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Abstract

We have previously shown that docosahexaenoic acid (DHA) significantly reduced L-Dopa-
induced dyskinesia (LID) in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) monkeys
(Samadi et al., Ann. Neurol. 59:282-288, 2006). In the present study, we measured for the first
time mRNA levels of Mur77, an orphan nuclear receptor that participates to adaptive and/or
aberrant dopamine-related behaviors, and retinoid X receptor y1 (RXR+y1), a putative brain
receptor for DHA and transcriptional partner of Mur77, in MPTP monkeys treated with L-Dopa
and DHA. The RXRy1 mRNA is strongly expressed in monkey caudate nucleus and putamen, but
no change in levels of RXRy1 was observed following MPTP and L-Dopa treatments. On the
other hand, denervation reduced Nur77 mRNA levels, whereas chronic L-Dopa treatment strongly
induced NMur77transcripts. These modulations are taking placed in substance P positive cells and
are associated with both caudate-putamen matrix and striosome compartments. Interestingly,
combination of L-Dopa with DHA further increases NMur77 mRNA levels in the anterior caudate-
putamen, and mainly in striosomes. This is accompanied by a significant inverse correlation
between Mur77 mRNA levels and dyskinetic scores. Taken together, our results show that Mur77
expression is modulated following dopamine denervation and chronic L-Dopa therapy in a non-
human primate model of Parkinson’s disease, and suggest that strong modulation of ANur77
expression might be linked to a reduced risk to develop LIDs.
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Introduction

Levodopa (L-Dopa) therapy is the most common treatment for Parkinson’s disease (PD).
However, in a large proportion of individuals, therapy is hampered by the development of
motor complications such as fluctuations, shortening of the motor response (also called
wearing off) and dyskinesias. L-Dopa-induced dyskinesia (LID) is an important motor
complication of chronic L-Dopa administration, with a prevalence ranging from 45-85%
(Brotchie et al., 2005). The development of LIDs over time is a complex process that
remains only partially understood, for review see (Brotchie et al., 2005; Calabresi et al.,
2008; Cenci, 2007). Importantly, once the brain is primed to elicit dyskinesias, it is difficult
to treat parkinsonian symptoms without inducing dyskinesias. LIDs are also extremely
difficult to reduce or reverse once they have appeared. In fact, LID can become so severely
disabling as to negate any clinical benefit from dopaminergic therapy in advanced PD
patients.

Non human primates intoxicated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) neurotoxin develop a Parkinsonian-like syndrome that is very similar to motor
symptoms associated with PD in humans. This model also allows insights about molecular
changes taking place subsequently to dopamine neurons loss and further treatment. In
addition, this parkinsonian primate model has been proven to mimic particularly well both
the initial characteristic of L-Dopa behavioral response and the development of long-term
motor complications, such as LID (Calon et al., 2000).

LIDs can be assimilated to a form of pathological learning or plasticity (Bédard et al., 1999;
Cenci, 2007). Their delayed appearance and persistence after treatment cessation strongly
suggest that long term and possibly permanent basal ganglia circuitry alterations are
involved. Therefore, transcription factors, which regulate gene expression, are likely to be
involved in these molecular processes. Indeed, chronic Fos proteins of the AFosB family of
transcription factors in the caudate-putamen, which, when coupled with Jun-D, form AP-1
complexes that can modulate the expression of several genes associated with the generation
of LIDs in rodent and primate models of PD (Andersson et al., 1999; Doucet et al., 1996;
Pavon et al., 2006). In recent years, we have shown that an orphan transcription factor of the
nuclear receptor family, namely Nur77 (also known as Nerve-Growth Factor Inducible gene
B (NGFI-B) or NR4A1) might also be associated with movement disorders in rodent models
of PD (Sgambato-Faure et al., 2005; St-Hilaire et al., 2006; St-Hilaire et al., 2005; St-Hilaire
et al., 2003; van den Munckhof et al., 2006).

Nur77is a member of the Murfamily, which also includes Murrl and Nor-1. Basal levels of
Nur77 are found in most of dopaminoceptive structures such as the striatum, nucleus
accumbens, olfactory tubercle and prefrontal cortex (Xiao et al., 1996; Zetterstrom et al.,
1996b). Its expression is strongly modulated after manipulation of dopamine
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neurotransmission, for review see (Lévesque and Rouillard, 2007). Unilateral denervation
induced by local injection of 6-hydroxydopamine (6-OHDA) in rats produces a complex
regulation of Mur77in the striatum (St-Hilaire et al., 2005; St-Hilaire et al., 2003). The
expression of NMur77transcripts is selectively up-regulated in enkephalin (ENK)-containing
cells of the indirect striatal output pathway, whereas NVur77 expression is reduced in
dynorphin (DY N)-positive cells of the direct output pathway in the denervated striatum (St-
Hilaire et al., 2005; St-Hilaire et al., 2003). Interestingly, subsequent chronic L-DOPA
treatment further reduced Nur77expression in DY N-positive cells in specific striatal areas,
whereas it strongly increased NMur77 mRNA levels in this same cell subpopulation in the
non-denervated striatum (St-Hilaire et al., 2005; St-Hilaire et al., 2003).

