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BACKGROUND AND PURPOSE
Increased firing of the glutamatergic pathway between the subthalamic nucleus and substantia nigra pars reticulata (SNpr)
contributes to the abnormal firing of motor circuits and subsequent motor deficits seen in Parkinson’s disease. Broad spectrum
agonist-induced activation of presynaptic group III metabotropic glutamate (mGlu) receptors within the SNpr reduced
glutamate release and reversed akinesia in the reserpine-treated rat model of Parkinson’s disease. Here, we have sought to
identify which subtypes of group III mGlu receptor in the SNpr were responsible for these beneficial effects.

EXPERIMENTAL APPROACH
The ability of the mGlu4 positive allosteric modulator, N-phenyl-7-(hydroxyminocyclopropa[b]chromen-1a-carboxamide)
(PHCCC), the mGlu7 allosteric agonist, N,N′-dibenzhydrylethane-1,2-diamine dihydrochloride (AMN082) and the
mGlu8-selective agonist (S)-3,4-dicarboxyphenylglycine [(S)-3,4-DCPG] to inhibit KCl-evoked [3H]-D-aspartate release was
examined in vitro in rat nigral prisms. Reversal of akinesia in reserpine-treated rats was also assessed following intranigral
injection of these agents.

KEY RESULTS
PHCCC and AMN082 inhibited [3H]-D-aspartate release by 42% and 53%, respectively when given alongside a sub-threshold
concentration of the broad spectrum group III agonist, L-2-amino-4-phosphonobutyrate (L-AP4; 1 mM). In contrast
(S)-3,4-DCPG failed to inhibit [3H]-D-aspartate release. All three agents also reversed reserpine-induced akinesia although only
the effects of PHCCC and AMN082 were inhibited by pre-treatment with the group III antagonist (RS)-a-cyclopropyl-4-
phosphonophenylglycine (CPPG).

CONCLUSIONS AND IMPLICATIONS
These findings reveal that targeting SNpr mGlu4 or mGlu7 receptors, but not mGlu8 receptors, provided relief from akinesia in
the reserpine-treated rat model of Parkinson’s disease, most likely reflecting inhibition of excess glutamate release in this
region.
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Abbreviations
6-OHDA, 6-hydroxy dopamine; AMN082, N,N′-Dibenzhydrylethane-1,2-diamine dihydrochloride; CPPG,
(RS)-a-cyclopropyl-4-phosphonophenylglycine; (S)-3,4-DCPG, (S)-3,4-dicarboxyphenylglycine; EPSC, excitatory
post synaptic current; IPSC, inhibitory post synaptic current; L-AP4, L-2-amino-4-phosphonobutyrate; L-SOP,
O-phospho-L-serine; mGlu, metabotropic glutamate; PAM, positive allosteric modulator; PHCCC, N-phenyl-7-
(hydroxyminocyclopropa[b]chromen-1a-carboxamide; SNpr/pc, substantia nigra pars reticulata/pars compacta; STN,
subthalamic nucleus

Introduction

Current dopaminergic treatments for Parkinson’s disease are
very effective in the short term but produce debilitating side-
effects with long-term use including on-off fluctuations in
efficacy and the appearance of uncontrollable dyskinesia. The
motor deficits seen in Parkinson’s disease such as postural
instability, akinesia and tremor result primarily from degen-
eration of dopaminergic neurones in the substantia nigra pars
compacta (SNpc). This degeneration produces a marked
reduction in striatal dopamine innervation, which produces
downstream changes in basal ganglia firing culminating in
increased activity of the GABAergic output regions, the sub-
stantia nigra pars reticulata (SNpr) and internal globus palli-
dus, which leads to inhibition of thalamocortical feedback
and ensuing motor deficits. The increased activity of the
output regions may be initiated and maintained through
increased innervation from the glutamatergic subthalamic
nucleus (STN), which is known to exhibit increased firing in
idiopathic Parkinson’s disease (Hutchison et al., 1998; Benaz-
zouz et al., 2002). It follows that reducing this glutamatergic
drive may help combat the motor symptoms in Parkinson’s
disease. In support of this suggestion, surgical subthalamo-
tomy or deep brain stimulation to dampen down firing of the
STN provide symptomatic relief in patients (see Peppe et al.,
2004; Alvarez et al., 2005). Given the cost, limited accessibil-
ity and inherent risks of neurosurgery, pharmacological inhi-
bition of glutamate release from STN terminals in the SNpr is
an attractive alternative strategy worth pursuing in order to
achieve similar symptomatic benefits. Group III metabotropic
glutamate (mGlu) receptors are considered promising targets
to achieve such an effect (see Hopkins et al., 2009; Duty,
2010).

Group III mGlu receptors comprise four subtypes: mGlu4,
mGlu6, mGlu7 and mGlu8 (receptor nomenclature follows
Alexander et al., 2011) with all but mGlu6 playing important
neuromodulatory roles in the brain (Conn and Pin, 1997).
These receptors couple through Gi/Go and are found predomi-
nantly, though not exclusively, on presynaptic elements of
both GABAergic and glutamatergic synapses, where their acti-
vation has already been shown to reduce transmitter release
in regions such as the thalamus, superior colliculus and
globus pallidus (Turner and Salt, 1999; Pothecary et al. 2002;
MacInnes and Duty, 2008). More recently we demonstrated
that activation of group III mGlu receptors in the SNpr,
using broad spectrum agonists such as L-2-amino-4-
phosphonobutyrate (L-AP4) and O-phospho-L-serine (L-SOP)
reduces glutamate release in the SNpr both in vitro and in vivo
(Austin et al., 2010). These findings were consistent with pre-
vious electrophysiological reports of L-AP4-mediated inhibi-
tion of STN-evoked excitatory post synaptic currents (EPSCs)
in the SNpr (Wittmann et al., 2001).

