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1 This study examined whether GABAB receptor agonists injected directly into the substantia nigra
pars reticulata (SNr) and globus pallidus (GP), or given intracerebroventricularly, could reverse
reserpine-induced akinesia in the rat.

2 Male Sprague–Dawley rats, stereotaxically cannulated above the SNr, GP or third ventricle, were
rendered akinetic by injection of reserpine (5mgkg�1 s.c.). After 18 h, the locomotor effects of the
GABAB receptor agonists, baclofen or SKF 97541 were examined.

3 Unilateral injection of baclofen (1–5 mg in 0.5ml) into the GP failed to evoke any locomotor
response (n¼ 6). In contrast, unilateral intranigral injection of baclofen (0.08–1.6 mg in 0.5ml)
produced a dose-dependent increase in net contraversive rotations reaching a maximum of 162724
turns 90min�1 (n¼ 6–8). Pretreatment with the selective GABAB receptor antagonist, CGP 46381
(2.4 mg in 0.5 ml), inhibited the effects of baclofen (0.8 mg) by 6879% (n¼ 6).
4 Following intracerebroventricular injection, baclofen (0.8–4mg in 2ml) produced a dose-dependent
increase in net arbitrary locomotor units (ALUs), reaching a maximum of 4477154ALUs in 35min
(n¼ 6–7). SKF 97541 (4–32mg in 2ml) similarly reversed akinesia, reaching 129769ALUs in 15min
(n¼ 6).
5 These data show that activation of GABAB receptors within the SNr, but not the GP, reverses
reserpine-induced akinesia. The success of intracerebroventricular injection of baclofen suggests a
potential for systemically active GABAB receptor agonists in the treatment of akinesia in Parkinson’s
disease.
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Introduction

Parkinson’s disease (PD) is characterised by unrelenting

degeneration of the dopaminergic nigrostriatal tract and

resultant symptoms of akinesia, rigidity and tremor. Existing

dopamine replacement therapies produce a successful allevia-

tion of these symptoms but, in most cases, long-term use is

associated with a reduction in efficacy, coupled with the

appearance of debilitating dyskinesias (Bezard et al., 2001).

For these reasons, alternative treatments are sought.

Striatal dopamine denervation leads to a multitude of

downstream changes within the reciprocally linked nuclei of

the basal ganglia (BG). Among these is the pronounced

overactivity of striatopallidal projections as evidenced by an

increase in GABA efflux in the globus pallidus (GP; rodent

homologue of the external globus pallidus, GPe) of parkinso-

nian rodents (Segovia et al., 1986). Dysfunction of the GP is

coupled with, and most likely contributes to, overactivity of

the glutamatergic projections from the subthalamic nucleus

(STN) to the output regions of the BG such as the substantia

nigra pars reticulata (SNr) (e.g. Vila et al., 1997). These two

overactive pathways ultimately contribute to inhibition of

thalamocortical feedback that underlies the generation of

parkinsonian motor deficits such as akinesia. Accordingly,

surgical pallidotomy or subthalamotomy aimed at restoring

normal activity of the BG circuits has been shown to reverse

the motor deficits in PD patients. Moreover, surgical

inactivation of the STN via high-frequency deep brain

stimulation is effective in relieving symptoms as well as

reducing both the ‘off’ periods and incidence of dyskinesia

resulting from long-term l-Dopa treatment (reviewed by

Lozano, 2003). However, a pharmacological means of achiev-

ing similar correction of the BG circuits would clearly be more

desirable.

One pharmacological approach to correcting the activity of

the BG motor circuit in PD might be to lessen the amount of

neurotransmitter released from these overactive pathways. For

*Author for correspondence; E-mail: susan.duty@kcl.ac.uk
2Current address: Toronto Western Research Institute, Toronto

Western Hospital, 399 Bathurst St, Toronto, Ontario, Canada M5T

2S8

British Journal of Pharmacology (2003) 139, 1480–1486 & 2003 Nature Publishing Group All rights reserved 0007–1188/03 $25.00

www.nature.com/bjp



example, reducing glutamate release from STN efferents in the

SNr or reducing GABA release from striatopallidal efferents in

the GP might be expected to achieve this. Targeting the

inhibitory metabotropic GABAB receptor may provide a novel

means of producing this desired inhibition of neurotransmitter

release. GABAB mRNA is densely expressed in the striatum

(STR) and STN, while corresponding GABAB receptor

binding is high in the terminal fields, the GP and SNr,

respectively (Kaupmann et al., 1997; Ambardekar et al., 1999;

