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1 This study examined whether activation of group II metabotropic glutamate (mGlu) receptors in
the substantia nigra pars reticulata (SNr) could reverse akinesia in a rodent model of Parkinson's
disease (PD).

2 Male Sprague Dawley rats, stereotaxically cannulated above either the SNr or third ventricle,
were rendered akinetic by injection of reserpine (5 mg kg71 s.c.). Eighteen hours later, the rotational
behaviour induced by unilateral injection of the group II mGlu receptor agonist, (2S,2'R,3'R)-2-
(2',3'-dicarboxycyclopropyl)glycine (DCG-IV), was examined.

3 Following intranigral injection, DCG-IV (0.125 ± 0.75 nmol in 0.1 ml) produced a dose-dependent
increase in net contraversive rotations (n=6±8 animals per dose), reaching a maximum of 395+51
rotations 60 min71 after 0.75 nmol. The e�ects of DCG-IV (0.5 nmol) were inhibited by 63.0+9.0%
following 30 min pre-treatment with the group II mGlu receptor antagonist, (2S)-a-ethylglutamic
acid (EGLU; 100 nmol in 0.2 ml; n=6).

4 Following intraventricular injection, DCG-IV (0.125 ± 1.5 nmol in 2 ml) produced a dose-
dependent increase in bilateral locomotor activity (n=6±7 animals per dose), reaching a maximum
of 180+21 locomotor units 30 min71 after 0.5 nmol. Pre-treatment with EGLU (200 nmol in 2 ml)
inhibited the e�ects of DCG-IV (0.5 nmol) by 68.2+12.3% (n=5).

5 These data show that activation of group II mGlu receptors in the SNr provides relief of akinesia
in the reserpinized rat model of PD. The reversal seen following intraventricular administration
supports the likely therapeutic bene®t of systemically-active group II mGlu receptor agonists in PD.
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Introduction

Current treatments for Parkinson's disease (PD) rely heavily
on dopamine replacement therapies which, although e�ective
in the early stages of treatment, are accompanied by

debilitating dyskinesias and reduced e�cacy with long-term
use (Stocchi et al., 1997). For these reasons, alternative
treatments that do not rely on dopamine replacement are

being investigated.
The loss of striatal dopamine innervation in PD produces

many downstream changes in activity of the basal ganglia
components. In particular, the subthalamic nucleus (STN),

which innervates the output regions of the basal ganglia, the
substantia nigra pars reticulata (SNr) and the internal globus
pallidus (GPi) or rodent homologue, the entopeduncular

nucleus (EPN), becomes markedly overactive (Mitchell et al.,
1989). Being glutamatergic in nature (Robledo & Feger, 1990;
Brotchie & Crossman, 1992), overactivity of STN neurones

results in increased glutamate-mediated excitation of the SNr
and GPi/EPN which is ultimately believed to lead to inhibition
of thalamocortical feedback and subsequent generation of the
akinetic symptoms seen in PD (Parent et al., 1995).

Accordingly, previous studies have demonstrated that
surgical inactivation of STN e�erent transmission either
through subthalamotomy (Bergman et al., 1990) or by high

frequency stimulation-induced depolarizing blockade (Benaz-
zouz et al., 1993) alleviates motor disturbances in animal
models of PD. Moreover, direct injection of NMDA- and

AMPA-type glutamate receptor antagonists into the SNr and
GPi/EPN has been shown to alleviate Parkinsonian symptoms
in these animals (see Starr et al., 1997 for review). However,
neither of these approaches is ideal. On the one hand, surgical

intervention is often irreversible and, especially following STN
lesion, leads to the generation of dyskinesias through excessive
inhibition of STN activity (Bergman et al., 1990). On the other

hand, systemic administration of NMDA- and AMPA-type
glutamate receptor antagonists is accompanied by unaccept-
able side-e�ects such as psychostimulation, sedation or ataxia,

that result from widespread blockade of these receptors (Starr
et al., 1997).