Nur77 can exert its transcriptional activity as a monomer, homodimer or heterodimer with
retinoid X receptors (RXR) (Forman et al., 1995; Maira et al., 1999; Zetterstrom et al.,
1996a). Double /n situ hybridization labeling indicated that the typical antipsychotic
haloperidol strongly increased the co-localization of Mur77and RXRy1 isoform in striatal
cells (Ethier et al., 2004a). Accordingly, RXR ligands can modulate biochemical and
behavioral responses associated with antipsychotic drug administration (Ethier et al., 2004a;
Ethier et al., 2004b). For example, haloperidol-induced vacuous chewing movements in
mice, which resemble tardive dyskinesias in humans, were exacerbated in animals treated
with a synthetic RXR antagonist (HX531), whereas administration of the polyunsaturated
fatty acid docosahexaenoic acid (DHA), an endogenous RXR agonist in brain (Mata de
Urquiza et al., 2000), significantly reduced haloperidol-induced oro-facial dyskinesias
(Ethier et al., 2004b). Interestingly, effects of the RXR agonist and antagonist were
abolished in Mur77knockout mice, indicating that Mur77is necessary for the activity of
these RXR compounds (Ethier et al., 2004b).

Since tardive dyskinesias induced by chronic dopamine receptor blockade with conventional
antipsychotic drugs and LIDs may share common biological substrates, we hypothesized
that DHA may also reduce LIDs in MPTP monkeys. We previously reported the behavioral
data of concomitant administration of DHA with L-Dopa (Samadi et al., 2006). This study
showed that DHA significantly reduced LID scores in MPTP-treated monkeys without
altering the anti-parkinsonian activity of L-Dopa (Samadi et al., 2006). In the present study,
we report, for the first time, the expression of Mur77and RXR+y1 in non-human primate
brains. The data suggest that strong modulation of Mur77expression might be linked to a
reduced risk to develop LIDs.

Material and methods

Animals and treatments

Handling of primates was performed in accordance to the National Institute of Health Guide
for the Care and Use of Laboratory Animals. All procedures, including means to minimize
discomfort, were reviewed and approved by the Institutional Animal Care Committee of
Laval University. Cynomolgus (Macaca Fascicularis) ovariectomized female monkeys
weighing 3-5 kg were used in the present study. Animals were housed separately in
individual observation cages in a temperature-controlled room and exposed to a 12-hour
light/dark cycle. They were fed once daily in the afternoon, and water was provided ad
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libitum. The number of animals was kept to a minimum, and all efforts were made to avoid
animal suffering. Five animals were used as healthy controls, while the other 15 received the
neurotoxin MPTP (Sigma-Aldrich Canada, Oakville, Ontario) dissolved in sterile water and
injected continuously at 0.5 mg/24 h using Alzet minipumps (Alzet Inc. Cupertino, CA,
USA). In general, one month was needed to induce a stable parkinsonian syndrome. The
cumulative dose to achieve this goal was in average 18.1 + 3.8 and 13.9 £ 2.5 mg for L-
Dopa and L-Dopa plus DHA groups, respectively (Samadi et al., 2006). The animals were
scored several times a week with a disability scale, as previously described (Bélanger et al.,
2003). This study was undertaken several months after a stable parkinsonian syndrome had
developed (the time after MPTP was 149 + 63 and 190 + 42 days for L-Dopa and L-Dopa +
DHA groups, respectively) (Samadi et al., 2006). Ten de novo MPTP intoxicated animals
were treated with L-Dopa, five received L-Dopa alone, while the others received L-Dopa
plus DHA. We used a fixed high daily oral dose of 100/25 mg of L-Dopa/benserazide
(Sigma-Aldrich Canada, Oakville, Ontario). For the L-Dopa plus DHA group, MPTP-treated
monkeys were first exposed to DHA (100 mg/kg, p.o., in a volume of 20-25 ml according to
the weight of the animal) for 3 days before L-Dopa therapy was introduced. Then, combined
oral administration of L-Dopa and DHA was performed on a daily basis for 1 month.
Locomotor activity, as well as parkinsonian and dyskinetic scores of these animals have
been previously reported (Samadi et al., 2006). All animals were sacrificed by an overdose
of pentobarbital 4 hours after their last L-Dopa dose.

Tissue preparation

Brains were rapidly removed and stored, as previously described (Morissette et al., 2006).
Briefly, they were placed in isopentane cooled in dry ice (—40°C) and kept frozen at —80°C.
Hemisected brains were cut into coronal sections of 12um on a cryostat (=20°C). The slices
were thaw-mounted onto SuperFrostPlus (Fisher Scientific Ltd, Nepean, ON, Canada) 75 x
50 mm slides and stored at —80°C until use.

Dopamine concentrations and [122[]RTI-121 autoradiography

Pieces of coronal brain sections were homogenized in 250 ul of 0.1 M HCIO,4 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 assays of protein content. The
concentration of dopamine was measured by high-performance liquid chromatography with
electrochemical detection (Morissette et al., 2006). Extent of denervation was also evaluated
by measuring the dopamine transporter (DAT) with [12°1]RTI-121 (3p-(4-1-
iodophenyl)tropane-2pB-carboxylic acid isopropy! ester, 2200 Ci/mmol; Mandel, Boston,
MA, USA) binding autoradiography. Specific binding was measured using 25 pM of
[12511RTI-121. Non-specific binding was determined by adding 100 nM of Mazindol
(Sandoz Pharmaceuticals, Dorval, Qc, Canada) to the incubation buffer (Morissette et al.,
2006).

