1X3]-){Jewiarems 1Xa1-)ewla1ems

1X31-)lew1a1ems

"% NIH Public Access

a8 & Author Manuscript
st

NATIG,
fly

Published in final edited form as:
Neuropharmacology. 2013 March ; 66: 187-195. doi:10.1016/j.neuropharm.2012.03.029.

The metabotropic glutamate receptor 8 agonist (S)-3,4-DCPG
reverses motor deficits in prolonged but not acute models of
Parkinson’s disease

Kari A. Johnson", Carrie K. Jones&P:T Mohammed N. Tantawy€®, Michael Bubser&P,
Marketa Marvanova®1, M. Sib Ansari9, Ronald M. Baldwind, P. Jeffrey Conn&P, and Colleen
M. Niswenderab*

aDepartment of Pharmacology, Sciences/VUIIS PET Chemistry, Vanderbilt University Medical
Center, Nashville, TN, USA

bvanderbilt Center for Neuroscience Drug Discovery, Sciences/VUIIS PET Chemistry, Vanderbilt
University Medical Center, Nashville, TN, USA

®Vanderbilt University Institute of Imaging Science, Sciences/VUIIS PET Chemistry, Vanderbilt
University Medical Center, Nashville, TN, USA

dDepartment of Radiology & Radiological, Sciences/VUIIS PET Chemistry, Vanderbilt University
Medical Center, Nashville, TN, USA

Abstract

Metabotropic glutamate receptors (mGlus) are 7 Transmembrane Spanning Receptors (7TMSs) that
are differentially expressed throughout the brain and modulate synaptic transmission at both
excitatory and inhibitory synapses. Recently, mGlus have been implicated as therapeutic targets
for many disorders of the central nervous system, including Parkinson’s disease (PD). Previous
studies have shown that nonselective agonists of group 111 mGlus have antiparkinsonian effects in
several animal models of PD, suggesting that these receptors represent promising targets for
treating the motor symptoms of PD. However, the relative contributions of different group Il
mGlu subtypes to these effects have not been fully elucidated. Here we report that
intracerebroventricular (icv) administration of the mGlug-selective agonist (S)-3,4-
dicarboxyphenylglycine (DCPG [2.5, 10, or 30 nmol]) does not alleviate motor deficits caused by
acute (two hour) treatment with haloperidol or reserpine. However, following prolonged
pretreatment with haloperidol (three doses evenly spaced over 18-20 hours) or reserpine (18-20
hours), DCPG robustly reverses haloperidol-induced catalepsy and reserpine-induced akinesia.
Furthermore, DCPG (10 nmol, icv) reverses the long-lasting catalepsy induced by 20 hour
pretreatment with the decanoate salt of haloperidol. Finally, icv administration of DCPG
ameliorates forelimb use asymmetry caused by unilateral 6-hydroxydopamine lesion of substantia
nigra dopamine neurons. These findings suggest that mGlug may partially mediate the
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antiparkinsonian effects of group 111 mGlu agonists in animal models of PD in which dopamine
depletion or blockade of D,-like dopamine receptors is prolonged and indicate that selective
activation of mGlug may represent a novel therapeutic strategy for alleviating the motor symptoms
of PD.

1. Introduction

Parkinson’s disease (PD) is a chronic neurodegenerative disorder characterized by primary
motor symptoms such as resting tremor, rigidity, bradykinesia and postural instability. The
major pathophysiological feature of PD is the progressive degeneration of dopaminergic
neurons of the substantia nigra pars compacta (SNc). This loss of dopaminergic modulation
of the striatum alters the control of motor activity by the basal ganglia-thalamo-cortical loop,
resulting in the parkinsonian motor symptoms (DeLong and Wichmann, 2007). Current
therapeutic strategies to manage and control motor symptoms in PD involve increasing
dopaminergic neurotransmission, either by administration of the dopamine precursor L-
DOPA or dopamine receptor agonists. Unfortunately, the efficacy of these therapeutic
strategies decreases over time in many patients. In addition, long-term L-DOPA therapy is
associated with a high incidence of disabling side effects such as dyskinesias and motor
fluctuations (Prashanth et al., 2011). As a result, much attention has been focused on
identifying novel therapeutic targets for PD and metabotropic glutamate receptors (mGlus)
have now been implicated as promising new drug targets for alleviating motor symptoms
(Conn et al., 2005).

mGlus are 7 Transmembrane Spanning Receptors (7TMRs) that are activated by glutamate,
the major excitatory neurotransmitter of the central nervous system (CNS). Eight subtypes
of mGlus have been identified to date, and are divided into three groups according to their
sequence homology, ligand pharmacology, and downstream signaling pathways (Conn and
Pin, 1997). Group | mGlus (mGlu; and _s) signal through Gg11 to increase phosphoinositide
hydrolysis and mobilize intracellular calcium stores. Group Il (mGlu, and _3) and group 111
(MGluy, .6, -7, and _g) mGlus couple to Gj,q G proteins and are often located presynaptically,
where they modulate neurotransmitter release. The recent availability of selective
pharmacological tools for mGlus has led to the identification of specific receptor subtypes as
potential therapeutic targets for CNS disorders such as PD.