An alternative approach to resolving this overactive
glutamatergic transmission might be to reduce the level of

glutamate release from the STN terminals in the SNr and GPi/
EPN. Group II metabotropic glutamate (mGlu) receptors may
provide an ideal means of achieving this. Group II mGlu

receptors are negatively coupled through Gi/o to adenylate
cyclase and voltage-operated calcium channels and their*Author for correspondence; E-mail: susan.duty@kcl.ac.uk
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activation brings about membrane hyperpolarization (re-
viewed by Conn & Pin, 1997). This functional response,
coupled with their presynaptic localization in brain regions

such as the striatum (Testa et al., 1998) and hippocampus
(Shigemoto et al., 1997) has led to the suggestion that group II
mGlu receptors operate as autoreceptors controlling the
release of glutamate in target areas.

Group II mGlu mRNA is expressed in the STN (Testa et
al., 1994) and corresponding group II immunoreactivity is
localized to presynaptic terminal regions in the SNr (Yung,

1998), suggesting that group II mGlu autoreceptors might be
present on STN terminals. If this is so, their activation is
predicted to reduce glutamate release in basal ganglia output

regions and thereby alleviate Parkinsonian symptoms. There-
fore, the aim of this study was to assess whether injection of a
group II mGlu receptor agonist, either directly into the SNr, or

away from the target site (i.e. into the cerebral ventricles),
could reverse the akinesia in the reserpine-treated rat model of
PD. Some of this work has been published previously in
abstract form (Dawson et al., 1999).

Methods

Intranigral/intraventricular cannulation and induction of
akinesia

Male, Sprague Dawley rats (260 ± 300 g) were housed in a
temperature- and humidity-maintained environment with a

12 h light/dark cycle and free access to food and water. All
procedures were performed in accordance with the U.K.
Animals (Scienti®c Procedures) Act 1986 and all e�orts were
made to minimize animal su�ering and the number of

animals used. Under general anaesthesia (sodium pentobar-
bitone, 60 mg kg71 i.p.), rats were stereotaxically implanted
with 23 gauge stainless steel guide cannulae positioned 2 mm

above either the SNr (3.7 mm anterior, 2.0 mm lateral and
3.6 mm ventral to interaural line) or the third ventricle
(4.3 mm posterior to, 0 mm lateral and 3.7 mm ventral to

bregma), according to the standard rat brain atlas of
Paxinos & Watson (1986). Following a recovery period of
at least 4 days, animals were treated with reserpine
(5 mg kg71, s.c.) to induce catecholamine depletion and

subsequent akinesia. Eighteen hours later, when animals
displayed a stable level of akinesia, the e�ects of the group
II mGlu receptor agonist (2S,2'R,3'R)-2-(2',3'-dicarboxycy-
clopropyl)glycine (DCG-IV) were assessed on motor
behaviours.

Assessments of rotational behaviour following intranigral
drug administration

For intranigral studies, visual behavioural assessments were
performed in 40 cm diameter, ¯at-bottomed hemispheric
bowls. Following a 15 min acclimatization period, baseline
activity was videotaped for 30 min. Animals then received a

single, unilateral injection of the group II mGlu receptor
agonist, DCG-IV (0.125, 0.25, 0.5, 0.75 or 1 nmol) in 0.1 ml
phosphate-bu�ered saline (PBS; mM): NaCl 137, KCl 2.7,

KH2PO4 1.8, Na2HPO4 10; pH 7.4 or vehicle (0.1 ml PBS) into
the SNr. Injections were made over a 1 min period via 30 gauge
stainless steel needles inserted through, and extending 2 mm

below the tip of the guide cannulae and attached with ¯exible
tubing (Portex) to a 5 ml Hamilton microsyringe. Animals were
videotaped for a further 90 min. Net contraversive rotations
(3608) were assessed as an index of unilateral relief of akinesia.