In addition, we have demonstrated that intranigral injec-
tion of L-AP4 or L-SOP reverses akinesia in the reserpine-
treated rat model of Parkinson’s disease (MacInnes et al.,
2004; Austin et al., 2010). The efficacy of broad spectrum
group III mGlu agonists has also been demonstrated against
haloperidol-induced catalepsy following injection into the
SNpr (Konieczny et al., 2007). Taken together, these transmit-
ter release and behavioural studies suggest that group III
mGlu receptors are promising targets for alleviation of aki-
netic symptoms in Parkinson’s disease. In situ hybridization
studies have revealed mRNA encoding mGlu4, mGlu7 and
mGlu8 in the STN (Messenger et al., 2002) and immunoreac-
tivity for at least mGlu4, and mGlu7 is confirmed within the
SNpr, mGlu4 having been further localized to presynaptic
elements of excitatory asymmetric synapses (Kosinski et al.,
1999; Corti et al., 2002). Thus at least two subtypes of mGlu
receptor may underlie these responses and therefore offer
useful pharmacological targets to reduce glutamate release in
the SNpr in Parkinson’s disease.

The aims of the present study were therefore to establish
which group III mGlu receptors were able to produce the
desired inhibition of transmitter release in the SNpr using an
in vitro nigral slice preparation and to examine whether acti-
vation of these receptors in vivo could provide relief of akine-
sia in the reserpine-treated rat model. The findings of the
study support a role for mGlu4 and mGlu7 receptors in bring-
ing about these actions, but rule out any contribution from
mGlu8 receptors.

Methods

Animals
All animal care and experimental procedures conformed to
the UK Animals (Scientific Procedures) Act, 1986 and every
effort was made to minimize animal numbers and suffering.
Male Sprague Dawley rats (B & K, UK) weighing 270–300 g
were used in these studies. Food and water were provided
ad libitum. Animals were housed in a temperature- and
humidity-controlled environment with a 12 h light/dark
cycle.

Experimental protocol for [3H]-D-aspartate
release in the substantia nigra
Release experiments were carried out using the non-
metabolized tritiated analogue of glutamate, [3H]-D-aspartate,
as previously described (Austin et al., 2010). Animals were
killed by stunning and cervical dislocation, the brains rapidly
removed and the substantia nigra (SN) (containing both SNpc
and SNpr segments) dissected out and chopped into 350 mm
prisms. Tissues pooled from three animals per experimental
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run were equilibrated for 45 min in Krebs solution (compo-
sition in mM: NaCl 134, CaCl 1.3, MgSO4 1, NaHCO3 25, KCl
5, KH2PO4 1.24, glucose 10) at pH 7.4, aerated (95% O2/5%
CO2) and maintained at 37°C. Tissues were then loaded for
45 min in Krebs solution containing 33 mM [3H]-D-aspartate
(0.222 MBq), washed three times in Krebs solution and finally
suspended in 1.2 mL Krebs solution before being transferred
in 100 mL aliquots into a 12-chamber Brandel perfusion
system (Semat, St Albans, UK) with a 1 mL·min-1 perfusion
rate. Following a 1 h equilibration, 2 min perfusate fractions
were collected into vials containing 3 mL of scintillation fluid
(Optiphase Hi-Safe 2). Basal [3H]-D-aspartate release was
determined over the first three fraction (6 min) and followed
by 2 min stimulation (S1) with Krebs solution containing
25 mM KCl (with equimolar reduction of NaCl to 114 mM)
to evoke [3H]-D-aspartate release. An 18 min washout
period was then followed by a second, 25 mM KCl stimula-
tion for 2 min (S2). The mGlu4 positive allosteric mo-
dulator (PAM), PHCCC (Maj et al., 2003; 1–100 mM),
the mGlu7-selective agonist, AMN082 (Mitsukawa et al.,
2005; 1–100 mM), the mGlu8-selective agonist (S)-3,4-DCPG
(Thomas et al., 2001; 0.03–10 mM) or vehicle were added to
the perfusate 8 min prior to and during S2. Where noted,
drugs were applied in combination with a sub-threshold con-
centration of L-AP4 (1 mM; taken from Austin et al., 2010).
L-AP4 and (S)-3,4-DCPG were dissolved in Krebs solution
while PHCCC and AMN082 were made up in a final solution
of 1% DMSO in Krebs solution. Release fractions and remain-
ing tissues were analysed for [3H]-D-aspartate content by
liquid scintillation spectroscopy.