Several recent studies using group 111 mGlu-selective agonists, such as L-AP4 and ACPT-I,
have demonstrated that these compounds have antiparkinsonian effects in rodent PD models,
including reserpine-induced akinesia, haloperidol-induced catalepsy, and 6-
hydroxydopamine lesion-induced motor deficits (Konieczny et al., 2007; Lopez et al., 2012;
Lopez et al., 2007; Lopez et al., 2008; Maclnnes et al., 2004; Sibille et al., 2007; Valenti et
al., 2003). To determine the specific mGlu subtypes that mediate the antiparkinsonian
effects of group 11l mGlu agonists, recent studies have taken advantage of subtype-selective
agonists and positive allosteric modulators (PAMSs) of mGlu, (East et al., 2010; Goudet et
al., 2012; Jones et al., 2011a; Jones et al., 2011b; Marino et al., 2003; Niswender et al.,
2008b). In rats, these compounds reverse reserpine-induced akinesia, haloperidol-induced
catalepsy, and motor deficits caused by unilateral 6-hydroxydopamine lesion, suggesting
that mGluy, activation is at least partially responsible for the antiparkinsonian effects of
group 111 mGlu agonists in PD animal models. However, the potential contribution of other
group 111 mGlu subtypes has not been fully elucidated. We now report that the mGlug
agonist (5)-3,4-dicarboxyphenylglycine (DCPG) (Thomas et al., 2001) has behavioral
effects predictive of antiparkinsonian actions in several rodent models of PD when
administered via an intracerebroventricular route of administration. Interestingly, reversal of
akinetic motor deficits by DCPG requires a prolonged state of dopamine depletion or
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dopamine receptor blockade, suggesting that mGlug function in the basal ganglia may differ
in the intact versus dopamine-depleted states. These findings suggest that mGlug activation
may partially mediate the anti-akinetic effects of group 111 mGlu agonists in prolonged
dopamine depletion models.

2. Materials and Methods

2.1 Animals

2.2 Drugs

Two hundred seventy-one third ventricle-cannulated (TVVC) male Sprague-Dawley rats
weighing 250 to 300 grams were purchased from Taconic Farms, Inc. (Hudson, NY).
Cannula placement (AP=-0.8 mm, ML = 0.0 mm and DV= —8.0 mm, relative to bregma)
allowed infusion of non-brain penetrant drugs into the third ventricle. Cannula placement
was visually verified following sacrifice for all animals used in these studies. Animals that
underwent forelimb asymmetry testing were lesioned by unilateral injection of 6-
hydroxydopamine (6-OHDA) into the medial forebrain bundle prior to TVC surgery. 6-
OHDA lesions were functionally verified using an apomorphine-induced rotation test
(performed by Taconic Farms, Inc.). On day 21 post-lesion, apomorphine (0.05 mg/kg, sc)
was administered and rotations contralateral to the lesion were measured in a rotometer for 6
consecutive 5 minute periods (30 minutes total). Only animals with greater than 180
rotations in 30 minutes or multiple 5 minute periods of more than 6 rotations per minute
were used for the forelimb asymmetry study. For studies that did not require
intracerebroventricular (icv) drug administration, thirty-eight male Sprague-Dawley rats
(250 to 300 grams) that had not undergone TVC surgery were used (Harlan, Indianapolis,
IN). Animals were maintained in accordance with the guidelines of the American
Association for the Accreditation of Laboratory Animal Care under a 12 hour light/dark
cycle (lights on 06:00 to 18:00) with free access to food and water. All experiments were
performed during the light cycle, were approved by Vanderbilt University’s Institutional
Animal Care and Use Committee, and conformed to guidelines established by the National
Research Council Guide for the Care and Use of Laboratory Animals. All efforts were made
to minimize animal suffering and the number of animals used.

(5)-3,4-DCPG and L-AP4 were purchased from Tocris Bioscience (Ellisville, MO).
Haloperidol (free base) and reserpine were purchased from Sigma-Aldrich (St. Louis, MO).
The decanoate salt of haloperidol was synthesized in-house. DCPG and L-AP4 were
prepared in artificial cerebrospinal fluid (ACSF) and administered icv at a rate of 0.5to 1 pl/
min in the indicated volume. Injection cannulae were left in place for an additional five
minutes after completion of infusion. Haloperidol (1.5 mg/kg) was dissolved in 0.2% lactic
acid, and pH was adjusted to ~6.5 with 1N NaOH. Haloperidol was administered
intraperitoneally (ip) in a volume of 1 ml/kg. Reserpine (5 mg/kg, dissolved in 1% acetic
acid) was prepared as described previously (Valenti et al., 2003), and administered
subcutaneously (sc) in a volume of 1 ml/kg under light isoflurane anesthesia. Haloperidol
decanoate (50-200 mg/kg) was dissolved in sesame oil using a mortar and pestle, and was
administered intramuscularly (im) in a volume of 2 ml/kg; half of the dose was given in each
femoral muscle. All drugs were prepared fresh on the day of the experiment.

2.3 Induction and measurement of catalepsy

For acute catalepsy studies, haloperidol (1.5 mg/kg, ip) was administered two hours prior to
baseline catalepsy measurement. For prolonged haloperidol-induced catalepsy studies, three
doses of haloperidol (1.5 mg/kg, ip) were evenly spaced over 18-20 hours prior to baseline
catalepsy measurement. For haloperidol decanoate-induced catalepsy studies, animals were
pretreated for the indicated time prior to measurement of catalepsy. Animals were returned
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to their home cages during the haloperidol pretreatment period. Catalepsy was assessed by
placing each rat’s forepaws on a horizontal bar positioned 6 cm above the testing surface
and measuring the latency for the rat to remove one forepaw. Trials were ended after 60
seconds if no forepaw had been removed, and a score of 60 seconds was recorded for that
trial. For reversal studies, rats were then given an icv infusion of either DCPG (2.5 or 10
nmol), L-AP4 (50 nmol or 100 nmol), or vehicle (ACSF). Rats were retested for catalepsy
either five minutes after completion of drug infusion (haloperidol studies) or 10, 20, and 30
minutes after completion of infusion (haloperidol decanoate studies).

