNA) production
(Moroni et al. 2005). KYNA antagonizes glutamate receptors
(Nemeth et al. 2005) and was reported to reduce dyskinesias
(Gregoire et al. 2008). But why Ro 61-8048 did not
significantly reduce [*H]JRo 25-6981 specific binding? This
is possibly due to other pharmacological properties of Ro 61-
8048 and KYNA. Low micromolar concentrations of KYNA
are reported to antagonize the glycineg site of NMDA
receptors while higher concentrations (0.1-1 mM) are less
discriminatory, inhibiting all ionotropic glutamate receptors
(Stone 2000). Moreover, KYNA also blocks the alpha7
subtype of the nicotinic acetylcholine receptor at submicro-
molar concentrations (Hilmas et al. 2001). In PD, a reduction
of nicotinic receptors occurs in several structures of the basal
ganglia, such as the striatum (Calabresi et al. 2006). After
DA depletion, the activation of nicotinic acetylcholine
receptors is able either to reduce the threshold for the
induction of LTD or prevent its loss in the corticostriatal
pathway (Calabresi et al. 2006); this DA-acetylcholine
interaction is able to modulate the final effect of sustained
synaptic transmission (LTP) described as underlying dyski-
nesias (Picconi et al. 2003). There are likely multiple
neurotransmitters implicated in the development of LID,
however, considering the present results, there is likely a
cause—cffect link between dyskinesias and NR2B/NMDA
specific binding in the striatum. This is supported by the high
correlations observed between dyskinesia scores and NR2B/
NMDA specific binding with a large number (29) of MPTP
monkeys investigated here.
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We observed that LID are associated with an alteration
of NMDA receptors and significantly for the NR2B subunit
containing NMDA receptors. According to our biochemical
results reduction of NR2B/NMDA receptors are more
involved in LID compared to NR2A/NMDA receptors.
Therefore, drugs able to antagonize the function of the
NR2B/NMDA receptors in adjunction to L-DOPA therapy
may be carrying hope to prevent or alleviate dyskinesias
(Thanvi et al. 2007).

Acknowledgements This research was funded by a grant from the
Canadian Institutes of Health Research to TDP. BO was supported
by the Government of Ivory Coast and SB by the Government of
Tunisia.

References

Bara-Jimenez, W., Dimitrova, T. D., Sherzai, A., Aksu, M., & Chase,
T. N. (2006). Glutamate release inhibition ineffective in levodo-
pa-induced motor complications. Movement Disorders, 21,
1380-1383. doi:10.1002/mds.20976.

Barria, A., & Malinow, R. (2002). Subunit-specific NMDA receptor
trafficking to synapses. Neuron, 35, 345-353. doi:10.1016/
S0896-6273(02)00776-6.

Belanger, N., Gregoire, L., Hadj Tahar, A., & Bedard, P. J. (2003).
Chronic treatment with small doses of cabergoline prevents dopa-
induced dyskinesias in parkinsonian monkeys. Movement Dis-
orders, 18, 1436—-1441. doi:10.1002/mds.10589.

Blanchet, P. J., Calon, F., Morissette, M., et al. (2004). Relevance of
the MPTP primate model in the study of dyskinesia priming
mechanisms. Parkinsonism & Related Disorders, 10, 297-304.
doi:10.1016/j.parkreldis.2004.02.011.

Bliss, T., & Schoepfer, R. (2004). Neuroscience. Controlling the ups
and downs of synaptic strength. Science, 304, 973-974.
doi:10.1126/science.1098805.

Brotchie, J. M., Lee, J., & Venderova, K. (2005). Levodopa-induced
dyskinesia in Parkinson’s disease. Journal of Neural Transmis-
sion, 112, 359-391. doi:10.1007/s00702-004-0251-7.

Calabresi, P., Picconi, B., Parnetti, L., & Di Filippo, M. (2006). A
convergent model for cognitive dysfunctions in Parkinson’s
disease: the critical dopamine-acetylcholine synaptic balance.
The Lancet Neurology, 5, 974-983. doi:10.1016/S1474-4422(06)
70600-7.