Experimental protocol for monitoring reversal
of akinesia in reserpine-treated rats following
intranigral drug administration
A total of 128 rats were used for these studies, which were
performed as described in Austin et al. (2010). Under general
anaesthesia (isoflurane, 5% induction and 3% maintenance
in 95% O2/5% CO2) 23-gauge stainless-steel guide cannulae
were stereotaxically implanted 2 mm above the SNpr
[AP, -5.5 mm; ML, �2.2 mm; VM, -6.3 mm from Bregma
(Paxinos and Watson, 1998)]. Bilateral cannulation was per-
formed to double the chances of obtaining a patent cannula
in each animal, thereby reducing overall numbers required.
Cannulae were secured in place with dental cement and
microscrews anchored into the skull before placing 30-gauge
stainless-steel stylets inside to prevent blockage. A minimum
of 4 days post cannulation, animals were rendered akinetic by
administration of reserpine [4 mg·kg-1, s.c.; prepared as 5 mL
of a 4 mg·mL-1 solution in 18 MW water containing 0.85%
(v/v) glacial acetic acid] under light anaesthesia (3% isoflu-
rane in 95% O2/5% CO2).

Eighteen hours later, when a stable level of akinesia had
developed, manifested as complete loss of locomotor activ-
ity, pre-acclimatized animals were replaced into 40 cm
diameter, flat-bottomed hemispherical bowls for video-
recording of baseline locomotor activity over 30 min.
Animals (n = 5–8 per group) then received a single unilateral
injection (adjusted to pH 7.4) of PHCCC (3–75 nmol in
2.5 mL PBS with 40% DMSO), AMN082 (3–100 nmol in
2.5 mL PBS with 40% DMSO), (S)-3,4-DCPG (30–300 nmol

in 0.5 mL PBS) or corresponding vehicle. Injections
(1 mL·min-1) were made, in conscious animals, through a
30-gauge stainless-steel needle that extended 2 mm below
the tip of the guide cannulae into the SNpr and was
attached via Portex tubing to a 10 mL Hamilton syringe.
When examined, the group III mGlu antagonist, CPPG
(75 nmol in 2.5 mL PBS; Toms et al., 1996) or vehicle was
injected into the SNpr 30 min before the mGlu agonists or
allosteric modulators. Following each injection, the needle
was left in place for a further 2 min to allow diffusion of the
drug from the site of injection. As firing of the STN is
increased ~50% following reserpine treatment (Robledo and
Feger, 1991) and this is accompanied by an increase in
extracellular glutamate levels in STN target areas (Biggs
et al., 1997), endogenous glutamate levels were expected to
be sufficient to provide a low level of occupation of the
orthosteric site on the group III mGlu receptors. Therefore,
in contrast to the above in vitro experiments, both PHCCC
and AMN082 were administered to the reserpine-treated rat
without L-AP4. Locomotor activity in the form of 360° con-
traversive rotations representative of unilateral reversal of
akinesia was video-recorded for 60 min for subsequent
analysis, without knowledge of the treatments. Trypan blue
dye was injected through the cannula at the end of the
experiment to allow the anatomical location of the probe,
and hence site of injection, to be determined. Animals then
received a lethal dose of pentobarbital before their brains
were removed and rapidly frozen on cooled (-40°C) isopen-
tane. Frozen brains were cryostat sectioned at 30 mm and
then analysed by light microscopy. Any animals with incor-
rect cannula placement (<8% total) were eliminated from
the data analysis and, importantly, did not produce any
rotational behaviour like that seen in animals with accu-
rately placed cannulae.

Data handling and statistical analysis
All data are expressed as mean � SEM, where n represents the
number of animals in each experimental group. Statistical
analyses were performed using GraphPad Prism (version 5.0).

In vitro release
The amount of [3H]-D-aspartate present in each release frac-
tion was calculated as a percentage of the total present in the
tissue at the start of the fraction. Graphs of % release over
time were thus constructed and the total [3H]-D-aspartate
content of S1 and S2 was calculated by integrating the area
under the respective peaks using Origin 7 Peak-fitting soft-
ware (Aston Scientific, Buckinghamshire, UK). The mean
S2/S1 ratio was calculated to give an index of drug efficacy by
pooling data from at least two independent experimental
runs for that condition (minimum of six tissues from six rats).
Differences in the S2/S1 ratio between groups were analysed
using a one-way ANOVA with a Student Newman-Keuls (SNK)
post hoc test.

Reversal of reserpine-induced akinesia
The number of 360° contraversive rotations evoked following
intranigral drug administration was counted, in 5 min inter-
vals from videotaped recordings and plotted as a time-course.
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Differences at each time point between drug and vehicle were
analysed using a two-way ANOVA and Bonferroni’s post hoc
test. The total number of rotations over 60 min was com-
pared between different treatment groups using one-way
ANOVA and SNK post hoc test. The ability of CPPG to block
responses to PHCCC or AMN082 was analysed using an
unpaired two tailed Student’s t-test.

Materials
L-AP4, (S)-3,4-DCPG, AMN082, PHCCC and CPPG were all
obtained from Tocris Cookson, Bristol, UK. [3H]-D-aspartate
was obtained from Amersham, Little Chalfont, Bucks, UK. All
other materials were obtained from Sigma-Aldrich, Somerset,
UK.