Complementary RNA probe preparation and synthesis

In order to label Mur77mRNA in monkey brain tissues, we have produced a complementary
RNA (cRNA) probe from total RNA of human caudate-putamen tissues. The cRNA probe
for Nur77 stems from a 814 bp (nucleotides 19 to 832) fragment of the full-length human
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cDNA (GeneBank accession no: NM002135) subcloned into pCRII/TOPO and linearized
with Bam HI. The RXRy1 cRNA probe was generated from a 320 bp fragment of the rat
full-length RXRy1 cDNA contained in the pBS-SK* vector and linearized with EcoRI. Both
antisense probes were synthesized with a T; RNA polymerase. Preliminary experiments
indicated that the rat cRNA probe recognized the human RXR+y1 transcript and both sense
probes gave no specific signal (data not shown). Synthesis of specific [3>S]UTP-labeled
cRNA probes for Mur77and RXRy1 was performed as previously described (Beaudry et al.,
2000; Langlois et al., 2001).

Single in situ hybridization procedure

In situ hybridization with tissue sections was done at 58°C overnight in a standard
hybridization buffer containing 50% formamide (Beaudry et al., 2000). Tissue sections were
then apposed against BiomaxMR (Kodak, New Haven, CT) radioactive sensitive films for 5
to 7 days for AMur77and 7 to 10 days for RXR+y1 probe. Quantification of the
autoradiograms was performed using computerized analysis (ImageJ 1.410 software, Wayne
Rasband, NIH). Digital brain images were taken using a Grayscale Digital Camera (Model
CFW-1612M, Scion Corporation, Maryland, USA). Optical gray densities were transformed
into nCi/g of tissue equivalent using standard curves generated with 14C-microscales (ARC
146A-14C standards, American Radiolabelled Chemicals Inc., St-Louis). Brain areas
investigated included anterior and posterior parts of the caudate nucleus and putamen
corresponding to Bregma 2.70 to 0.45 (anterior caudate-putamen) and Bregma —6.30 to
—8.10 (posterior caudate-putamen) in the atlas of Paxinos, respectively (Paxinos, 2009).
Anterior and posterior caudate-putamens have been subdivided into medial and lateral
caudate (CM, CL), and dorsolateral (PDL), dorsomedial (PDM), ventrolateral (PVL) and
ventromedial putamen (PVM) (Fig. 1). Average levels of labeling for each area were
calculated from three adjacent brain sections of the same animals. Background intensities
were subtracted from every measurement.

Double in situ hybridization procedure

The double /n situ hybridization procedure was performed as previously described (Beaudry
et al., 2000; St-Hilaire et al., 2003). Briefly, double /n situ hybridization with a [3>S]JUTP-
labeled AMur77and a non-radioactive dioxygenin (Dig)-labeled preprotachykinin, which
produces substance P (SP), was performed (Krause et al., 1987). The SP neuropeptide is
expressed in the same cell population as DYN and was chosen as a marker of the direct
striatal pathway because it possesses a higher basal expression than DYN (Gerfen and
Young, 1988). The SP probe was obtained from a 200 bp fragment (from nucleotides 78 to
277) of the rat preprotachykinin mRNA into pGEM-4Z vector. The antisense cRNA probe
was obtained by plasmid linearization with EcoR | and polymerization with the T7; RNA
polymerase. Then, the neuropeptide cCRNA probe was labeled with Dig using the Promega
Riboprobe System with the Dig-RNA labeling mix (Roche Diagnostics, Laval, Qc, Canada)
as previously described (Beaudry et al., 2000; St-Hilaire et al., 2003). Radioactive and Dig-
labeled riboprobes were separated from non-hybridized nucleotides on mini Quick spin
RNA columns (Roche Diagnostics, Laval, Qc, Canada). Double /n situ hybridization was
performed under the same conditions as those described for the single hybridization with
Nur77. The Dig cRNA probe (SP, 0.75ng/ul) was added in the hybridization mix with the
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radioactive-labeled probe (4 to 5x10% cpm/ul). After overnight incubation an additional
wash step using 50% formamide solution in 2 SSC buffer was performed to reduce non-
specific Dig labeling. For Dig revelation, brain sections were blocked with 2% BSA and
0.3% Triton X-100 in buffer A (100 mM Tris-HCI, pH 7.5, 150 mM NacCl), for 30 min at
room temperature. Slides were then incubated overnight at 4°C with an anti-Dig antibody
conjugated with alkaline phosphatase (Boehringer-Ingelheim Canada, Laval, Qc, Canada).
The next day, slides were washed three times in buffer A for 10 min and then in buffer B
(100 mM Tris-HCI, pH 9.5, 100 mM NaCl and 50mM MgCls,) for 10 min, and finally
incubated in a chromogen solution (buffer B containing 330 pg/ml nitroblue tetrazolium
chloride plus 180 pg/ml 5-bromo-4chloro-3indolyl phosphate and 1mM levamisole).
Intensity of staining was checked along the incubation. When an adequate staining was
obtained, slides were incubated in buffer C (10 mM Tris-HCI, pH 8, 1mM EDTA) for 30
min to stop the reaction. Slides were dried up and then dipped in LM-1 photographic
emulsion previously melted at 42°C (for 3h). Two months later, emulsion was developed in
D-19 developer (3.5 min) and fixed (5 min) in Rapid Fixer solution (Kodak). Slides were
mounted using a water-soluble mounting medium. Single- and double-labeled cells were
visualized and manually counted with a Axio Imager A.1 photo microscope (Carl Zeiss
Canada Ltd, Montreal, Qc, Canada), at 400x magnification. Neuron counting was performed
in 5-10 different fields within the anterior dorsal putamen. Double-labeled cells were
identified by the apposition of more than 10 silver grains with the colored product of the Dig
reaction. Neuron counting was performed on 4 different sections obtained from a total of 4
animals per group investigated.