Calon, F., Morissette, M., Ghribi, O., et al. (2002). Alteration of
glutamate receptors in the striatum of dyskinetic 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine-treated monkeys following do-
pamine agonist treatment. Progress in Neuro-Psychopharmacol-
ogy & Biological Psychiatry, 26, 127-138. doi:10.1016/S0278-
5846(01)00237-8.

Calon, F., Rajput, A. H., Hornykiewicz, O., Bedard, P. J., & Di Paolo, T.
(2003). Levodopa-induced motor complications are associated with
alterations of glutamate receptors in Parkinson’s disease. Neurobi-
ology of Disease, 14, 404—416. doi:10.1016/j.nbd.2003.07.003.

Cepeda, C., Buchwald, N. A., & Levine, M. S. (1993). Neuro-
modulatory actions of dopamine in the neostriatum are dependent
upon the excitatory amino acid receptor subtypes activated.
Proceedings of the National Academy of Sciences of the United
States of America, 90, 9576-9580. doi:10.1073/pnas.90.20.9576.

Chase, T. N. (2004). Striatal plasticity and extrapyramidal motor
dysfunction. Parkinsonism & Related Disorders, 10, 305-313.
doi:10.1016/j.parkreldis.2004.02.012.


http://dx.doi.org/10.1002/mds.20976
http://dx.doi.org/10.1016/S0896-6273(02)00776-6
http://dx.doi.org/10.1016/S0896-6273(02)00776-6
http://dx.doi.org/10.1002/mds.10589
http://dx.doi.org/10.1016/j.parkreldis.2004.02.011
http://dx.doi.org/10.1126/science.1098805
http://dx.doi.org/10.1007/s00702-004-0251-7
http://dx.doi.org/10.1016/S1474-4422(06)70600-7
http://dx.doi.org/10.1016/S1474-4422(06)70600-7
http://dx.doi.org/10.1016/S0278-5846(01)00237-8
http://dx.doi.org/10.1016/S0278-5846(01)00237-8
http://dx.doi.org/10.1016/j.nbd.2003.07.003
http://dx.doi.org/10.1073/pnas.90.20.9576
http://dx.doi.org/10.1016/j.parkreldis.2004.02.012

J Mol Neurosci (2009) 38:128-142

141

Chen, L. R., Wesley, J. A., Bhattachar, S., Ruiz, B., Bahash, K., &
Babu, S. R. (2003). Dissolution behavior of a poorly water
soluble compound in the presence of Tween 80. Pharmaceutical
Research, 20, 797-801. doi:10.1023/A:1023493821302.

Desce, J. M., Godeheu, G., Galli, T., et al. (1992). L-glutamate-
evoked release of dopamine from synaptosomes of the rat
striatum: involvement of AMPA and N-methyl-D-aspartate
receptors. Neuroscience, 47, 333-339. doi:10.1016/0306-4522
(92)90249-2.

Deutch, A. Y. (1993). Prefrontal cortical dopamine systems and the
elaboration of functional corticostriatal circuits: implications for
schizophrenia and Parkinson’s disease. Journal of Neural
Transmission, 91, 197-221. doi:10.1007/BF01245232.

Dunah, A. W., Wang, Y., Yasuda, R. P, et al. (2000). Alterations in
subunit expression, composition, and phosphorylation of striatal
N-methyl-D-aspartate glutamate receptors in a rat 6-hydroxydop-
amine model of Parkinson’s disease. Molecular Pharmacology,
57, 342-352.

Erreger, K., Chen, P. E.,, Wyllie, D. J., & Traynelis, S. F. (2004).
Glutamate receptor gating. Critical Reviews in Neurobiology, 16,
187-224. doi:10.1615/CritRevNeurobiol.v16.i3.10.

Erreger, K., Dravid, S. M., Banke, T. G., Wyllie, D. J., & Traynelis, S.
F. (2005). Subunit-specific gating controls rat NRI1/NR2A and
NRI1/NR2B NMDA channel kinetics and synaptic signalling
profiles. The Journal of Physiology, 563, 345-358. doi:10.1113/
jphysiol.2004.080028.