These rotations were counted manually from the videotape
recordings, in 5 min time bins over the entire 90 min period
(n=6±8 animals per dose). In order to con®rm the receptor

speci®city of the e�ects of DCG-IV, the e�ects of the group II
mGlu receptor antagonist, (2S)-a-ethyglutamic acid (EGLU),
were examined against a single e�ective dose of DCG-IV
(0.5 nmol). In these experiments, 6 h after 60 min monitoring

of the e�ects of an initial intranigral injection of DCG-IV
(0.5 nmol in 0.1 ml), rats were injected with either EGLU
(100 nmol in 0.2 ml) or vehicle (0.2 ml of 0.3 mM NaOH in PBS;

pH 7.0) into the same site. Owing to limitations of solubility,
this dose of EGLU (100 nmol) was the maximum achievable
with such a small injection volume (0.2 ml). Rotational

behaviour was monitored throughout the 30 min equilibration
period for EGLU and for a further 60 min following a repeat
dose of DCG-IV (0.5 nmol in 0.1 ml). At the end of each

experiment, fast blue dye (0.1 ml) was injected via the guide
cannula to allow histological veri®cation of injection sites.
Approximately 5 min after dye injection, animals were killed by
en¯urane overdose and cervical dislocation. The brains were

rapidly frozen in isopentane (cooled to 7458C with solid CO2)
and stored desiccated at 7708C until subsequent cryostat
sectioning (20 mm) and cresyl violet staining.

Locomotor assessments following intraventricular drug
administration

For intraventricular studies, visual locomotor assessments
were performed in rectangular cages with 5 cm square grid

lines covering the base. Following an initial 15 min period of
acclimatization, baseline activity was videotaped for 30 min.
Animals (n=6±7 per dose) then received a single intraven-
tricular injection of DCG-IV (0.125, 0.25, 0.5, 0.75 or 1.5 nmol

in 2 ml PBS, pH 7.4) or vehicle (2 ml PBS) over a 2 min period
and were videotaped for a further 60 min. Locomotor activity
was measured manually, by observation of videorecording.

Activity was quanti®ed in 5 min time-bins over a 60 min
period in arbitrary locomotor units (ALUs), where one ALU
refers to both front paws crossing a grid line. The e�ects of

EGLU were examined against 0.5 nmol DCG-IV (n=5
animals per group). Higher doses of EGLU (4100 nmol)
could be achieved via the intraventricular route since larger
injection volumes were used. Thus, doses of 200 and 400 nmol

EGLU were examined. Six hours after 30 min monitoring of
the e�ects of an initial intraventricular injection of DCG-IV
(0.5 nmol in 2 ml), intraventricular injections of either EGLU

(200 or 400 nmol in 2 ml) or vehicle (2 ml of 0.3 mM NaOH in
PBS; pH 7.0) were made. Locomotor activity was monitored
throughout the 30 min equilibration period and for a further

30 min following a repeat dose of DCG-IV (0.5 nmol in 2 ml).
The positioning of cannulae was checked in all cases by
examination of needle tracts in freshly dissected brain.

Data analysis

Di�erences between the various doses of DCG-IV or vehicle

were compared using a 1-way Analysis of Variance with a
Student-Newman-Keuls post-hoc analysis. The e�ects of
DCG-IV prior to and following EGLU or vehicle treatment

were compared using a 2-tailed paired t-test. In all cases,
P50.05 was taken to represent a signi®cant di�erence.

Drugs

(2S,2'R,3'R)-2-(2',3'-dicarboxycyclopropyl)glycine (DCG-IV)
and 2S-a-ethylglutamic acid (EGLU) were obtained from
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Tocris Cookson Ltd., U.K. Reserpine and PBS reagents were
obtained from Sigma, U.K.

Results

E�ects of intranigral injection of the group II mGlu
receptor agonist and antagonist