2.4 Induction and measurement of akinesia

Rats were treated with reserpine (5 mg/kg, sc) and returned to their home cages for either 2
hours (acute treatment) or 18-20 hours (prolonged treatment) prior to measurement of
baseline akinesia. Locomotor activity was measured for 30 minutes by placing rats in
photocell activity cages (Hamilton-Kinder, Poway, CA) equipped with 16x16 infrared
beams. Akinetic rats then received an icv infusion of DCPG (2.5, 10, or 30 nmol), L-AP4
(50 nmol), or vehicle (ACSF), and activity was measured for an additional 30 minutes. For
haloperidol decanoate characterization, locomotor activity was measured for 30 minutes at
the indicated times after haloperidol decanoate administration following baseline catalepsy
measurement as described above.

2.5 Measurement of striatal dopamine levels

Rats were treated with reserpine (5 mg/kg, sc) or vehicle for either 2 hours (acute treatment)
or 18-20 hours (prolonged treatment) prior to sacrifice. Brains were removed rapidly and
placed into ice-cold 0.9% NaCl solution. Tissue samples of caudate putamen (CPu) were
taken bilaterally, immediately weighed, and stored on dry ice. Samples were analyzed for
striatal monoamine content using high performance liquid chromatography (HPLC) with
electrochemical detection (Hackler et al., 2006). Briefly, samples were homogenized in
0.1M trichloroacetic acid containing 10 mM sodium acetate, 100 uM EDTA, and 10.5%
methanol (pH 3.8). Homogenized samples were centrifuged at 10,000 x g for 20 minutes,
and the supernatant was removed and stored at —80°C prior to measurement of dopamine
content. Total protein concentration was determined by assaying the pellet using the BCA
Protein Assay Kit (Pierce Chemical Company, Rockford, IL).

2.6 Estimation of D, receptor occupancy with PET imaging

D, dopamine receptor occupancy following haloperidol administration was measured using
positron emission tomography (PET) as described previously (Jones et al., 2008; Tantawy et
al., 2009). One week prior to the first day of testing, rats underwent surgery to install
catheters in the jugular vein for radiotracer administration. On the first testing day, vehicle
(0.2% lactic acid, ip) was administered two hours prior to injection of ~13 MBg/0.2 mL
[18F]fallypride [(S)-N-[(1-allyl-2-pyrrolidinyl)methyl]-5-(3’-[18F]fluoropropyl)-2,3-
dimethoxybenzamide]. Rats were then returned to their home cages with free access to food
and water. Sixty minutes after [18F]fallypride injection, rats were anesthetized using
isoflurane (~1.5%), placed in the microPET Focus 220 (Siemens, Knoxville, TN) and a 60
min dynamic acquisition was initiated. This delayed scan method was used in order to
minimize the effects of anesthesia on binding potential estimates as previously described
(Tantawy et al., 2011). One week later, the same rats were injected with haloperidol (free
base, 1.5 mg/kg, ip) two hours prior to intravenous injection of [18F]fallypride. After 60
minutes, rats were anesthetized with ~1.5% isoflurane, and images were acquired using the
same protocol as in the control session. Receptor occupancy for haloperidol decanoate was
measured similarly, except that vehicle (sesame oil) or haloperidol decanoate (100 mg/kg,
im) was administered 20 hours prior to radiotracer injection. Images were reconstructed after
correcting for scatter and attenuation as described previously (Tantawy et al., 2009). Briefly,
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attenuation maps were created from a transmission image obtained using a ®’Co source.
Data were reconstructed on a 128 x 128 x 95 grid with a pixel size of 0.095 cm and a slice
thickness of 0.080 cm. Dynamic images were reconstructed using an OSEM2D algorithm
with a sequence of five 60s frames (5 x 60 s),2x 300s,2 x 600s,2 x 1200 s, 1 x 600 s, 6 x
300s,2x600s,and 3 x 1200 s.

2.7 Measurement of 6-OHDA-induced forelimb use asymmetry

Rats with unilateral 6-OHDA lesion of the medial forebrain bundle, whose dopamine
depletion status was functionally validated by the ability of apomorphine to induce
contralateral rotation (see above) were used to assess the ability of DCPG and L-AP4 to
reverse lesion-induced forelimb use deficits (Schallert et al., 2000; Valenti et al., 2003). To
this end, 6-OHDA-lesioned rats with TVC surgery were used to allow for the icv
administration of DCPG and L-AP4. Rats were handled daily prior to testing. On the test
day, rats were placed in a transparent plastic cylinder (20 cm in diameter and 30 cm high).
Animals were not habituated to the cylinder prior to the first test session. Baseline limb-use
asymmetry was measured over a 10 minute period, after which rats were infused with either
L-AP4 (100 nmol/2.5 ul) or DCPG (2.5 or 10 nmol/2.5 pl). Five minutes after the end of the
infusion, limb-use behavior was measured for an additional 10 minute period. Experimental
sessions were monitored with a camera located beneath the cylinder for off-line analysis of
limb-use. Video analysis of forelimb use was performed by two raters who were blinded to
the treatment groups. Forelimb use was scored as described previously and data were
expressed as Forelimb Asymmetry (FLA) Index Score (Jones et al., 2011a; Lundblad et al.,
2004). The FLA Index Score is a composite of the number of Wall contacts of the
unaffected (W ypaffecred) and affected (W jmpaireq) forelimb and Landings of the unaffected
(Lunattecte) and affected (L jmpaired) forelimb (see section 2.8, Data analysis and statistics).