Results

[3H]-D-aspartate release in the SN
Basal release of [3H]-D-aspartate from nigral prisms (0.8–1%)
was consistent with previous reports (Austin et al., 2010). The
mGlu4 PAM, PHCCC, was applied in conjunction with a
sub-threshold concentration of L-AP4 (1 mM), added to
occupy the orthosteric, glutamate-binding site on mGlu4. As
expected, neither L-AP4 (1 mM) nor PHCCC (1–100 mM) had
any effect on basal or 25 mM KCl-evoked [3H]-D-aspartate
release when administered alone. In contrast, when given
with L-AP4, PHCCC inhibited evoked release. The profile of
this inhibition is shown in Figure 1A for the optimum
concentration (30 mM PHCCC). PHCCC produced a
concentration-dependent inhibition of 25 mM KCl-evoked
release (reduced S2/S1 ratio), reaching significance at 3, 30
and 100 mM (one-way ANOVA with SNK post hoc analysis;
Figure 1B–E,). Maximal inhibition of 42 � 11.2% (mean �

SEM, n = 6) was achieved with 100 mM PHCCC.
The effect of selective activation of mGlu7 receptors was

tested using AMN082. Although originally described as an
allosteric agonist that binds to a site within the transmem-
brane domain, distal from the glutamate-binding site (Mit-
sukawa et al., 2005), when administered alone in the present
dual stimulation release paradigm, AMN082 had no effect on
evoked [3H]-D-aspartate release across a wide concentration
range (0.01–100 mM; data not shown), which extended
beyond its estimated EC50 of 0.064–0.290 mM. Given that
allosteric agonists may have potentiating effects when given
with orthosteric agonists (Conn and Niswender, 2006), we
next examined the effects of AMN082 in combination with
the sub-threshold concentration of L-AP4 (1 mM), previously
used to probe the potentiating effects of PHCCC. As expected,
neither L-AP4 (1 mM) nor AMN082 (1–100 mM) had any effect
on basal or 25 mM KCl-evoked [3H]-D-aspartate release when
administered alone. However, when combined with the sub-
threshold concentration of L-AP4, AMN082 inhibited 25 mM
KCl-evoked release. The profile of this inhibition is shown in
Figure 2A for the optimum concentration (30 mM). Under
these conditions, AMN082 produced a concentration-
dependent inhibition of release, reaching significance at 30
and 100 mM (one-way ANOVA with SNK post hoc analysis;
Figure 2B–E) with maximal inhibition of 53 � 9.8% (mean �

SEM, n = 6) produced by 30 mM AMN082.

The effect of selective activation of mGlu8 receptors was
probed using (S)-3,4-DCPG. Over a wide concentration
range (0.03–10 mM) spanning the estimated EC50 of 31 nM
(Thomas et al., 2001) (S)-3,4-DCPG had no significant effects
on either basal or 25 mM KCl-evoked [3H]-D-aspartate
release (Figure 3A,B). Any action as a positive modulator
was also ruled out since (S)-3,4-DCPG (0.3–30 mM) also
failed to inhibit release when given in conjunction with the
sub-threshold concentration of 1 mM L-AP4 (data not
shown).

Reversal of akinesia following intranigral
group III mGlu receptor stimulation
The antiparkinsonian effects of the mGlu4 PAM, PHCCC and
the mGlu7 allosteric agonist, AMN082 were explored in vivo
without the need for co-administration of a sub-threshold
dose of L-AP4. Unilateral intranigral injection of both agents
produced a marked reversal of reserpine-induced akinesia, the
profiles of which are shown for the maximally effective doses
in Figure 4. PHCCC (75 nmol) produced net contraversive
rotations, which were significantly increased compared with
vehicle within 5 min of injection and remained so for up to
40 min (two-way ANOVA with Bonferroni’s post hoc test)
(Figure 4A). Intranigral injection of AMN082 (100 nmol) also
produced net contraversive rotations, which were signifi-
cantly increased compared with vehicle between 15 and
30 min (two-way ANOVA with Bonferroni’s post hoc test)
(Figure 4B). In both cases, animals treated with vehicle alone
remained fully akinetic throughout the recording period.
Quantification of the rotations produced in 60 min revealed
that responses to both PHCCC (3–75 nmol) and AMN082
(3–100 nmol) were dose-dependent (Figure 4C,D), reaching a
maximum of 141 � 28 rotations with 75 nmol PHCCC (mean
� SEM, n = 8; P < 0.01 vs. vehicle) and 226 � 75 rotations
with 100 nmol AMN082 (mean � SEM, n = 6; P < 0.05 vs.
vehicle) both using one-way ANOVA with SNK post hoc test.
The involvement of group III receptor activation in these
responses was assessed using the group III mGlu-selective
antagonist, CPPG that binds to the orthosteric site and is
therefore expected to compete with endogenous glutamate
for binding (Toms et al., 1996). Administration of CPPG
(75 nmol) alone produced no change in net contraversive
rotations (data not shown). However, pre-treatment with
CPPG significantly inhibited the subsequent responses to
both 75 nmol PHCCC and 100 nmol AMN082 by approxi-
mately 70% (Figure 4E,F, P < 0.01 vs. vehicle pre-treatment;
unpaired two-tailed t-test).

Despite showing a lack of efficacy in vitro, the mGlu8

agonist (S)-3,4-DCPG (0.3–300 nmol) produced a significant
dose-dependent reversal of akinesia in the reserpine-treated
rat. This response was, however, much shorter in duration
than that seen with PHCCC or AMN082, with a significant
increase in contraversive rotations compared with vehicle
seen for the maximally effective dose (300 nmol) only
between 5 and 10 min post injection (P < 0.01; two-way
ANOVA with Bonferroni’s post hoc test) (Figure 5A). The effects
of (S)-3,4-DCPG were dose-dependent, but reached signifi-
cance only at the highest dose tested (300 nmol; one-way
ANOVA with SNK post hoc test) (Figure 5B). However, 30 min
pre-treatment with the specific group III receptor antagonist
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CPPG failed to inhibit the rotational responses to either
100 nmol (S)-3,4-DCPG (data not shown) or 300 nmol (S)-
3,4-DCPG (Figure 5C).