Erreger, K., Geballe, M. T., Kristensen, A., et al. (2007). Subunit-
specific agonist activity at NR2A-, NR2B-, NR2C-, and NR2D-
containing N-methyl-D-aspartate glutamate receptors. Molecular
Pharmacology, 72, 907-920. doi:10.1124/mol.107.037333.

Gerkin, R. C., Lau, P. M., Nauen, D. W., Wang, Y. T., & Bi, G. Q.
(2007). Modular competition driven by NMDA receptor subtypes
in spike-timing-dependent plasticity. Journal of Neurophysiology,
97, 2851-2862. doi:10.1152/jn.00860.2006.

Gilgun-Sherki, Y., Melamed, E., Ziv, 1., & Offen, D. (2003).
Riluzole, an inhibitor of glutamatergic transmission, suppresses
levodopa-induced rotations in 6-hydroxydopamine-lesioned
rats. Pharmacology & Toxicology, 93, 54-56. doi:10.1034/
j-1600-0773.2003.930108.x.

Gregoire, L., Rassoulpour, A., Guidetti, P., et al. (2008). Prolonged
kynurenine 3-hydroxylase inhibition reduces development of
levodopa-induced dyskinesias in parkinsonian monkeys.
Behavioural Brain Research, 186, 161-167. doi:10.1016/j.
bbr.2007.08.007.

Groc, L., Choquet, D., Stephenson, F. A., et al. (2007). NMDA receptor
surface trafficking and synaptic subunit composition are developmen-
tally regulated by the extracellular matrix protein Reelin. 7he Journal
of Neuroscience, 27, 10165-10175. doi:10.1523/JNEUROSCI.1772-
07.2007.

Hadj Tahar, A., Gregoire, L., Darre, A., et al. (2004). Effect of a
selective glutamate antagonist on L-dopa-induced dyskinesias in
drug-naive parkinsonian monkeys. Neurobiology of Disease, 15,
171-176. doi:10.1016/j.nbd.2003.10.007.

Hallett, P. J., Dunah, A. W., Ravenscroft, P., et al. (2005).
Alterations of striatal NMDA receptor subunits associated with
the development of dyskinesia in the MPTP-lesioned primate
model of Parkinson’s disease. Neuropharmacology, 48, 503—
516. doi:10.1016/j.neuropharm.2004.11.008.

He, L., Di Monte, D. A., Langston, J. W., & Quik, M. (2000).
Autoradiographic analysis of N-methyl-D-aspartate receptor
binding in monkey brain: effects of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine and levodopa treatment. Neuroscience, 99,
697-704. doi:10.1016/S0306-4522(00)00235-9.

Hilmas, C., Pereira, E. F., Alkondon, M., et al. (2001). The brain
metabolite kynurenic acid inhibits alpha7 nicotinic receptor
activity and increases non-alpha7 nicotinic receptor expression:
physiopathological implications. The Journal of Neuroscience,
21, 7463-7473.

Hurley, M. J., Jackson, M. J., Smith, L. A., Rose, S., & Jenner, P.
(2005). Immunoautoradiographic analysis of NMDA receptor
subunits and associated postsynaptic density proteins in the brain
of dyskinetic MPTP-treated common marmosets. 7he European
Journal of Neuroscience, 21, 3240-3250. doi:10.1111/j.1460-
9568.2005.04169.x.

Lavezzari, G., McCallum, J., Dewey, C. M., & Roche, K. W. (2004).
Subunit-specific regulation of NMDA receptor endocytosis. The
Journal of Neuroscience, 24, 6383—6391. doi:10.1523/INEURO-
SCI.1890-04.2004.

Maura, G., Carbone, R., & Raiteri, M. (1989). Aspartate-releasing
nerve terminals in rat striatum possess D-2 dopamine receptors
mediating inhibition of release. The Journal of Pharmacology
and Experimental Therapeutics, 251, 1142—1146.