To verify the extent of 6-OHDA lesion-induced dopamine depletion a randomly selected
cohort of rats (7= 24) was sacrificed and striatal tissue was dissected from the ipsilateral
(lesioned) and contralateral (intact) dorsal striatum. Samples were frozen on dry ice and
tissue concentrations of dopamine and its metabolites 3,4-dihydroxyphenylacetic acid
(DOPAC) and homovanillic acid (HVA) were determined by HPLC with electrochemical
detection as described above (2.5 Measurement of striatal dopamine levels). Correct
placement of the guide cannula targeting the third ventricle was verified in all animals used
for this study.

2.8 Data analysis and statistics

All calculations associated with data analysis were performed using Microsoft Excel.
Statistical tests were performed using JMP IN 5.1 or StatView. Graphs were created using
SigmaPlot 9.0. Catalepsy and akinesia results are summarized as percent change between
baseline and post-drug measurements. For most behavioral experiments, data were analyzed
for a main effect of drug treatment using whole model one-way analysis of variance
(ANOVA). When a statistically significant effect was found, post hoc analysis was
performed using a Dunnett’s test to compare drug treatment groups with the vehicle group.
Data are expressed as mean + SEM. For behavioral characterization of haloperidol
decanoate effects, data were analyzed using repeated measures ANOVA followed by
pairwise comparisons using a Bonferroni correction. Lesion-induced changes in transmitter
concentrations and reversal of haloperidol effects by DCPG were analyzed using an
unpaired Student’s ftest. For D, receptor occupancy studies, the microPET images were
coregistered to a rat brain template (Rubins et al., 2003) using AMIDE (Loening and
Gambhir, 2003) and volumetric regions of interest (ROIs) were drawn around the striata and
the cerebellum generating time-activity curves (TACs) over the duration of the scans.
Binding potentials (BPs) were estimated via a Logan plot (Logan, 2000). D, receptor
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occupancy was calculated as [1 — (Drug BP/Vehicle BP)] x 100. Forelimb asymmetry data
were analyzed as described previously (Valenti et al., 2003). To assess forelimb use in 6-
OHDA-lesioned rats the FLA Index Score was calculated as follows (Jones et al., 2011a):

Using this method, rats showing preferential use of the unaffected forelimb (ipsilateral to the
lesion) have negative FLA Index Scores, whereas rats that do not show a forelimb bias have
FLA Index Scores that are close to zero. Statistical comparison of drug effects on forelimb
asymmetry was performed using two-way ANOVA followed by Bonferroni comparisons.

3.1 In contrast to the group lll mGlu agonist L-AP4, the selective mGlug agonist DCPG
does not reverse acute reserpine-induced akinesia and haloperidol-induced catalepsy

Reserpine-induced akinesia and haloperidol-induced catalepsy are preclinical models of PD
that are commonly used in rodents. For example, antiparkinsonian drugs such as L-DOPA
increase locomotor activity in reserpine-treated rats (Colpaert, 1987), indicating that reversal
of akinesia by pharmacological agents is consistent with antiparkinsonian activity. The
nonselective group 111 mGlu agonist L-AP4 (50 nmol, icv) and the mGlug-selective agonist
DCPG (2.5, 10, or 30 nmol, icv) were evaluated for their ability to reverse the akinesia
induced by a two hour pretreatment with reserpine (5 mg/kg, sc; Fig. 1A). In agreement with
previous findings (Valenti et al., 2003), L-AP4 significantly increased locomotor activity in
rats acutely treated with reserpine (£ < 0.05, Dunnett’s comparison with vehicle group; n=
10 animals per treatment group). Conversely, DCPG did not increase locomotor activity at
any dose tested (Fig. 1A).

In addition to studies in the reserpine model, we evaluated the ability of L-AP4 (50 or 100
nmol) and DCPG (2.5 or 10 nmol) to reverse the catalepsy induced by a two hour
pretreatment with haloperidol (1.5 mg/kg, ip). Similar to previously reported results (Valenti
et al., 2003), L-AP4 significantly reversed haloperidol-induced catalepsy at both doses (P <
0.05, Dunnett’s comparison with vehicle group; 7= 10 animals per treatment group). In
contrast, DCPG had no effect on catalepsy induced by a two hour pretreatment with
haloperidol (Fig. 1B).

3.2 In contrast to acute models of dopamine depletion or dopamine receptor blockade,
DCPG reverses effects of prolonged reserpine-induced akinesia and haloperidol-induced

catalepsy

Because a more prolonged depletion of dopamine by reserpine or blockade of Do-like
dopamine receptors by haloperidol has been shown to induce changes in mGlu function
(Marino et al., 2002; Poisik et al., 2007), we also assessed the ability of L-AP4 (50 nmol,
icv) and DCPG (2.5, 10, or 30 nmol, icv) to reverse the akinesia induced by an 18-20 hour
pretreatment with reserpine (5 mg/kg, sc; Fig. 2A). In contrast to the effects of DCPG
following acute reserpine treatment, all tested doses of DCPG robustly increased locomotor
activity in rats after more prolonged reserpine treatment (P < 0.05, Dunnett’s comparison
with vehicle group; 7= 10 animals per treatment group). L-AP4 also significantly increased
locomotor activity in rats pretreated with reserpine for 18-20 hours, and the magnitude of
this effect was similar to that observed after acute reserpine treatment (Fig. 2A; compare to
Fig. 1A).