Discussion

Restricting the excess glutamate release in the SNpr may offer
symptomatic relief in Parkinson’s disease. We recently

reported that activation of presynaptic group III mGlu recep-
tors using the broad spectrum agonists L-SOP or L-AP4 inhib-
ited depolarization-evoked glutamate release in the SNpr
both in vitro and in vivo (Austin et al., 2010). Moreover, in the
reserpine-treated rat model of Parkinson’s disease, injection
of L-SOP or L-AP4 into the SNpr reversed akinesia (MacInnes
et al., 2004; Austin et al., 2010). The present study extends
these findings to show that selective targeting of mGlu4 and
mGlu7 receptors, but not mGlu8 receptors is sufficient to

Figure 1
Effect of the mGlu4 positive allosteric modulator, PHCCC, on 25 mM KCl-evoked [3H]-D-aspartate release in rat nigral tissue prisms. (A) Release
profile showing the effect of 30 mM PHCCC, given with a sub-threshold concentration of L-AP4 (1 mM), on release evoked by the second KCl
stimulus (S2). Horizontal bars indicate the periods of contact with KCl or drug/vehicle. Data are mean � SEM (n = 3 from a single experimental
run). (B–E) Graphs of S2/S1 ratio showing concentration-dependent effects of PHCCC, combined with L-AP4 (1 mM), on [3H]-D-aspartate release.
Data are mean � SEM (n = 6). *P < 0.05, **P < 0.01, significantly different from vehicle; #P < 0.05, ##P < 0.01, significantly different from PHCCC
alone; ••P < 0.01, significantly different from L-AP4 alone. The presence (+) or absence (-) of drugs is indicated.
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reduce glutamate release from nigral tissue in vitro and to
bring about reversal of reserpine-induced akinesia.

Effects of group III mGlu receptor activation
on glutamate release in the SN
The presence of mGlu4 receptors on the desired excitatory
terminals in the SNpr has been confirmed using electron
microscopy (Corti et al., 2002). The localization of mRNA

encoding mGlu4 receptors in the STN (Messenger et al., 2002),
coupled with the fact that glutamatergic efferents from the
STN comprise the major excitatory input into the SNpr
(Parent and Hazrati, 1995), points to these mGlu4 receptors
being located on STN terminals in this region. The present
study reveals that these receptors are functional as their acti-
vation using the mGlu4 PAM, PHCCC in combination with a
sub-threshold concentration of L-AP4 to activate the orthos-

Figure 2
Effect of the mGlu7 allosteric modulator, AMN082, on 25 mM KCl-evoked [3H]-D-aspartate release in rat nigral tissue prisms. (A) Release profile
showing the effect of 100 mM AMN082, given with a sub-threshold concentration of L-AP4 (1 mM), on release evoked by the second KCl stimulus
(S2). Horizontal bars indicate the periods of contact with KCl or drug/vehicle. Data are mean � SEM (n = 3 from a single experimental run). (B–E)
Graphs of S2/S1 ratio showing concentration-dependent effects of AMN082 on [3H]-D-aspartate. Data are mean � SEM (n = 6). *P < 0.05,
**P < 0.01, significantly different from vehicle; #P < 0.05, ##P < 0.01, significantly different from AMN082 alone; •P < 0.05, ••P < 0.01, significantly
different from L-AP4 alone. The presence (+) or absence (-) of drugs is indicated.

BJPNigral group III mGlu receptors and Parkinson’s

British Journal of Pharmacology (2012) 165 1034–1045 1039



teric site on the receptor inhibits release of the glutamate
analogue, [3H]-D-aspartate, from SNpr tissue prisms in vitro.
These data are consistent with previous reports that, in com-
bination with a low concentration of L-AP4, PHCCC inhibits
STN-evoked EPSCs in the SNpr (Valenti et al., 2005). The
present effects were triggered between 1 and 3 mM, in agree-
ment with an estimated EC50 of PHCCC at mGlu4 receptors of
around 3.7 mM (Marino et al., 2003). While at these concen-
trations, PHCCC may also reportedly inhibit mGlu1 receptors
(IC50 3 mM; Annoura et al., 1996), such an action is ruled out
here since PHCCC had no effect in the absence of L-AP4,
supporting an allosteric potentiation mechanism. These find-
ings indicate that mGlu4 receptors in the SNpr present an
effective target for restricting glutamate release from STN
terminals in Parkinson’s disease.