Acetylcholinesterase histochemistry

For the demonstration of acetylcholinesterase (AChE) staining, we used the Karnovsky and
Roots (1964) method with the modifications described below (Karnovsky and Roots, 1964).
Brain sections were incubated in an incubation medium prepared by adding in order 5 mg of
acetylthiocholine iodide, 0.1 mM acetate buffer at pH 6, 0.1 M sodium citrate, 30 mM
copper sulfate, 1ml distilled water and 5 mM potassium ferricyanide. Slides were incubated
for one hour in the incubation medium at 37°C. When the optimal contrast was obtained,
slides were rinsed intensively in distilled water to stop the reaction. Slides were then dried
up and visualized using a Axiovision Rel 4.6 software (Carl Zeiss Canada Ltd, Montreal,
Qc, Canada).

Statistical analysis

Statistical analysis was performed with Prism version 5.0 program (Graph Pad Software Inc.
San Diego, CA, USA). All Data were expressed as group mean + S.E.M. For mRNA levels,
data were compared using a one-way analysis of variance (ANOVA). We first performed a
test of homogeneity using Bartlett’s test, followed by a logarithmic transformation (when
Bartlett’s test was significant) and finally applied a one-way ANOVA on transformed data.
When the ANOVA revealed significant differences, a Tukey’s test was performed as post hoc
analysis. To investigate the interaction between Nur77 mRNA levels and dyskinetic scores,
correlation coefficients were determined by least-squares linear regression and significance
was tested using the null hypothesis.
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Behavioral data associated with these animals have been presented elsewhere (Samadi et al.,
2006). Briefly, all animals included in this study had similar baseline Parkinsonian scores
before L-Dopa treatment and their syndrome was stable when dopamine replacement
therapy was introduced (Samadi et al., 2006). Animals treated with L-Dopa alone developed
intense LIDs (cumulative LID score of 65 + 13), while MPTP monkeys receiving
concomitant administration of DHA with L-Dopa displayed significantly reduced LIDs
(cumulative LID scores of 26 + 12) without significant effect on anti-parkinsonian activity of
L-Dopa (Samadi et al., 2006). In addition, L-Dopa- and L-Dopa + DHA-treated MPTP
monkeys displayed similar reversal of their parkinsonian symptoms (mean basal
parkinsonian scores for L-Dopa- and L-Dopa + DHA-treated groups were 10.5 + 0.8 and
11.6 £ 0.8, respectively, after 4 weeks of treatment, parkinsonian scores were reduced to 4.2
+ 0.2 and 4.5 £ 0.5 for L-Dopa and L-Dopa + DHA group, respectively) (Samadi et al.,
2006). In the present study, de novo MPTP monkeys, i.e. that they did not received other
treatment prior this experiment, have been used. Levels of denervation, as measured with
[1251]RTI-121 DAT binding, were similar (over 95% reduction) in all MPTP-treated animal
groups (Table 1). The data also indicates that chronic L-Dopa and L-Dopa + DHA did not
significantly modulate DAT binding levels. Dopamine contents were also similar across all
MPTP-treated groups and represent less than 10% of the total caudate-putamen dopamine
contents measured in controls (caudate nucleus: Control, 138.1 + 18.4; MPTP, 1.7 + 0.9**;
MPTP + L-Dopa, 5.3 £ 2.4**; MPTP + L-Dopa + DHA, 5.3 £ 2.4** and putamen: Control,
160.9 +£ 10.9; MPTP, 8.9 + 4.3**; MPTP + L-Dopa, 17.9 £ 4.2**; MPTP + L-Dopa + DHA,
14.6 £ 4.9**; ** p<0.01 vs respective control group). There is no significant residual
caudate-putamen dopamine content from conversion of L-Dopa to dopamine at 4h (time of
sacrifice) after the last L-Dopa injection since there is no significant difference in dopamine
contents between MPTP, MPTP + L-Dopa and MPTP + L-Dopa + DHA groups.