Durkin et al., 1999; Fritschy et al., 1999; Margeta-Mitrovich

et al., 1999). Taken together, these data infer a presynaptic

localisation of GABAB receptors in the GP and SNr that has

since been confirmed by electron microscopic immunogold

studies (Charara et al., 2000). Whether activation of these

receptors leads to inhibition of GABA release from striato-

pallidal neurones or glutamate release from STN efferent

terminals in the SNr remains to be determined. However,

electrophysiological data support this action in the SNr at

least, where GABAB receptor activation has been shown to

reduce the size of glutamate-mediated excitatory postsynaptic

potentials (Shen & Johnson, 1997). Therefore, GABAB

receptor activation may offer a means of providing relief of

motor deficits in PD.

The aim of this study was to assess whether injection of

GABAB receptor agonists either discretely into the GP or SNr,

or more diffusely into the third cerebral ventricle, could reverse

akinesia in the reserpine-treated rat model of PD. Some of this

work has been published previously in abstract form (Johnston

et al., 2001; Johnston & Duty, 2002).

Methods

Intracerebral cannulation and induction of akinesia

Male, Sprague–Dawley rats (270–300 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 (Scientific Procedures) Act, 1986 and all efforts were

made to minimise animal suffering and the number of animals

used. Following induction of general anaesthesia (Halothane,

4% in O2), rats were stereotaxically implanted with 23-gauge

stainless-steel guide cannulae positioned 1mm above either the

GP (0.9mm anterior, 3.0mm lateral and 5.8mm ventral to

bregma) or third ventricle (4.3mm anterior, 0mm lateral and

3.7mm ventral to bregma) or 2mm above the SNr (3.7mm

anterior, 2.0mm lateral and 3.6mm ventral to the interaural

line), according to the standard rat brain atlas of Paxinos &

Watson (1986). After 1 week, animals were rendered akinetic

with the catecholamine-depleting agent reserpine (5mg kg�1,

s.c.). A further 18 h later, when animals displayed a stable level

of akinesia, the effects of GABAB receptor agonists on

locomotor activity were assessed.

Assessment of rotational behaviour following intrapallidal
or intranigral drug administration

For both intrapallidal and intranigral studies, visual beha-

vioural assessments were made using video-recorded observa-

tions. Following a 15-min acclimatisation period in 40-cm

diameter, flat-bottomed hemispheric bowls, baseline activity

was videotaped for 30min. Animals then received a single,

unilateral injection of the GABAB receptor agonist baclofen

(0.08–1.6mg in SNr; 1–5 mg in GP) in 0.5 ml phosphate-
buffered saline (PBS; mm): NaCl 137, KCl 2.7, KH2PO4 1.8,

Na2HPO4 10; pH 7.4 or vehicle (0.2 ml PBS) into the GP or

SNr. Injections were made over a 1-min period via 30-gauge

stainless steel needles inserted through, and extending 1mm

(GP) or 2mm (SNr) below the tip of the guide cannula and

attached with flexible tubing (Portex) to a 10-ml Hamilton
microsyringe. Animals were videotaped for a further 90min.

Net contraversive rotations (3601) were measured as an index

of unilateral relief of akinesia. These rotations were counted

manually from the videotape recordings, in 5-min timebins

over the entire 90-min period (n¼ 6–8 animals per dose). In
regions displaying convincing relief of akinesia following

injection of baclofen, receptor specificity of these effects was

confirmed using the GABAB receptor antagonist, 3-amino-

propyl (cyclohexylmethyl) phosphinic acid (CGP 46381) (Olpe

et al., 1993). The effects of CGP 46381 were examined against

a single, submaximally effective dose of baclofen (0.8 mg). In
these experiments, 6 h following 90min of monitoring the

effects of an initial injection of baclofen (0.8 mg in 0.5 ml), rats
were injected with either CGP 46381 (2.4 mg) or vehicle (0.5 ml
PBS) into the same site. Rotational behaviour was monitored

throughout the 30-min equilibration period for CGP 46381

and for a further 60min following a repeat dose of baclofen

(0.8 mg in 0.5ml). At the end of each experiment, fast blue dye
(0.2 ml of 1%, w v�1) was injected via the guide cannula to

allow histological verification of injection sites. Approximately

5min after dye injection, animals were killed by enflurane

overdose and cervical dislocation. The brains were snap frozen

in isopentane (cooled to �451C with solid CO2) and stored

desiccated at �701C until subsequent cryostat sectioning

(20mm) and cresyl violet (0.1% wv�1) staining.