Whereas a single dose of reserpine induces prolonged akinesia, the catalepsy produced by a
single injection of haloperidol (1.5 mg/kg, ip) is no longer present 18-20 hours after
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administration. In order to produce a more prolonged dopamine receptor blockade, rats
received three injections of haloperidol (1.5 mg/kg, ip) evenly spaced over 18-20 hours
prior to baseline measurement of catalepsy. We then tested the ability of L-AP4 (50 or 100
nmol) and DCPG (2.5 or 10 nmol) to reverse the catalepsy induced by repeated haloperidol
administration. In contrast to the lack of an effect of DCPG after acute haloperidol
administration, catalepsy induced by repeated haloperidol administration was significantly
reduced by 2.5 and 10 nmol DCPG (Fig. 2B; P < 0.05, Dunnett’s comparison with vehicle
group; 7= 10 animals per treatment group). In addition, both doses of L-AP4 significantly
reduced the catalepsy induced by this haloperidol dosing schedule. Again, the reversal of
catalepsy by L-AP4 was similar after both acute and prolonged haloperidol administration
(Figs. 1B and 2B).

3.3 Striatal dopamine is reduced to a similar level after both acute and prolonged reserpine

treatment

In order to ensure that our acute and prolonged reserpine treatments produced similar levels
of dopamine depletion, we determined tissue dopamine levels in the striatum two hours and
18-20 hours after treatment with vehicle or reserpine (5 mg/kg, sc) using HPLC. Both acute
and prolonged reserpine treatments caused a significant reduction in striatal dopamine levels
(Fig. 3). Striatal dopamine content was reduced to 11.1% of control levels after two hour
reserpine treatment (120 + 11.6 ng/mg protein for vehicle-treated animals vs. 13.4 + 3.7 ng/
mg protein for reserpine-treated animals; mean + SEM, 1= 6 animals per treatment group;
B = 8.829, P<0.0001). After 18-20 hour reserpine treatment, striatal dopamine content
was reduced to 4.5% of control levels (134.6 £ 13.1 ng/mg protein for vehicle-treated
animals vs. 6.1 £ 1.1 ng/mg protein for reserpine-treated animals; mean + SEM, n7=6
animals per treatment group; £ = 9.113, £< 0.0001).

3.4 Haloperidol decanoate characterization

Because the cataleptic behavior induced by 1.5 mg/kg haloperidol administered
intraperitoneally decreases after 6-12 hours (data not shown), several doses of haloperidol
were required to maintain catalepsy 18-20 hours after the first dose. In order to achieve a
more prolonged effect with a single dose of haloperidol, we administered the decanoate salt
of haloperidol intramuscularly (50 to 200 mg/kg). This treatment paradigm induced
prolonged catalepsy and akinesia (Figs. 4A and 4B, respectively). For catalepsy results (Fig.
4A), repeated measures ANOVA revealed a significant effect of drug treatment (£3, 24) =
29.8, £<0.0001; /7= 6-8 animals per treatment group), a significant effect of time (£ 120)
=30.8, < 0.0001) and a significant interaction between dose and time (A5, 120) = 5.7, P<
0.0001). For haloperidol decanoate-induced akinesia results (Fig 4B), repeated measures
ANOVA revealed a significant effect of drug treatment (£3 24) = 60.0, £< 0.0001), a
significant effect of time (£ 120) = 37.7, < 0.0001) and a significant interaction between
drug treatment and time (/15 120) = 8.8, £<0.0001).

Previous studies in rats have demonstrated that greater than 80% of D, receptors must be
occupied by haloperidol to produce robust catalepsy (Natesan et al., 2006; Wadenberg et al.,
2001). In our studies, rats were cataleptic for up to five days after haloperidol decanoate
administration, suggesting high levels of D, receptor occupancy. In order to confirm this, we
determined the /n vivo D, dopamine receptor occupancy 20 hours after 100 mg/kg
haloperidol decanoate administration using microPET. The high affinity D, receptor
antagonist [18F]fallypride was used as a PET tracer to evaluate D, receptor occupancy by
haloperidol. In agreement with our prediction, 20 hour haloperidol decanoate treatment
resulted in 97.9% D5, receptor occupancy (Fig. 4C, right panels, and Table 1; 7= 4). This
level of D, receptor occupancy was comparable to that observed after 2 hour pretreatment
with 1.5 mg/kg haloperidol (free base, 97.3%), which produced a level of catalepsy 2—4
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hours post-administration similar to that observed 20 hours after haloperidol decanoate
administration (Fig. 4C, left panels, and Table 1; n=4).

3.5 DCPG reverses haloperidol decanoate-induced catalepsy

After characterization of time course of behavioral effects induced by haloperidol decanoate,
we assessed the ability of DCPG (10 nmol, icv) to reverse the catalepsy induced by 20 hour
treatment with haloperidol decanoate (100 mg/kg, im). DCPG significantly reversed
catalepsy when measured ten minutes after completion of infusion (Fig. 5; g = 5.157, P<
0.05, unpaired ftest; n= 10 animals for vehicle group and 8 animals for DCPG group).
Significant reversal of catalepsy was also observed 20 and 30 minutes after completion of
DCPG infusion.

3.6 L-AP4 and DCPG decrease forelimb use asymmetry following 6-OHDA lesion

Unilateral 6-OHDA lesion represents an additional rat model of prolonged dopamine
depletion. This model differs from reserpine-induced akinesia and haloperidol-induced
catalepsy because it involves degeneration of the dopaminergic neurons of the SNc rather
than pharmacological manipulation of intact dopamine systems. Rats with an extensive
unilateral lesion of the SNc favor use of the forepaw that is ipsilateral to the site of the lesion
when supporting their weight during a wall contact following a rearing event or after landing
from a rearing event. Drugs that effectively alleviate PD symptoms in humans, such as L-
DOPA and dopamine receptor agonists, reduce forelimb-use asymmetry caused by unilateral
6-OHDA lesion (Lundblad et al., 2002). We therefore tested the ability of L-AP4 (100 nmol,
icv) and DCPG (2.5 or 10 nmol, icv) to reduce forelimb use asymmetry in unilaterally 6-
OHDA-lesioned animals. Two-way ANOVA revealed significant effects of Treatment (pre
vs. post injection [F1 g2 = 29.78]), Drug (F 62 = 6.43) and a significant Treatment X Drug
interaction (F2 g2 = 8.07). As shown in Figure 6, L-AP4 [#=5.90, p < 0.001, n = 10] and the
high dose of DCPG (10 nmol [¢= 2.60, p < 0.05, n = 12]), but not the low dose of DCPG
(2.5 nmol [£=0.70, p > 0.05, n = 12] caused a significant reversal of the FLA Index Score.
Tissue neurochemistry revealed that, compared to the unaffected hemisphere, 6-OHDA-
lesioned rats exhibited a greater than 95% loss of striatal dopamine and the dopamine
metabolites DOPAC and HVA in the lesioned hemisphere (Table 2).