Morissette, M., Dridi, M., Calon, F., et al. (2006). Prevention of
levodopa-induced dyskinesias by a selective NR1A/2B N-
methyl-D-aspartate receptor antagonist in parkinsonian monkeys:
implication of preproenkephalin. Movement Disorders, 21, 9-17.
doi:10.1002/mds.20654.

Moroni, F., Cozzi, A., Carpendo, R., et al. (2005). Kynurenine 3-
mono-oxygenase inhibitors reduce glutamate concentration in the
extracellular spaces of the basal ganglia but not in those of the
cortex or hippocampus. Neuropharmacology, 48, 788-795.
doi:10.1016/j.neuropharm.2004.10.019.

Nemeth, H., Toldi, J., & Vecsei, L. (2005). Role of kynurenines in the
central and peripheral nervous systems. Current Neurovascular
Research, 2, 249-260. doi:10.2174/1567202054368326.

Picconi, B., Centonze, D., Hakansson, K., et al. (2003). Loss of
bidirectional striatal synaptic plasticity in L-DOPA-induced
dyskinesia. Nature Neuroscience, 6, 501-506.

Picconi, B., Pisani, A., Barone, 1., et al. (2005). Pathological synaptic
plasticity in the striatum: implications for Parkinson’s disease.
Neurotoxicology, 26, 779-783. doi:10.1016/j.neuro.2005.02.002.

Samadi, P., Gregoire, L., Morissette, M., et al. (2008). mGIluRS
metabotropic glutamate receptors and dyskinesias in MPTP
monkeys. Neurobiology of Aging, 29, 1040-1051. doi:10.1016/
j-neurobiolaging.2007.02.005.

Samadi, P., Gregoire, L., Rassoulpour, A., et al. (2005). Effect of
kynurenine 3-hydroxylase inhibition on the dyskinetic and
antiparkinsonian responses to levodopa in Parkinsonian monkeys.
Movement Disorders, 20, 792-802. doi:10.1002/mds.20596.

Samuel, D., Errami, M., & Nieoullon, A. (1990). Localization of N-
methyl-D-aspartate receptors in the rat striatum: effects of
specific lesions on the [3H]3-(2-carboxypiperazin-4-yl)propyl-1-
phosphonic acid binding. Journal of Neurochemistry, 54, 1926—
1933. doi:10.1111/5.1471-4159.1990.tb04893 .x.

Schwab, R. S., England, A. C., Jr., Poskanzer, D. C., & Young, R. R.
(1969). Amantadine in the treatment of Parkinson’s disease.
Journal of the American Medical Association, 208, 1168—1170.
doi:10.1001/jama.208.7.1168.

Schwarcz, R., & Pellicciari, R. (2002). Manipulation of brain
kynurenines: glial targets, neuronal effects, and clinical opportu-
nities. The Journal of Pharmacology and Experimental Thera-
peutics, 303, 1-10. doi:10.1124/jpet.102.034439.

Stone, T. W. (2000). Development and therapeutic potential of
kynurenic acid and kynurenine derivatives for neuroprotection.
Trends in Pharmacological Sciences, 21, 149-154. doi:10.1016/
S0165-6147(00)01451-6.