The presence of mGlu7 receptors on STN terminals in the
SNpr has not been directly demonstrated. However, given
that mGlu7 mRNA is found within the STN, it is very likely
that at least some of the mGlu7 immunoreactivity present in
the SNpr reflects receptors on presynaptic STN terminals
(Kosinski et al., 1999; Messenger et al., 2002; Figure S1).
When added alone, the mGlu7-selective allosteric agonist,
AMN082 failed to modify [3H]-D-aspartate release. However,
when given alongside a sub-threshold concentration of
L-AP4, AMN082 produced a concentration-dependent inhi-
bition of release. AMN082 has also been shown to potentiate
L-AP4-mediated inhibition of EPSCs in the rat basolateral
amygdala (Ugolini et al., 2008), further supporting a potenti-
ating rather than a direct agonist action of AMN082. These
electrophysiological effects, like those on [3H]-D-aspartate

Figure 3
Effect of the mGlu8 agonist (S)-3,4-DCPG, on 25 mM KCl-evoked [3H]-D-aspartate release in rat nigral tissue prisms. (A) Release profile showing
the effect of (S)-3,4-DCPG (1 mM) on release evoked by the second KCl stimulus (S2). Horizontal bars indicate the periods of contact with KCl or
drug/vehicle. Data are mean � SEM (n = 3 from a single experimental run). (B) Graph of S2/S1 ratio showing lack of effect of increasing
concentrations of (S)-3,4-DCPG on [3H]-D-aspartate release. Data are mean � SEM (n = 6).
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release, were produced at concentrations of AMN082 (10 mM
and above) higher than the estimated EC50 (0.26 mM). Indeed,
10 mM AMN082 does induce moderate increases in GTPg35S
binding in cells expressing mGlu4 (18%) and mGlu8 (20%)
receptors, albeit with much more marked activation (140%)
seen in cells expressing mGlu7 receptors (Mitsukawa et al.,
2005). Therefore, while the present effects of AMN082 are
most likely mGlu7-mediated, a small contribution from other
group III mGlu receptors cannot be ruled out.

Contrary to the finding with PHCCC and AMN082, the
mGlu8-selective agonist (S)-3,4-DCPG failed to inhibit release
over a wide concentration range when applied either alone or
in combination with L-AP4. Although peak KCl-evoked
release was higher in these studies (2.4%, compared with
1.5% and 1.7% in the studies with PHCCC or AMN082,

respectively), this higher peak would not mask any inhibitory
effect of (S)-3,4-DCPG, since inhibition of a similarly high
peak release was achieved withL-SOP and L-AP4 (Austin et al.,
2010). These data therefore indicate a clear lack of involve-
ment of mGlu8 receptors in modulating glutamate release in
the SNpr. Given that STN efferents co-excite both segments
of the SN (SNpr and SNpc), these findings are consistent with
the lack of effect of mGlu8 receptors in mediating inhibition
of STN-evoked EPSCs in the SNpc (Valenti et al., 2005) and
may reflect the very low levels of mGlu8 immunoreactivity
present in the SN(Figure S1). Collectively, these data imply
that mGlu4 and mGlu7, but not mGlu8 receptors may be
ideally placed to restrict, pharmacologically, excess glutamate
release in the SNpr and thereby provide symptomatic relief in
Parkinson’s disease.

Figure 4
Effect of unilateral injection of the mGlu4 positive allosteric modulator, PHCCC (A,C,E) or the mGlu7 allosteric modulator, AMN082 (B,D,F) in the
SNpr on reversal of akinesia in the reserpine-treated rat. (A,B) Time-course of rotational activity induced by the maximally effective dose of 75 nmol
PHCCC or 100 nmol AMN082. Data are mean � SEM (n = 8, PHCCC or n = 6, AMN082). *P < 0.05, **P < 0.01, ***P < 0.001, significantly different
from vehicle. (C,D) Effect of increasing doses of PHCCC or AMN082 on total rotational activity over 60 min. Data are mean � SEM (n = 8, PHCCC
or n = 6 AMN082). *P < 0.05, **P < 0.01, significantly different from vehicle; #P < 0.05, significantly different from 3 nmol doses. (E,F) Effect of
pre-treatment with CPPG (75 nmol) on the rotational response to PHCCC (75 nmol) or AMN082 (100 nmol). Data are mean � SEM (n = 8,
PHCCC or n = 6 AMN082). **P < 0.01, significantly different from vehicle pre-treatment.
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Reversal of akinesia in the reserpine-treated
rat model of Parkinson’s disease following
subtype-specific activation of group III mGlu
receptors in the SNpr
The reserpine-treated rat was chosen to model parkinsonian
akinesia because depletion of dopamine in these animals
increases the firing rate of the STN comparable to that seen in
Parkinson’s disease (Robledo and Feger, 1991; Hutchison
et al., 1998; Benazzouz et al., 2002) and elevates glutamate

release in the basal ganglia output regions (Biggs et al., 1997).
Moreover, direct injection of the broad spectrum agonists,
L-AP4 and L-SOP into the SNpr has been shown to reverse
akinesia in this model (Macinnes et al., 2004; Austin et al.,
2010). Here, reversal of reserpine-induced akinesia was pro-
duced following direct injection of the mGlu4 PAM, PHCCC
or the mGlu7 allosteric agonist AMN082 into the SNpr. The
ability of both PHCCC and AMN082 to act in the absence of
a sub-threshold dose of L-AP4 (which was needed for efficacy
in vitro), most likely reflects the presence within SNpr of
reserpinized rats of sufficient levels of endogenous glutamate
to occupy the orthosteric sites on both mGlu4 and mGlu7

receptors (Biggs et al., 1997).
The effects of both PHCCC and AMN082 were inhibited

approximately 70% by the selective group III mGlu antago-
nist, CPPG. Although it remains to be seen whether higher
doses of CPPG (>75 nmol) would have inhibited the residual
response, this sensitivity to CPPG confirms that the majority
of these responses are mediated through group III mGlu
receptors. This confirmation is essential for interpretation of
the effects of AMN082, given recent preliminary reports that
AMN082 is rapidly metabolized in vivo, with its metabolite
displaying binding affinity for a wide range of targets includ-
ing the transporters for dopamine (DAT), noradrenaline
(NET) and 5-HT (SERT) (Brodbeck et al., 2010; Sukoff-Rizzo
et al., 2010). The direct injection into the SNpr in this study
is most likely to circumvent many of these issues with
metabolite formation and, coupled with the ability of CPPG
to reverse the present effects of AMN082, points to these
being produced through mGlu7 receptors.