4. Discussion

Metabotropic glutamate receptors have recently been identified as promising new
therapeutic targets for alleviating the primary motor symptoms of PD (Johnson et al., 2009).
Recent studies have demonstrated that central or systemic administration of group 11l mGlu-
selective agonists elicits behavioral effects consistent with antiparkinsonian actions in both
acute and prolonged animal models of PD. For example, icv administration of L-AP4
reverses reserpine-induced akinesia and haloperidol-induced catalepsy after a short (1.5-2
hour) pretreatment with reserpine or haloperidol (Valenti et al., 2003). Similarly, icv
administration of L-AP4 or the group 111 mGlu agonist L-SOP has been shown to alleviate
akinesia following a longer (18 hour) pretreatment with reserpine (Maclnnes et al., 2004),
demonstrating that group 111 mGlu activation remains efficacious after a more prolonged
state of dopamine depletion. In addition, icv or systemic administration of L-AP4 and
ACPT-I, respectively, can reverse motor deficits caused by 6-OHDA lesion, demonstrating
that group 111 mGlu activation is also efficacious in this model of chronic dopamine
depletion (Lopez et al., 2012; Lopez et al., 2007; Lopez et al., 2008; Valenti et al., 2003).
Previous efforts to identify the group 111 mGlu subtypes that mediate the antiparkinsonian
actions of group Il mGlu-selective agonists have demonstrated that mGlu, activation is
likely to play a major role (Beurrier et al., 2009; Broadstock et al., 2011; East et al., 2010;
Goudet et al., 2012; Jones et al., 2011a; Jones et al., 2011b; Marino et al., 2003; Niswender
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et al., 2008b). However, expression of mGlu; and mGlug has also been detected in the basal
ganglia (Bradley et al., 1999; Messenger et al., 2002), indicating that these receptor subtypes
may also contribute to the antiparkinsonian actions of group 111 mGlu agonists.

In the present study, we used the mGlug-selective agonist (S)-3,4-DCPG to explore the role
of mGlug activation in mediating the antiparkinsonian effects of group 111 mGlu agonists in
both acute and prolonged models of dopamine depletion. The only previous study to explore
potential antiparkinsonian effects of mGlug activation in an acute model of PD evaluated the
effects of direct infusion of DCPG into the globus pallidus (GP) and substantia nigra pars
reticulata (SNr) of rats that had been acutely treated with haloperidol (1.5 hour pretreatment)
(Lopez et al., 2007). This study demonstrated that DCPG did not reverse haloperidol-
induced catalepsy when infused into either structure, a finding consistent with our
observation that DCPG does not reverse the motor deficits induced by acute haloperidol or
reserpine administration. Here we report that after prolonged (18-20 hour) treatment with
haloperidol or reserpine, icv DCPG robustly reverses PD-like akinetic motor deficits. The
differential ability of DCPG to exert antiparkinsonian effects following acute versus
prolonged reserpine treatment is unlikely to be due to differences in the extent of dopamine
depletion, because both treatments produce a similar reduction of striatal dopamine levels.
Similarly, the level of dopamine receptor occupancy produced by 2 hour haloperidol (free
base) treatment versus 20 hour haloperidol decanoate treatment is virtually identical,
indicating that differences in the extent of dopamine receptor antagonism between these two
models cannot account for the differential ability of DCPG to reverse catalepsy. Finally,
DCPG alleviates forelimb-use asymmetry in the unilateral 6-OHDA rat model of PD. Taken
together, these results indicate that the antiparkinsonian actions of DCPG are only present
after prolonged dopamine hypofunction.

Studies in heterologous expression systems have shown that DCPG has 50 to 100-fold
selectivity for mGlug over mGluy, and has little or no activity at other mGlu subtypes
(Niswender et al., 2008a; Thomas et al., 2001). The ability of DCPG to activate mGluy
raises the possibility that the antiparkinsonian effects observed in our studies are due to
agonist activity at mGlu, rather than mGlug. However, selective positive allosteric
modulators of mGlus and mGlus-preferring agonists reverse akinetic deficits induced by
acute (one to two hour) pretreatment with haloperidol or reserpine, suggesting that after a
short period of dopamine receptor blockade or dopamine depletion, enhanced mGluy
activation can reverse catalepsy and akinesia (Beurrier et al., 2009; Goudet et al., 2012;
Marino et al., 2003; Niswender et al., 2008b). Based on these findings, if the doses of DCPG
used in our studies were sufficient to activate mGlu,, we would predict that DCPG would
also reverse catalepsy and akinesia induced by two hour haloperidol or reserpine treatment.
In contrast, we have found that the doses of DCPG used in our study did not produce any
reversal of akinetic behaviors in those acute experimental paradigms, suggesting that the
doses of DCPG that used here are not sufficient to activate mGlus. While we cannot exclude
the possibility that other receptors may be involved in mediating the effects of DCPG, the
results presented here suggest that DCPG likely mediates antiparkinsonian effects in
catalepsy, akinesia, and forelimb use asymmetry models that are due to selective activation
of mGlug.