Nur77 mRNA levels are distinctly modulated in L-Dopa- and L-Dopa + DHA-treated MPTP

monkeys

Basal AMur77 mRNA levels in the monkey brain were relatively low in anterior and posterior
portions of the caudate nucleus and putamen (Fig. 1 and Table 2). Denervation significantly
reduced Mur77 mRNA levels in all subterritories of the anterior caudate-putamen (reaching
50 to 65% reduction according to caudate nucleus and putamen subterritories) (Fig. 2A).
MPTP significantly reduced Aur77 expression in posterior regions of the medial caudate
nucleus (CM), and dorsomedial (PDM) and dorsolateral (PDL) putamen (Fig. 2B). In the
anterior caudate-putamen, L-Dopa treatment essentially brought back Nur77 mRNA levels
to control values (Fig. 2A). On the other hand, combination of L-Dopa + DHA significantly
further increased Nur77 mRNA levels in the putamen, compared to L-Dopa alone (Fig. 2A).
These increases correspond to 112, 144 and 102% of Nur77 mRNA levels observed L-Dopa
alone groups in PDL, PVL and PVM subterritories, respectively. In the posterior caudate-
putamen, L-Dopa alone and L-Dopa + DHA similarly increased Nur77 mRNA levels (Fig.
2B). A 2-fold increase of Nur77expression is observed in the caudate nucleus of L-Dopa
and L-Dopa + DHA treated animals, whereas Nur77 expression reached 3-fold the control
values in the putamen (Fig. 2B).
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Nur77 mRNA levels were undetectable in the ventral globus pallidus (GPv), external globus
pallidus (GPe) and internal globus pallidus (GPi), as well as in the substantia nigra and
ventral tegmental area in all the groups investigated. As opposed to rodent brain, basal
Nur77 mRNA levels were barely detectable in the nucleus accumbens. However, similar
effects as in the anterior caudate-putamen were observed after the lesion, L-Dopa alone and
L-Dopa + DHA treatments, but with lower magnitudes (data not shown).

Nur77 mRNA levels are selectively modulated in substance P-containing cells

We have previously shown that Nur77 expression is distinctly modulated in the two striatal
output pathways (ENK- and DY N-containing cells, respectively) of the striatum in rodent
models of PD (St-Hilaire et al., 2003). In order to have a better understanding of the changes
taking place in AMur77 mRNA following dopamine depletion in the MPTP-treated monkey,
we performed double /n situ hybridization labeling with the SP neuropeptide that is
expressed in the direct striatal output pathway (Gerfen et al., 1991; Hurd and Herkenham,
1995). We chose this neuropeptide instead of DY N because basal caudate-putamen SP levels
are higher than DYN and therefore more easily quantified after double-labeling procedure.
Cellular counts were performed in the anterior dorsal putamen. MPTP reduced the number
of Nur77-positive cells in this part of the putamen (70% reduction), while L-Dopa alone and
L-Dopa + DHA strongly increased the number of AMur77-positive cells per surface unit (2-
fold increase compared to control) (Fig. 3A,B). These AMur77 mRNA level changes are
consistent with the results observed in the autoradiography analysis (Fig. 2). The number of
SP*-cells remained unchanged after MPTP, while it was reduced in L-Dopa alone and L-
Dopa + DHA groups (data not shown). L-Dopa and L-Dopa + DHA treatment strongly
increased the number of SP/Nur77-positive cells in this portion of the putamen (about 8 to 9-
fold increases) (Fig. 3C). Under basal conditions, the percentage of co-localization of Nur77
and SP transcripts mMRNA is 41 £+ 1 % (the remaining 59% being expressed in SP-negative
cells). This observation is similar to what we previously reported in DY N-positive cells in
rat striatum (St-Hilaire et al., 2003). The percentage of cells co-expressing SP and Nur77
reached upto 76 £ 3% and 77 + 1 % in L-Dopa and L-Dopa + DHA groups, respectively.

Nur77 expression is strongly modulated in the caudate-putamen striosome compartment

As observed in Figure 1, the expression of Mur77in the caudate-putamen displays a mosaic-
like distribution that resembling to striosomes. To determine striosome-matrix
compartimentalization within the caudate-putamen, acetylcholinesterase (AChE) staining
was performed on sections adjacent to those used for /n situ hybridization. Superpositions of
AChE staining and NMur77 mRNA labeling indicate that Mur77is expressed in both
striosome and matrix compartments. However, the expression of Nur77is about 2-fold
higher in striosomes compared to the matrix compartment in the anterior putamen and about
20 to 30% higher in other caudate-putamen subterritories (Fig. 4). MPTP selectively reduced
Nur77 mRNA levels in the striosomes in the anterior caudate-putamen (Fig. 4A), while no
effect was observed in posterior areas (Fig. 4B). In the anterior caudate-putamen, L-Dopa
alone brought back Mur77 mRNA levels to control values in striosomes, while it remained
without effect in the matrix (Fig. 4A). Concomitant administration of DHA with L-Dopa
further increased Mur77 mRNA levels only in striosomes in the anterior caudate (Fig. 4A),
while this treatment further increased AMur77 expression in both striosomes and matrix in the
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anterior putamen (Fig. 4A). In the posterior caudate-putamen, L-Dopa alone and L-Dopa +
DHA similarly increased Nur77 mRNA levels in both striosomes and matrix (Fig. 4B).