A role for mGlu4 receptors in bringing about antiparkin-
sonian responses has been suggested previously on the basis
of attenuation of reserpine-induced akinesia by i.c.v. injec-
tions of PHCCC or by a second mGlu4 PAM, VU0155041
(Marino et al., 2003; Niswender et al., 2008). Although the
site at which these previous actions were mediated was not
examined, the authors suggested this was the globus pallidus
(analogous to the human globus pallidus externus) where
PHCCC potentiates L-AP4-mediated inhibition of striatal-
evoked inhibitory post synaptic currents (IPSCs) (Marino
et al., 2003). Supporting this suggestion, direct intrapallidal
injections of the broad spectrum group III agonists L-SOP or
ACPT-I reversed reserpine-induced akinesia or haloperidol-
induced catalepsy (MacInnes et al., 2004; Konieczny et al.,
2007), while intrapallidal infusion of the mGlu4 agonist,
LSP1-2111 reversed akinesia in a bilateral 6-hydroxy dopam-
ine (6-OHDA) lesion model of Parkinson’s disease and
reverses haloperidol-induced catalepsy (Beurrier et al., 2009).
This antiparkinsonian action may reflect inhibition of GABA
release within the globus pallidus, as demonstrated in vivo
with L-AP4 and L-SOP (MacInnes and Duty, 2008), which is
predicted to normalize firing within the indirect basal ganglia
circuit. The present study now exposes an additional comple-
mentary site of action through which mGlu4 modulators offer
antiparkinsonian relief, the SNpr and indicates that a reduc-
tion in glutamate release, as shown here in vitro, may underlie
this efficacy. Although L-AP4-mediated activation of group III
mGlu receptors in the SNpr in vivo similarly leads to inhibi-
tion of glutamate release, further studies with mGlu4-selective
agents would undoubtedly strengthen this conclusion. It is
important to qualify that within the SNpr group III mGlu

Figure 5
Effect of unilateral injection of the mGlu8 agonist (S)-3,4-DCPG, in
the SNpr on reversal of akinesia in the reserpine-treated rat. (A)
Time-course of locomotor activity induced by the maximally effective
dose of 300 nmol (S)-3,4-DCPG. Data are mean � SEM (n = 5).
***P < 0.001, significantly different from vehicle. (B) Effect of increas-
ing doses of (S)-3,4-DCPG on total rotational activity over 60 min.
Data are mean � SEM (n = 4). *P < 0.05, significantly different from
vehicle. (C) Effect of pre-treatment with CPPG (75 nmol) on the
rotational response to (S)-3,4-DCPG (300 nmol). Data are mean �

SEM (n = 5).
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receptors also exist on presynaptic terminals of the GABAer-
gic striatonigral pathway, where their activation inhibits
striatal-evoked IPSCs within the SNpr (Wittmann et al.,
2001). Such an action is predicted to worsen, rather than
alleviate parkinsonian symptoms by further increasing firing
of an already overactive SNpr. However, Wittmann et al.
(2002) demonstrated that in brain slices obtained from
reserpine-treated rats and bathed continuously in reserpine in
vitro, or in control slices incubated with haloperidol, while
the ability of L-AP4 to inhibit STN-evoked EPSCs in the SNpr
was retained, its ability to inhibit striatal-evoked IPSCs in this
region was lost. Thus, under parkinsonian conditions where
marked dopamine depletion is evident, actions at group III
mGlu receptors on glutamatergic STN terminals in the SNpr
appear to override those on GABAergic striatal terminals in
this region, as evidenced by the present reversal of akinesia
following intra-SNpr injections of both PHCCC and
AMN082, and previous observations with L-SOP and L-AP4
(Austin et al., 2010). Indeed, beneficial actions following
intranigral injections of broad spectrum group III agonists are
also seen in other animal models of Parkinson’s disease where
dopaminergic transmission is severely compromised such as
the haloperidol-induced catalepsy model ((Konieczny et al.,
2007) and in animals bearing a full unilateral 6-OHDA lesion
of the nigrostriatal tract (Figure S2). In contrast, in animal
models of Parkinson’s disease where some dopaminergic
transmission remains, the action of group III mGlu agonists
on GABAergic striatonigral terminals appears to predominate.
Thus, Lopez et al. (2007) reported that in 6-OHDA treated rats
bearing a partial (~ 60%) lesion, injection of ACPT-I into the
SNpr leads to a worsening of akinesia. Targeting of group III
mGlu receptors in the SNpr may therefore have greater
impact in the later stages of the disease and further studies
with mGlu4- and mGlu8-selective agents in 6-OHDA treated
rats bearing lesions of between 60% and 100% will help to
clarify this.