Light microscopic examination of injection sites revealed that

approximately 80% of those animals included in this part of
the study were correctly injected into the SNr. Where aberrant
injections of the group II mGlu receptor agonist, DCG-IV,

were made in regions outside of the SNr, animals remained
fully akinetic and no contraversive rotations were observed.
Only data from those animals with correctly positioned

cannulae were included in the data analyses below.
During the baseline periods, all the reserpine-treated rats

exhibited negligible rotational behaviour (between 0 and 4
rotations 30 min71) and were thus considered suitably akinetic

for inclusion in the study. Unilateral injection of the groups II
mGlu receptor agonist, DCG-IV, into the SNr of reserpine-
treated rats produced an increase in net contraversive

rotations. This activity, shown in Figure 1a for a maximally
e�ective dose of DCG-IV (0.75 nmol), commenced within
5 min of administration, peaked at around 30 min and had
fully subsided within 60 min. Subsequent quanti®cation of

rotational behaviour induced by the full dose range of DCG-
IV was, therefore, made over 60 min. The net contraversive
rotations induced by intranigral DCG-IV (0.125 ± 0.75 nmol)

or vehicle over 60 min are shown in Figure 1b (n=6±8
animals per dose). Neither vehicle nor low-dose DCG-IV
(0.125 nmol) produced any signi®cant net contraversive

rotations over this period. In contrast, between 0.25 and
0.75 nmol, DCG-IV produced a dose-dependent increase in
net contraversive rotations 60 min71. At the highest dose

administered, (1 nmol), DCG-IV produced central excitation,
in the form of wet dog shakes and intermittent barrel rolling, in
all ®ve animals tested. Quanti®cation of rotational behaviour
at this dose was therefore not possible.

Pre-treatment with the group II-selective mGlu receptor
antagonist, EGLU (100 nmol) signi®cantly inhibited the
DCG-IV (0.5 nmol)-induced net contraversive rotations

60 min71 by 63+9% (mean+s.e.mean, n=6). In contrast,
pre-treatment with vehicle for EGLU (0.3 mM NaOH in PBS:
pH 7.4) did not a�ect the subsequent response to DCG-IV

(n=6) (Figure 2). No rotational behaviour was observed
during the equilibration period with EGLU alone.

E�ects of intraventricular injection of the group II mGlu
receptor agonist and antagonist

Visual examination in freshly dissected brain con®rmed the

correct positioning of cannulae in the dorsal tip of the third
ventricle. Data from all animals were thus included in the ®nal
data analyses below.

Figure 1 (a) Time-course of locomotor activity induced by a
maximally-e�ective dose of the group II mGlu receptor agonist,
DCG-IV (0.75 nmol in 0.1 ml) and (b) Dose-related locomotor e�ects
of DCG-IV (0.125 ± 0.75 nmol in 0.1 ml) or vehicle (0.1 ml PBS),
following unilateral injection into the SNr of the reserpine-treated
rat. Values represent mean+s.e.mean (n=6±8 animals per dose).
*Indicates a signi®cant di�erence compared to (a) baseline activity or
(b) the previous dose (1-way ANOVA, P50.05 in all cases).

Figure 2 Comparison of locomotor activity induced by intranigral
injection of the group II mGlu receptor agonist, DCG-IV (0.5 nmol
in 0.1 ml) prior to (open bars) and 30 min following (closed bars)
treatment with the group II mGlu receptor antagonist, EGLU
(100 nmol in 0.1 ml) or vehicle (0.1 ml of 0.3 mM NaOH in PBS).
Data represent mean+s.e.mean (n=6 animals per treatment).
*Indicates a signi®cant di�erence between pre-treatment and post-
treatment responses to DCG-IV (paired t-test, P50.05).
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During the baseline recording period, all reserpine-treated
rats exhibited little locomotor activity (between 0 and 6 ALUs)
and were thus considered su�ciently akinetic for inclusion in

the study. Following intraventricular injection of an e�ective
dose of DCG-IV, locomotor activity in the reserpine-treated
rats increased within 5 min of administration, peaked at
around 10 min and had fully subsided within 30 min. This

time-course, shown for the maximally-e�ective dose of DCG-
IV (0.5 nmol) in Figure 3a, led to the subsequent quanti®ca-
tion of locomotor activity over a 30 min period. The

locomotor activity induced by intraventricular DCG-IV
(0.125 ± 1.5 nmol) or vehicle over 30 min is shown in Figure
3b (n=6±7 animals per dose). Neither vehicle nor low-dose