Nur77 mRNA levels correlate with LID scores

To investigate the relationship between Nur77 mRNA levels and dyskinetic scores,
correlation analysis between Aur77 mRNA levels in various subterritories of the caudate
nucleus and putamen against the total dyskinetic score for each animal in the L-Dopa- and
L-Dopa + DHA-treated groups were computed. Interestingly, we found a significant inverse
correlation between NMur77 mRNA levels and individual dyskinetic scores in the anterior
PVM and PVL areas (Fig. 5). A similar trend was also observed in the posterior PDM area
(r2 = 0.532, p = 0.063). Other caudate-putamen subterritories did not display significant
correlations (data not shown).

RXRy1 mRNA levels are not modulated by L-dopa and DHA treatments

We measured, for the first time, levels of RXRy1 mRNA in the non-human primate brain.
High levels of the RXRy1 mRNA isoform were detected in non-human primate caudate-
putamen (Fig. 6A). As for Nur77, it displayed a striosome/matrix distribution, which was
more clearly apparent in posterior caudate-putamen (Fig. 6A). However, RXRy1 mRNA
levels in lateral caudate and putamen were not modulated by any of the treatments in the
present experimental paradigm (Fig. 6B,C) and no effect was detected in other caudate-
putamen subterritories as well (data not shown).

Discussion

The main findings of the present study is that Mur77mRNA levels are modulated by
denervation and L-Dopa treatment and that Mur77 mRNA levels display an inverse
correlation with LID scores. This suggests that Mur77 participates to adaptive events
following dopamine denervation and L-Dopa therapy in a non-human primate model of PD.
The study also highlights some difference in the modulation of AMur77expression in the
primate compared to rodent models of PD.

In rats bearing a unilateral 6-OHDA lesion, complex modulation of NMur77 mRNA levels
were observed in both the intact and lesioned striata (St-Hilaire et al., 2005; St-Hilaire et al.,
2003). For example, the expression of AMur77is selectively up-regulated in ENK-containing
cells of the lesioned striatum, while it is down-regulated in DY N-positive cells (St-Hilaire et
al., 2003). In DYN cells of the lesioned side of the striatum, L-Dopa treatment further
reduced Nur77expression, while L-Dopa increased Nur77 expression in DYN cells on the
intact side of the striatum (St-Hilaire et al., 2003). In the MPTP-treated monkey, we
observed only a down-regulation of AMur77in most of the caudate-putamen subterritories.
This suggests that the modulation of Mur77in ENK cells observed after unilateral 6-OHDA
lesion in rodents is absent in MPTP intoxicated primates. The reason for this apparent
discrepancy is not known and needs further investigations. Possible explanations may come
from differences in the denervation process that exist between the two models (local and
unilateral for 6-OHDA vs systemic and bilateral for MPTP), as well as from distinctions
between basal ganglia circuitry in rodents and primates. On the other hand, L-Dopa-induced
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Nur77expression is observed in SP cells of the caudate-putamen of MPTP monkeys. This
observation is consistent with the modulation of Mur77in DYN-positive cells in the intact
side of unilateral 6-OHDA-lesioned rats (St-Hilaire et al., 2003), as well as with some
restricted up-regulation of AMur77following L-Dopa treatment in the ipsilateral striatum
observed in another study (Sgambato-Faure et al., 2005). The modulation of AMur77 observed
in the intact striatum following L-Dopa treatment in unilaterally 6-OHDA-lesioned rats,
which is similar to the present study following systemic MPTP and L-Dopa treatment,
possibly results from an effect on intratelencephalic corticostriatal neurons that send massive
inputs to both ipsilateral and contralateral striatum (Ballion et al., 2008).

DHA, a polyunsaturated fatty acid of the omega-3 class and an endogenous activator of
RXR (Mata de Urquiza et al., 2000), can reduce the severity or delay the appearance of LIDs
in MPTP monkeys (Samadi et al., 2006). In mice chronically treated with haloperidol and
displaying oro-facial dyskinesias, the anti-dyskinetic property of DHA depends on the
presence of AMur77, since DHA remained inactive in AMur77knockout mice (Ethier et al.,
2004b). In the present study, we observe high RXRy1 levels in the caudate-putamen and
inductions of Mur77in L-Dopa-treated MPTP monkeys are inversely correlated with LI1D
scores. Thus, it is tempting to speculate that a similar mechanism might be involved in the
anti-dyskinetic effect of DHA in the present non-human primate model of PD. However, we
do not know if the anti-dyskinetic property of DHA is directly link to AMur77-dependent
transcriptional activity (through activation of the Mur777RXR complex). Additional
experiments will be required to fully understand the molecular mechanism involved in the
anti-dyskinetic property of DHA.

MPTP monkeys rendered parkinsonian displayed elevated amounts of AFosB-like proteins
and chronic administration of L-Dopa or a selective D1 agonist, which produced dyskinesias,
induced a further elevation of AFosB-like immunoreactivity (Doucet et al., 1996; Munoz et
al., 2008). In addition, treatment with a dopamine D, agonist or combination of L-Dopa with
5-HT and 5-HT;g agonists, which did not produce dyskinesias or reversed LIDs, also
reversed the elevation of AFosB (Doucet et al., 1996; Munoz et al., 2008). These findings
suggest that increased AFosB expression, in the striatonigral pathway (expressing SP/DYN
neuropeptides), may be associated with the development of dyskinesia. This highlights a
fundamental distinction between the modulation of AFosB and Nur77in the MPTP model,
since the present data indicate that induction of AMur77expression is, on the contrary,
associated with a reduction of LIDs, suggesting that AMur77 expression is opposed to LID
development.