Assessment of locomotor activity following
intracerebroventricular drug administration

For intracerebroventricular (i.c.v.) studies, visual locomotor

assessments were performed in rectangular cages with 5 cm

square grid lines covering the base. After a 15-min acclimatisa-

tion period, a 30-min baseline period was first recorded.

Animals (n¼ 6–7 per dose) then received a single i.c.v.

injection of baclofen (0.8–6mg in 2 ml PBS) or vehicle (2 ml
PBS, pH 7.4) over a 2-min period and were videotaped for a

further 80min. Locomotor activity was measured manually in

5-min timebins over an 80-min period in arbitrary locomotor

units (ALUs), where one ALU refers to both front paws

crossing a grid line. In preliminary studies, i.c.v. injection of

the selective GABAB receptor antagonists CGP 46381 (0.6–

6mg) or CGP 35348 (0.1–10 mg) was found to induce

convulsions and so could not be used to confirm receptor

specificity of the response to baclofen. Therefore, the effects of

a second GABAB receptor agonist, SKF 97541 (3-aminopropyl

(methyl) phosphinic acid; Seabrook et al., 1990) were

examined instead. The effects of i.c.v. injection of SKF

97541 (4–64 mg in 2ml PBS) were examined in an identical

manner to that outlined above for baclofen. The positioning of

cannulae was checked in all cases by examination of needle

tracts in freshly dissected brain.
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Data analysis

In all cases, measurements were taken from video recordings

using a single blinded approach to avoid experimenter bias.

Differences between the various doses of baclofen, SKF 97451

or vehicle were compared using a one-way analysis of variance

with a Student–Newman–Keuls post hoc analysis. For SNr

data, the effects of baclofen prior to and following CGP 46381

or vehicle treatment were compared using a two-tailed paired

t-test. In all cases, Po0.05 was taken to represent a significant

difference.

Drugs

Baclofen, 3-aminopropyl (cyclohexylmethyl) phosphinic acid

(CGP 46381) and 3-aminopropyl (methyl) phosphinic acid

(SKF 97541) were obtained from Tocris Cookson Ltd U.K.

Reserpine and PBS reagents were obtained from Sigma, U.K.

Results

Throughout baseline recordings, all reserpine-treated rats

displayed negligible circling behaviour (0–3 rotations

30min�1) or locomotor activity and were thereby deemed

fully akinetic. Only those animals with correctly placed

cannulae, as shown on histological examination, were included

in the data analyses. This excluded less than 10% of animals

from the final analysis.

Locomotor effects following intrapallidal injection of
GABAB receptor agonist

Unilateral injection of the GABAB receptor agonist, baclofen,

into the GP of reserpine-treated rats did not produce any

significant increase in net contraversive turning compared to

vehicle (PBS) for the entire dose range tested (1–5mg) over a
100-min recording period (data not shown, n¼ 6 animals per
dose). In addition, the highest dose administered (6 mg) caused
central excitation manifest as fitting, loss of balance and rigid

paralysis in all animals tested.

Locomotor effects following intranigral injection of
GABAB receptor agonist and antagonist

Unilateral injection of the GABAB receptor agonist baclofen

into the SNr of reserpine-treated rats caused a significant

increase in net contraversive rotations. The time course for this

effect, as shown for the maximally effective dose (1.6 mg) in
Figure 1a, revealed a peak response within the first 5min after

injection then a plateau that was maintained for up to 90min.

Accordingly, quantification of circling behaviour produced by

the full range of baclofen doses was conducted over a 90-min

period. Neither vehicle (PBS) nor the lowest baclofen dose

(0.08 mg) produced any significant net contraversive rotations
over this period. In contrast, baclofen (0.2–1.6 mg) produced a
significant and dose-dependent increase in net contraversive

rotations 90min�1 compared to vehicle (n¼ 6–8 rats per dose;
Figure 1b). As a true maximum response was not obtained,

calculation of the ED50 for baclofen was not possible.