DCG-IV (0.125 nmol) produced any increase in locomotor
activity. In contrast, 0.25 and 0.5 nmol DCG-IV induced a
dose-related increase in locomotor activity that failed to

increase further with administration of the higher doses. The
mean locomotor score achieved here with 0.5 nmol DCG-IV
(180+21 ALUs (n=6)) amounted to some 27.9% of that
achieved by non-akinetic animals under this same measure-

ment paradigm (645+88 ALUs (n=5)). In contrast to the
central excitation seen following intranigral administration of

1 nmol DCG-IV, none was observed following intraventricu-
lar administration of 1.5 nmol DCG-IV. However, at higher

doses (3 nmol) intraventricular administration did induce
similar behavioural patterns (wet dog shakes and barrel
rolling) of central excitation.

Pre-treatment with EGLU (200 nmol), but not vehicle,
signi®cantly inhibited the locomotor activity induced by DCG-
IV (0.5 nmol) by 68.2+12.3% (mean+s.e.mean, n=5; Figure

4). Increasing the dose of EGLU to 400 nmol did not produce
any further inhibition of the DCG-IV-induced locomotor
activity (data not shown). No locomotor activity was observed
during the equilibration period with either dose of EGLU.

Discussion

Reversal of reserpine-induced akinesia by the group II
mGlu receptor agonist, DCG-IV

This study has shown that unilateral injection of the group II
mGlu receptor agonist, DCG-IV, into the SNr of the
reserpine-treated rat produces contraversive rotational beha-

viour, indicative of a unilateral reversal of akinesia. The dose-
response relationship of this e�ect of DCG-IV was very
narrow, with a threshold dose of 0.25 nmol and a maximally-

e�ective dose of 0.75 nmol. Higher doses of DCG-IV failed to
reverse the akinesia, but rather caused central excitation, as
evidenced by wet dog shakes and barrel rolling. The narrow

dose-response relationship and central excitation at higher
doses are in keeping with previous in vivo studies on the
neuroprotective actions of intracerebral administration of

DCG-IV (Miyamoto et al., 1997). This central excitation may
re¯ect the appearance of NMDA receptor agonist activity with
high-dose DCG-IV, previously observed in neonatal rat spinal
cord (Ishida et al., 1993) with an ED50 some 100 times greater

than that for activation of mGlu receptors. Similarly, since
antagonism of NMDA receptors in the SNr alleviates

Figure 3 (a) Time-course of locomotor activity induced by a
maximally-e�ective dose of DCG-IV (0.5 nmol in 2 ml) and (b)
dose-related locomotor e�ects of DCG-IV (0.125 ± 1.5 nmol in 2 ml)
or vehicle (2 ml of PBS), following intraventricular injection in the
reserpine-treated rat. Values represent mean+s.e.mean (n=6±7
animals per dose). *Indicates a signi®cant di�erence compared to
(a) baseline activity or (b) the previous dose (1-way ANOVA,
P50.05 in all cases).

Figure 4 Comparison of locomotor activity induced by intraven-
tricular injection of the group II mGlu receptor agonist, DCG-IV
(0.5 nmol in 2 ml) prior to (open bars) and 30 min following (closed
bars) treatment with the group II mGlu receptor antagonist, EGLU
(200 nmol in 2 ml) or vehicle (2 ml of 0.3 mM NaOH in PBS). Data
represent mean+s.e.mean (n=5 animals per treatment). *Indicates a
signi®cant di�erence between pre-treatment and post-treatment
responses to DCG-IV (paired t-test, P50.05).
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Parkinsonian akinesia (Starr et al., 1997), this NMDA agonist
activity might be expected to counteract any anti-akinetic
e�ects of group II mGlu receptor activation, thereby

explaining the narrow dose-response relationship of DCG-IV.
Although the locomotor activity produced following

intraventricular administration of DCG-IV exhibited a similar,
narrow dose-response relationship, both a lower maximally-

e�ective dose and shorter duration of action of DCG-IV were
observed. Metabolism and dilution of the e�ective dose of
DCG-IV in ventricular ¯uid might account for the shorter

duration of action, but would appear to contradict the lower
maximally-e�ective dose. The most likely explanation for this
is that following intraventricular administration, DCG-IV may