It is interesting to observe that NMur77 expression and LIDs show correlations only in the
anterior caudate-putamen. The anterior caudate and putamen receive inputs from the
premotor cortex, dorsolateral prefrontal cortex, orbital cortex and dorsal anterior cingulate
cortex (Haber et al., 2006). Therefore, the correlation of Nur77mRNA levels and LIDs in
the anterior dorsal striatum suggests that AMur77might modulate cognitive and learning
aspects of motor processes. This is in accordance with the hypothesis that dyskinesias
should not be regarded simply as a movement disorder, but also as a limbic and cognitive
disorder (Guigoni et al., 2005). In rodents, we did observe a spatial correlation between
Nur77 expression and L-DOPA-induced dyskinesia accompanied (whole striatum) or not
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(lateral part of the striatum) with locomotor sensitization in unilaterally lesioned 6-OHDA
rats in a previous report (Sgambato-Faure et al., 2005). However, no attempt to correlate
individual Mur77 mRNA levels an intensity of LIDs or locomotor sensitization was made. In
addition, the correlation was not performed in more anterior parts of the striatum.

In addition to the segregation into direct and indirect pathways, caudate-putamen projection
neurons are segregated functionally and biochemically into two major compartments, termed
striosome or patch and matrix (Gerfen, 1984; Graybiel and Ragsdale, 1978). Since we
observed a strong co-localization between Nur77and SP after L-Dopa and L-Dopa + DHA
treatments and that immunochemistry of DYN and SP are highly prevalent in striosomes, it
is not surprising that these treatments predominantly modulated AMur77 mRNA levels in
striosomes. Interestingly, strong DY N-induced expression in anterior caudate-putamen
striosomes has been associated with LIDs (Henry et al., 2003), and it has been proposed that
a shift towards striosome-predominant activation of IEGs and DY N after chronic drug
treatments could promote repetitive behaviors, such as LIDs (Graybiel et al., 2000). The
present data suggests that AMur77might also be included in this LID-associated gene
expression pattern. However, as mentioned previously, Mur77 seems to be involved in a
pathway that tend to reduce abnormal dopamine-related behaviors as opposed to Fos-related
IEGs.

Transcriptome analysis revealed alterations in the expression of more than 100 genes
following dopamine denervation and LID installation (Bassilana et al., 2005; Konradi et al.,
2004). So, why Nur77 represents an interesting candidate in dyskinesias? There are three
main reasons. First, modulations of Nur77 expression were strongly and consistently
observed in many different animal models of PD. Second, modulations of Mur77 expression
can be observed after chronic denervation and prolonged dopamine replacement therapy,
indicating that these modulations do not desensitized over time. Third, by promoting the
formation of the Mur77IRXR transcriptional complex (Lévesque and Rouillard, 2007),
Nur77 can be viewed as a molecular switch that renders the striatum responsive to RXR
agonists, making Nur77-dependent transcriptional activity and RXR an attractive new
pharmacological entity aims to control LIDs. We have shown that Nur77 gene ablation alters
the modulation of striatal neuropeptides, like neurotensin, normally observed following
denervation and L-DOPA therapy (St-Hilaire et al., 2006). Since, neuropeptides have been
associated with homeostatic control of dopamine neurotransmission, it is tempting to
speculate that the Nur77-dependent (through the Nur77IRXR complex) anti-dyskinetic
property might be related, at least in part, with its transcriptional activity on those genes.
Interestingly, we recently identified a single nucleotide polymorphism (SNP) in the Nur77
gene that is strongly associated with tardive dyskinesias in a cohort of schizophrenic patients
(B. Le Foll, University of Toronto, unpublished data), further reinforcing the relationship
between Aur77and the pathophysiology of dyskinesias.
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Figure 1.
Representative autoradiograms showing the /n situ hybridization signals obtained with the

monkey radiolabeled Mur77 mRNA probe. A) Representative examples of monkey brain
coronal sections taken at anterior and B) posterior levels of the caudate-putamen in control,
MPTP, MPTP + L-Dopa and MPTP + L-Dopa + DHA-treated groups. The left panels
illustrate schematic representations of caudate nucleus and putamen subdivision areas used
for quantification. Abbreviations are: Acc, nucleus accumbens, lateral (CL) and medial
(CM) portions of the caudate nucleus, dorsolateral (PDL), dorsomedial (PDM), ventrolateral
(PVL) and ventromedial (PVM) portions of the putamen, GPe, external globus pallidus and
GPi, internal globus pallidus.
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Figure 2.
Modulation of Mur77 mRNA levels in L-Dopa-treated MPTP monkeys in the caudate-