The present study also supports a favourable role for
mGlu7 receptors in the SNpr to bring about relief of akine-
sia. A recent study reported that AMN082 (0.1–0.5 nmol)
reverses haloperidol-induced catalepsy following injection
into the striatum, but not when injected into the globus
pallidus (Greco et al., 2010). Therefore, as for mGlu4 recep-
tors, it appears there are multiple complimentary sites of
action for mGlu7 agents in the basal ganglia circuitry,
though these effects are both likely to reflect inhibition of
glutamate release – from overactive corticostriatal or sub-
thalamonigral terminals. As noted for mGlu4, further in vivo
microdialysis studies to back up the present in vitro demon-
stration of mGlu7 receptor-mediated inhibition of glutamate
release in the SNpr would strengthen this conclusion. It
should be noted that the effective doses in the SNpr (100–
300 nmol) are far higher than those required to reverse
haloperidol-induced catalepsy in the striatum (0.1–
0.5 nmol). While these discrepancies may reflect the differ-
ent sites of injection and animal models of Parkinson’s
disease used in the two studies, the high doses of AMN082
required to reverse reserpine-induced akinesia may be sug-
gestive of the involvement of other group III mGlu recep-
tors such as mGlu4, which may be activated at this level
(Mitsukawa et al., 2005) and which would be blocked by the
non-selective group III mGlu antagonist, CPPG. Although

suggestive of a promising role for mGlu7 receptors in the
symptomatic treatment of Parkinson’s disease, the availabil-
ity of more selective mGlu7 agonists or potentiators is
awaited in order to corroborate these findings.

Consistent with the lack of effect of the mGlu8 agonist
(S)-3,4-DCPG in the release studies described above, mGlu8

receptors appear unlikely targets for providing antiparkinso-
nian relief in the reserpine-treated rat. Contrary to expecta-
tions, injection of (S)-3,4-DCPG into the SNpr did produce a
dose-dependent reversal of akinesia. However, unlike the
responses to PHCCC and AMN082, this effect of (S)-3,4-
DCPG was not inhibited by pre-treatment with CPPG,
suggesting it was driven through an off-target action of (S)-
3,4-DCPG, independent of group III mGlu receptor activa-
tion. An action on targets other than mGlu8 also seems likely
given the very low level of mGlu8 immunoreactivity wit-
nessed in the SN in our preliminary studies (Figure S1).
Although the target of (S)-3,4-DCPG actions has still not been
revealed, an additional low affinity non-mGlu, non-iGlu
receptor target was proposed for this drug when it was first
characterized (Thomas et al., 2001). The present findings are
consistent with those of Lopez et al. (2007) who found a
similar lack of efficacy of (S)-3,4-DCPG against haloperidol-
induced catalepsy following intranigral administration, an
effect mirrored by systemic injection of the racemate (R,S)-
3,4-DCPG (Ossowska et al., 2004). Furthermore, this lack of
target potential of mGlu8 receptors in providing antiparkin-
sonian relief is not unique to the SNpr; a lack of efficacy of
(S)-3,4-DCPG in reversing 6-OHDA-induced akinesia has also
been reported following intrapallidal injection (Beurrier et al.,
2009). Taken together these findings suggest that, unlike
mGlu4 or mGlu7 receptors, mGlu8 receptors appear to hold no
potential as targets in the SNpr for bringing about symptom-
atic relief in Parkinson’s disease.

In conclusion, this study reveals that targeting mGlu4

receptors in the SNpr can bring about relief of akinesia in the
reserpine-treated rat model of Parkinson’s disease and sup-
ports inhibition of glutamate release in this region as a key
mechanism underpinning this action. While ruling out any
such potential for targeting mGlu8 receptors in this region, a
role for mGlu7 receptors remains possible and further clarifi-
cation awaits the introduction of new pharmacological tools
for this subtype.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Group III metabotropic glutamate (mGlu) recep-
tor immunoreactivity in the striatum and substantia nigra
pars reticulata (SNpr) of naive rat brain. Representative pho-
tomicrographs of coronal sections are shown for (A) mGlu4,
(B) mGlu7 and (C) mGlu8. Boxes on whole brain sections
depict regions shown at 50¥ magnification on right side
images. Scale bars denote 200 mm and arrows define the
dorsal border of the SN.
Figure S2 Effect of a unilateral injection of the broad spec-
trum group III mGlu agonist, L-serine-O-phosphate (L-SOP),
on rotational behaviour in rats bearing a full 6-OHDA lesion
of the nigrostriatal tract. Animals were prepared with a full
6-OHDA lesion as described in Messenger et al. (2002). Two
weeks post lesion, animals were cannulated above the SNpr as
described in the main text of this paper. Five days later,
animals received a single unilateral injection of L-SOP
(750 nmol in 2.5 mL PBS) or vehicle (2.5 mL PBS) into the SNpr
and the number of contraversive rotations was quantified
over 30 min. L-SOP produced a significant degree of contra-
versive rotations compared with vehicle, indicating clear
antiparkinsonian efficacy in this fully lesioned 6-OHDA
model of Parkinson’s disease. This response was consistent
with the antiparkinsonian response produced by 750 nmol
L-SOP in the reserpine-treated rat model of Parkinson’s
disease (Austin et al., 2010). Data are mean � SEM (n = 6 rats
per group). ***Indicates a significant difference (P < 0.001)
compared with vehicle (unpaired two-tailed t-test).
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should be directed to the corresponding author for the article.
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