act not only in the SNr but also in additional sites such as the
EPN. Since the EPN functions in an homologous manner to
the SNr (Smith et al., 1998), any e�ect of DCG-IV within this

region would provide additional locomotor activity to
complement that produced by DCG-IV in the SNr. In any
event, the maximum relief of akinesia obtained following
intraventricular administration of DCG-IV only restored

locomotor activity to approximately one-third that of non-
akinetic animals. The reasons behind this failure to restore full
locomotor activity remain to be explored. As described for the

intranigral studies, the NMDA agonist component of DCG-IV
may compromise the level of akinesia obtainable. However,
considering that neither wet dog shakes nor barrel rolling were

observed following intraventricular injection of up to 1.5 nmol
DCG-IV, it seems unlikely that NMDA agonist activity
contributed to this restricted maximum response achieved at

0.5 nmol.

Proposed cellular mechanism underlying anti-akinetic
e�ects of DCG-IV

The group II mGlu receptor antagonist, EGLU, inhibited the
behavioural responses to intranigral and intraventricular

administration of DCG-IV by approximately two-thirds,
con®rming that this action of DCG-IV is mediated primarily
through activation of group II mGlu receptors. Group II

mGlu receptors are believed to exist on STN terminals in the
SNr (Testa et al., 1994; Yung, 1998), although their functional
role in the SNr remains to be examined. In other brain regions,
such as the striatum, group II mGlu receptors have an

autoreceptor function. Thus, activation of group II mGlu
receptors has been shown to inhibit presynaptic striatal
glutamate release both in vitro and in vivo (Lombardi et al.,

1993; Battaglia et al., 1997) and to provide presynaptic
inhibition of striatal excitatory post synaptic potentials

(Calabresi et al., 1999). In the midbrain of the rat, the
maximum DCG-IV-induced depression of glutamate-mediated
excitatory post synaptic potentials (27%, Wigmore & Lacey,

1998) is extremely close to the maximum degree of restoration
of locomotor activity seen here following intraventricular
administration of DCG-IV (27.9%). This correlation may
indicate that the cellular mechanism underlying the present

locomotor activity is similar to that responsible for the
inhibition of synaptic glutamate release. Therefore, it is
proposed that restricting glutamate release through activation

of group II mGlu autoreceptors on STN e�erents in the SNr
(and EPN in the case of intraventricular administration) is the
most likely cellular mechanism underlying the present anti-

akinetic e�ects of DCG-IV. The nature of the remaining one-
third EGLU-insensitive component of the DCG-IV-induced
reversal of akinesia remains to be determined.

Therapeutic implications for Parkinson's disease (PD)

Activation of group II mGlu receptors in the basal ganglia

output regions (SNr and GPi) may provide a useful alternative
to dopamine replacement therapies in the treatment of PD.
Although no ataxia or sedation, as seen with AMPA and

NMDA receptor antagonists (see Starr et al., 1997), was
apparent following intraventricular administration of DCG-
IV, the side-e�ects related to long-term use of group II mGlu

receptor agonists remain to be examined. Since the STN also
projects to the SNc, overactivity of STN neurones has been
further implicated in the excitotoxic degeneration of SNc

neurones in PD. Therefore, by also reducing glutamate release
from STN terminals in the SNc, group II mGlu receptor
agonists may provide both symptomatic relief and neuropro-
tection in PD. The outcome of in vivo studies examining

possible SNc neurone protection by group II mGlu receptor
agonists is eagerly awaited.

In conclusion, these data indicate that DCG-IV displays

antiparkinsonian potential in the reserpinized rodent model of
PD via activation of group II mGlu receptors in at least one
region, the SNr. Moreover, the successful alleviation of

reserpine-induced akinesia achieved following intraventricular
injection of DCG-IV indicates that activation of group II
mGlu receptors may be a useful pharmacological approach in
the treatment of PD even following systemic administration.

This work was funded by the Nu�eld Foundation, U.K. and the
Varga Foundation, Canada. A. Chadha is an MRC Research
Student.
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