putamen. Nur77 mRNA levels were measured in control, MPTP, MPTP + L-Dopa and
MPTP + L-Dopa + DHA treated monkeys in the anterior (A) and posterior (B) caudate
nucleus and putamen. Mur77 mRNA levels were evaluated in lateral (CL) and medial (CM)
portions of the caudate nucleus as well as in dorsolateral (PDL), dorsomedial (PDM),
ventrolateral (PVL) and ventromedial (PVM) portions of the putamen. Values are expressed
in percent (%) of control values. Absolute values in nCi/g tissue of controls are presented in
Table 2. Histogram bars represent means + SEM (N=4-5 per group) (* p <0.05 and ** p <
0.01 vsControl, # p <0.05 and ## p < 0.01 v~sMPTP and & p <0.05 and && p < 0.01 vs
MPTP + L-Dopa).
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Figure 3.
Modulation of Mur77 mRNA levels in L-Dopa-treated MPTP monkeys in substance P (SP)

containing cells of the putamen. A) Representative images of the radiolabeled Nur77 mRNA
probe (silver grains) and SP transcript labeled with digoxigenin (dark brown staining) in a
MPTP and MPTP + L-Dopa-treated animals. Arrowheads indicate single Nur77-positive
cells, thin arrows indicate single SP-positive cells and bold arrows indicate double SP/
Nur77-positive cells. B) Mur77-positive cell counts in controls (CONT), MPTP, MPTP + L-
Dopa and MPTP + L-Dopa + DHA-treated animals. C) SP/Nur77-double labeled cell counts
in controls, MPTP, MPTP + L-Dopa and MPTP + L-Dopa + DHA-treated animals.
Histogram bars represent mean cell numbers per surface unit (um2) + SEM (N=4-5 per
group) (** p < 0.01 vsCONT and ## p < 0.01 vs MPTP group). All cell counts were
performed in the anterior putamen.
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Figure 4.
Modulation of Mur77 mRNA levels in striosome and matrix compartments of the anterior

(A) and posterior (B) caudate nucleus and putamen in L-Dopa-treated MPTP monkeys.
Histogram bars represent means + SEM in controls, MPTP, MPTP + L-Dopa and MPTP +
Dopa + DHA-treated animals (N=4-5 per group, * p < 0.05 and ** p < 0.01 vscontrol, # p <
0.05 vs MPTP, & p < 0.05 vs MPTP + L-Dopa). For each animal, 3 to 5 striosome and
matrix areas were used to average Nur77 mRNA levels in these respective compartments.
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Correlation between Mur77 mRNA levels and L-Dopa-induced dyskinesia (LID) scores. We
have plotted individual LID scores from MPTP monkeys treated with L-Dopa and L-Dopa +
DHA animals with individual Mur77mRNA levels found in the anterior ventromedial
(PVM) and ventrolateral (PVL) portions of the putamen. Linear regression analysis was
performed with 95% confidence intervals. Goodness of fit is illustrated with the calculated
r2, and the p value statistical analysis indicates whether the slope is significantly different
from zero. P values < 0.05 were considered as significant.
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Figure 6.

PDL

Representative autoradiograms of RXRy1 mRNA levels in L-Dopa-treated MPTP monkeys
in the posterior caudate-putamen (A). RXRy1 mRNA levels were measured in control,
MPTP, MPTP + L-Dopa and MPTP + L-Dopa + DHA treated monkeys. B) Quantification of
RXRy1 mRNA levels in lateral (CL) portion of the caudate nucleus and C) dorsolateral

(PDL) portion of the putamen. Histogram bars represent means
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Table 1

Effect of MPTP lesion and treatments on the dopamine transporter specific binding measured by
autoradiography in the caudate nucleus and putamen of monkeys.

[12511RT1-121 specific binding (fmol/mg tissue)

Dorsomedial Ventromedial Ventrolateral Dorsolateral
Caudate nucleus
Control 108140134  1.099+0.208 09570088  0.984 +0.063
MPTP 0.017 £0.007™"  0.056 +0.024™ 0.041+0.017"" 0.013+0.004™*
MPTP+L-Dopa 0.019+0.005™ 0.032+0.010™" 0.031+0.010™ 0.018 +0.005 ™"

MPTP+L-Dopa+DHA 032 +0.010™ 0.040+0.010™ 0.032+0.010™" 0.024 +0.010™*

Putamen
Control 0.827+0057  0.783+0.043  1.025+0.086  1.030+0.076
MPTP 0.093+0.033™" 0.102+0.033™ 0.060+0.020™ 0.060 +0.026 "
MPTP+L-Dopa 0.067 +0.018™"  0.106 £0.019™* 0.070+0.020™ 0.040 +0.010 ™"

MPTP+L-Dopa+DHA 0097 + 0,009 0.119+0.018™" 0.066+0.010™" 0.050 +0.010

Data represent means + SEM.

Hk
p<0.01 vs respective control group.
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Table 2

Basal Mur77 mRNA levels in monkey caudate nucleus and putamen in control animals.

Nur77 mRNA levels (nCi/g tissue)

Anterior level Posterior level

Caudate nucleus

CM 101+ 25 78+8

CL 167 £ 54 113+ 22
Putamen

PDM 114+ 31 80+ 20

PDL 140 + 64 96 + 22

PVM 56 + 16 54 + 22

PVL 90 + 22 62 + 23

Data represent means + SEM. Abreviations: lateral (CL) and medial (CM) portions of the caudate nucleus as well as in dorsolateral (PDL),
dorsomedial (PDM), ventrolateral (PVL) and ventromedial (PVVM) portions of the putamen. These values were used to establish 100 % control
values of Mur77 mRNA levels presented in Figure 2.
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