The differential ability of DCPG to produce antiparkinsonian effects after acute vs.
prolonged dopamine depletion or dopamine receptor blockade suggests that prolonged
dopamine depletion leads to a change in the function or expression of mGlufg. /n situ
hybridization studies have detected mGlug mRNA in all basal ganglia structures (Messenger
et al., 2002). Interestingly, chronic administration of amphetamine increases mGlug mRNA
levels in the rat striatum (Parelkar and Wang, 2008), suggesting that dysregulation of
dopaminergic signaling in the basal ganglia can alter the expression of mGlug. However, no
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changes in mGlug mRNA levels have been observed following 6-OHDA lesion (Messenger
et al., 2002), suggesting that changes in mGlug transcription may not underlie the
differential effects of DCPG after acute vs. prolonged dopamine depletion. Alternatively,
changes in the functional expression of mGlug at the protein level, such as increased
translation, trafficking to the plasma membrane, or posttranslational modifications, represent
possible explanations for this phenomenon.

Although there is a lack of anatomical evidence regarding changes in mGlug expression
following dopamine depletion, previous studies using direct-site infusions of group Il mGlu
agonists in prolonged models of dopamine depletion suggest that several basal ganglia
structures may be candidates for mediating the antiparkinsonian effects of DCPG. Following
18 hour reserpine treatment, direct infusion of the group 111 mGlu agonist L-SOP into the rat
GP or SNr reverses akinesia (Maclnnes et al., 2004), suggesting that the GP and the SNr are
possible sites of action for an mGlug-mediated antiparkinsonian effect. The ability of
intrapallidal infusion of group 111 mGlu agonists to reverse akinetic deficits caused by
bilateral 6-OHDA lesion also points to the GP as a possible site of action of DCPG (Lopez
et al., 2007). However, other results suggest that these structures are unlikely to be the sites
of action for the antiparkinsonian effects of DCPG. For example, a reduction of inhibitory
striatopallidal transmission is thought to underlie the antiparkinsonian effects of group 111
mGlu activation in the GP (Lopez et al., 2007; Valenti et al., 2003), and electrophysiological
studies have shown that DCPG does not reduce inhibitory striatopallidal transmission in
brain slices obtained from normal or reserpinized rats (Valenti et al., 2003). In agreement
with this finding, intrapallidal DCPG administration fails to reverse akinetic deficits
following bilateral 6-OHDA (Beurrier et al., 2009). These results suggest that activation of
mGlug in the GP is unlikely to mediate the antiparkinsonian effects of DCPG. In the SNr,
direct infusion of group 111 mGlu agonists worsens the impaired motor performance of rats
with bilateral 6-OHDA lesion (Lopez et al., 2007), so it is not likely that the improvement in
motor performance observed after icv administration of DCPG is mediated by activation of
mGlug receptors in the SNr. Interestingly, a recent study showed that direct infusion of very
high doses of DCPG into the SNr reverses motor deficits following overnight reserpine
treatment (Broadstock et al., 2011). However, this effect was not readily blocked by
pretreatment with a group 111 mGlu antagonist, supporting the idea that activation of mGlug
in the SNr may not be responsible for the alleviation of PD-like motor deficits observed
following icv administration of DCPG. Alternatively, other basal ganglia structures, such as
the striatum, as well as CNS structures outside of the basal ganglia, represent possible sites
of action for the antiparkinsonian effects of DCPG.

In conclusion, we have found that the mGlug agonist DCPG produces anti-akinetic effects
consistent with antiparkinsonian-like actions in prolonged but not acute models of PD.
These findings suggest that mGlug activation may partially mediate the alleviation of motor
deficits by group 111 mGlu-selective agonists in prolonged models of dopamine depletion
and indicate that selective activation of mGlug, or simultaneous activation of multiple group
I11 mGlus, may represent a novel therapeutic strategy for the treatment of PD. Further
studies will be necessary to elucidate the mechanisms underlying the antiparkinsonian
effects of DCPG.
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Nonstandard abbreviations

PD Parkinson’s disease

DA dopamine

SNc substantia nigra pars compacta

mGlu metabotropic glutamate receptor

7™ seven transmembrane spanning receptor

CNS central nervous system

PAM positive allosteric modulator

DCPG (5)-3,4-dicarboxyphenylglycine

TVC third ventricle cannulation

6-OHDA 6-hydroxydopamine

icv intracerebroventricular

ACSF artificial cerebrospinal fluid

ip intraperitoneal

sc subcutaneous

im intramuscular

CPu caudate-putamen

HPLC high performance liquid chromatography

PET positron emission tomography

FLA forelimb asymmetry

DOPAC 3,4-dihydroxyphenylacetic acid

HVA homovanillic acid

SNr substantia nigra pars reticulata
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Figure 1. DCPG does not rever se acute reser pine-induced akinesia or haloperidolinduced

catalepsy
Animals were pretreated with reserpine (5 mg/kg, sc) for 2 hours prior to baseline locomotor

activity measurement for 30 minutes (A), or with haloperidol (1.5 mg/kg, ip) for 2 hours
prior to baseline catalepsy measurement (B). After baseline measurements, animals received
an icv infusion of L-AP4 (50 or 100 nmol/2.5 ul), DCPG (2.5, 10, or 30 nmol/2.5 ul) or
vehicle (ACSF). Five minutes after completion of infusion, locomotor activity (A) or
catalepsy (B) was measured again, and the percent change from baseline was calculated.
Data are shown as mean + SEM. Results were obtained from ten animals per treatment
group. *P< 0.05, Dunnett’s comparison with vehicle group.
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Figure 2. DCPG reverses prolonged reser pine-induced akinesia and haloperidol-induced