Mo,
. Humana Press


http://dx.doi.org/10.1023/A:1023493821302
http://dx.doi.org/10.1016/0306-4522(92)90249-2
http://dx.doi.org/10.1016/0306-4522(92)90249-2
http://dx.doi.org/10.1007/BF01245232
http://dx.doi.org/10.1615/CritRevNeurobiol.v16.i3.10
http://dx.doi.org/10.1113/jphysiol.2004.080028
http://dx.doi.org/10.1113/jphysiol.2004.080028
http://dx.doi.org/10.1124/mol.107.037333
http://dx.doi.org/10.1152/jn.00860.2006
http://dx.doi.org/10.1034/j.1600-0773.2003.930108.x
http://dx.doi.org/10.1034/j.1600-0773.2003.930108.x
http://dx.doi.org/10.1016/j.bbr.2007.08.007
http://dx.doi.org/10.1016/j.bbr.2007.08.007
http://dx.doi.org/10.1523/JNEUROSCI.1772-07.2007
http://dx.doi.org/10.1523/JNEUROSCI.1772-07.2007
http://dx.doi.org/10.1016/j.nbd.2003.10.007
http://dx.doi.org/10.1016/j.neuropharm.2004.11.008
http://dx.doi.org/10.1016/S0306-4522(00)00235-9
http://dx.doi.org/10.1111/j.1460-9568.2005.04169.x
http://dx.doi.org/10.1111/j.1460-9568.2005.04169.x
http://dx.doi.org/10.1523/JNEUROSCI.1890-04.2004
http://dx.doi.org/10.1523/JNEUROSCI.1890-04.2004
http://dx.doi.org/10.1002/mds.20654
http://dx.doi.org/10.1016/j.neuropharm.2004.10.019
http://dx.doi.org/10.2174/1567202054368326
http://dx.doi.org/10.1016/j.neuro.2005.02.002
http://dx.doi.org/10.1016/j.neurobiolaging.2007.02.005
http://dx.doi.org/10.1016/j.neurobiolaging.2007.02.005
http://dx.doi.org/10.1002/mds.20596
http://dx.doi.org/10.1111/j.1471-4159.1990.tb04893.x
http://dx.doi.org/10.1001/jama.208.7.1168
http://dx.doi.org/10.1124/jpet.102.034439
http://dx.doi.org/10.1016/S0165-6147(00)01451-6
http://dx.doi.org/10.1016/S0165-6147(00)01451-6

142 J Mol Neurosci (2009) 38:128-142

Szabo, J., & Cowan, W. M. (1984). A stereotaxic atlas of the brain Tovar, K. R., & Westbrook, G. L. (2002). Mobile NMDA receptors at

of the cynomolgus monkey (Macaca fascicularis). The Journal hippocampal synapses. Neuron, 34, 255-264. doi:10.1016/

of Comparative Neurology, 222, 265-300. doi:10.1002/ S0896-6273(02)00658-X.

¢ne.902220208. Ulas, J., Weihmuller, F. B., Brunner, L. C., et al. (1994). Selective
Thanvi, B., Lo, N., & Robinson, T. (2007). Levodopa-induced increase of NMDA-sensitive glutamate binding in the striatum of

dyskinesia in Parkinson’s disease: clinical features, pathogenesis, Parkinson’s disease, Alzheimer’s disease, and mixed Parkinson’s

prevention and treatment. Postgraduate Medical Journal, 83, disease/Alzheimer’s disease patients: an autoradiographic study.

384-388. doi:10.1136/pgm;j.2006.054759. The Journal of Neuroscience, 14, 6317-6324.

Mo,
%« Humana Press


http://dx.doi.org/10.1002/cne.902220208
http://dx.doi.org/10.1002/cne.902220208
http://dx.doi.org/10.1136/pgmj.2006.054759
http://dx.doi.org/10.1016/S0896-6273(02)00658-X
http://dx.doi.org/10.1016/S0896-6273(02)00658-X

	Implication of NMDA Receptors in the Antidyskinetic Activity of Cabergoline, CI-1041, and Ro 61-8048 in MPTP Monkeys with Levodopa-induced Dyskinesias
	Abstract
	Introduction
	Materials and Methods
	Animals and Drug Treatments
	Tissue Preparation
	Biogenic Amine Assays
	Receptor Autoradiography
	Image, Data, and Statistical Analysis

	Results
	Behavioral Assessment
	Denervation Assessment
	Distribution of [3H]Radioligands Binding to Glutamate Receptors in the Basal Ganglia
	First Experiment
	NR2A/NMDA Receptors
	NR2B/NMDA Receptors

	Second Experiment
	NMDA/NR2A Receptors
	NMDA/NR2B Receptors

	Relationship between Behavior and Biochemical Results

	Discussion
	Effects of MPTP Lesion on NMDA Receptors
	Effects of Repeated L-DOPA Treatment on NMDA Receptors: Relation with Dyskinesias
	Effect of Repeated L-DOPA + CI-1041, Cabergoline, or Ro 61-8048 Treatment on NMDA Receptors: Relation with Prevention of Dyskinesias

	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