catalepsy
Animals were pretreated with reserpine (5 mg/kg, sc) for 18-20 hours prior to baseline

locomotor activity measurement for 30 minutes (A), or with three injections of haloperidol
(1.5 mg/kg, ip) evenly spaced over 18-20 hours prior to baseline catalepsy measurement
(B). After baseline measurements, animals received an icv infusion of L-AP4 (50 or 100
nmol/2.5 ul), DCPG (2.5, 10, or 30 nmol/2.5 ul) or vehicle (ACSF, 2.5 pl). Five minutes
after completion of infusion, locomotor activity (A) or catalepsy (B) was measured again,
and the percent change from baseline measurement was calculated. Data are shown as mean
+ SEM. Results were obtained from ten animals per treatment group. *~ < 0.05, Dunnett’s
comparison with vehicle group.
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Figure 3. Striatal dopamine levels are significantly reduced by both acute and prolonged

reser pine treatments

Rats were treated with reserpine (5 mg/kg, sc) or vehicle (1% acetic acid) for 2 hours (acute)
or 20 hours (prolonged) prior to sacrifice. Dopamine (DA) levels from micropunches of the
CPu were measured by HPLC and normalized to the total amount of protein in each sample.
Normalized DA levels were reduced to 11.1% of control levels after acute reserpine
treatment and 4.5% of control levels after prolonged reserpine treatment. Data were obtained
from six animals per treatment group, and are shown as mean + SEM. *£< 0.0001, unpaired
ttest.
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Figure 4. A single dose of haloperidol decanoate induces prolonged catalepsy, akinesia, and Do
dopaminereceptor occupancy

Animals were treated with haloperidol decanoate (50, 100, or 200 mg/kg, im) or vehicle
(sesame oil), and catalepsy (A) and locomotor activity (B) were measured at the indicated
times. For both catalepsy and locomotor activity, repeated measures ANOVA revealed a
significant effect of dose and time, as well as a significant interaction between dose and
time. Catalepsy and locomotor activity measurements were obtained from six to eight rats
per treatment group. For haloperidol decanoate-induced akinesia results (Fig 4B), repeated
measures ANOVA revealed a significant effect of drug treatment (£3, 24y = 60.0), a
significant effect of time (£ 120) = 37.7) and a significant interaction between drug
treatment and time (A5, 120) = 8.8). Data are shown as mean + SEM. *P< 0.0083 vs.
vehicle group, pairwise comparison using Bonferroni correction. #£< 0.0083 vs. 50 mg/kg
group, pairwise comparison using Bonferroni correction. Images showing [18F]fallypride
binding in the striatum were obtained using microPET (C). The striatum is indicated by an
arrow in the top left panel. Images were captured following two hour treatment with 0.2%
lactic acid (vehicle, top left panel) or 1.5 mg/kg haloperidol (free base, ip, bottom left
panel), or 20 hour pretreatment with sesame oil (vehicle, top right panel) or 100 mg/kg
haloperidol decanoate (im, bottom right panel). Images represent single horizontal slices
(0.08 cm thick) from a representative animal summed over the duration of the sixty minute
scan. Scans were performed on four rats for each treatment group.
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Figure 5. DCPG reverses prolonged haloperidol decanoate-induced catalepsy

Animals were pretreated with haloperidol decanoate (100 mg/kg, im) 20 hours prior to
baseline catalepsy measurement. After baseline measurements, animals received an icv
infusion of DCPG (10 nmol/5 pl) or vehicle (ACSF, 5 pl). Ten, twenty, and thirty minutes
after completion of infusion, catalepsy was measured again, and the percent change from
baseline measurement was calculated. Data are shown as mean + SEM. Results were
obtained from eight to ten animals per treatment group. *£< 0.05, unpaired #test.
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Figure 6. DCPG reducesforelimb use asymmetry in ratswith unilateral 6-OHDA lesion

Animals were evaluated for forelimb use asymmetry for 10 minutes prior to icv infusion of
L-AP4 (100 nmol) or DCPG (2.5 or 10 nmol). Five minutes after completion of drug
administration, forelimb use asymmetry was evaluated for an additional 10 minute period.
The FLA Index Scores were calculated as described in the Methods. A negative FLA Index
Score signifies preferential use of the unaffected forelimb, whereas FLA Index Scores close
to zero indicate the absence of a forelimb use preference. Drug treatment resulted in
significant reversal of forelimb asymmetry in rats treated with L-AP4 or 10 nmol DCPG. * P
< 0.05, *** P<0.001 vs. pretreatment (two-way ANOVA followed by Bonferroni
comparison).
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Table 1

D, receptor occupancy following two hour haloperidol or twenty hour haloperidol decanoate treatment.

Drug treatment vehicleBPL DrugBP  p, receptor occupancy?

Haloperidol (free base) 18.4+ 1.8 05+02 97.3%
Haloperidol decanoate  19.1+0.9 04+02 97.9%

1. . .
Binding potential (BP) was calculated as Logan DVR - 1.

2D2 dopamine receptor occupancy was calculated as [1 — (Drug BP/Vehicle BP)] x 100.
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Table 2

Concentrations of dopamine and its metabolites in the dorsal striatum of unilaterally 6-OHDA-lesioned rats.

Treatment Dopamine DOPAC HVA

(ng/mg protein)

6-OHDA (n = 24)

contralateral 66.31 + 13.10 18.10+1.28 1359 +1.51
ipsilateral 0.37+0.061™ 027+004™ 054008
% remaining 0.56 149 3.97

Ak
P<0.001 vs. contralateral concentrations (Student’s £test).
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