Pretreatment with the selective GABAB receptor antagonist,

CGP 46381 (2.5 mg) significantly inhibited the submaximal

baclofen (0.8 mg)-induced net contraversive rotations 90min�1

by 6879% (mean7s.e.m., n¼ 6). In contrast, pretreatment

with vehicle for CGP 46381 (PBS) did not affect the

subsequent response to baclofen (n¼ 6) (Figure 2). No

rotational behaviour was observed during the equilibration

period with CGP 46381 alone.

Locomotor effects following i.c.v. injection of GABAB
receptor agonist

Reversal of reserpine-induced akinesia was also observed

following i.c.v. injection of baclofen. The time course of a

maximally effective dose of baclofen showed a time to onset

and peak locomotor activity within the first 5min following

injection (Figure 3a). The duration of this effect, before a

Figure 1 (a) Time course of locomotor activity induced by a
maximally effective dose of the GABAB receptor agonist, baclofen
(1.6 mg in 0.5 ml) and (b) dose-dependent locomotor effects of
baclofen (0.08–1.6 mg in 0.5ml) or vehicle (0.5 ml PBS), following
unilateral injection into the SNr of the reserpine-treated rat. Values
represent mean7s.e.m. (n¼ 6–8 animals per dose). *Indicates a
significant difference compared to vehicle; indicates a significant
difference to an 0.08 mg dose (one-way ANOVA, Po0.05).
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return to baseline levels, led to the subsequent quantification

of locomotor activity over a 35-min period for the entire dose

range of baclofen examined. Neither vehicle nor the two lowest

doses (0.8 and 1mg) of baclofen caused a significant change in
locomotor activity compared to vehicle. In contrast, baclofen

(2 and 4 mg) produced a significant, dose-dependent increase in
net ALUs 35min�1 compared to vehicle (n¼ 6–7) (Figure 3b).
SKF 97541 (4–32 ng), produced a similar dose-dependent

induction of locomotor activity, albeit with a shorter duration

of action and reduced efficacy compared to baclofen

(Figure 4a). Full quantification of locomotor activity over a

15-min period revealed this response to be dose-dependent,

with a significant increase in locomotor activity compared to

vehicle achieved at the highest dose tested (32 ng; n¼ 6;
Figure 4b). Since neither baclofen nor SKF-induced responses

reached saturation, calculation of ED50 values was again not

possible.

Discussion

This study aimed to investigate the hypothesis that central

GABAB receptor activation, specifically within either the GP

or SNr, would promote locomotor behaviour in akinetic

rodents. The results presented here show that GABAB receptor

agonists administered via i.c.v. and intranigral, but not

intrapallidal injection, alleviate akinesia in the reserpine-

treated rat model of PD.

Potential reasons underlying the lack of effect of
intrapallidal injection of baclofen in reserpine-treated rats

GABA containing striatopallidal projections are overactive

under parkinsonian conditions of dopamine depletion, releas-

ing an excess of GABA in the GP (Levy et al., 1997).

Pharmacological inhibition of the excess GABA release by, for

example, activation of 5-HT1B heteroreceptors on the pre-

terminal elements of striatopallidal neurones has been shown

to bring about relief of reserpine-induced akinesia (Chadha

et al., 2000a). Immunocytochemical studies have confirmed the

presence of GABAB receptor protein on presumed striatopal-

lidal terminals at symmetrical synapses within the GP

(Charara et al., 2000) and a preliminary microdialysis study

in normal rodents suggested that activation of presynaptic

GABAB receptors in the GP may reduce GABA release (Singh,

1990). Taken together, these previous data support the

Figure 2 Effect of intranigral injection of the GABAB receptor
agonist, baclofen (0.8mg in 0.5ml) on locomotor activity prior to
(open bars) and 30min following (closed bars) treatment with the
GABAB receptor antagonist, CGP 46381 (2.4 mg in 0.5 ml) or vehicle
(0.5 ml PBS). Data represent mean7s.e.m. (n¼ 6 animals per group).
*Indicates a significant difference between pretreatment and post-
treatment responses to baclofen (paired t-test, Po0.05).

Figure 3 (a) Time course of locomotor activity induced by a
maximally effective dose of the GABAB receptor agonist, baclofen
(4 mg in 2ml) and (b) dose-dependent locomotor effects of baclofen
(0.8–4 mg in 2 ml) or vehicle (2 ml PBS), following injection into the
third ventricle of the reserpine-treated rat. Values represent mean
ALUs7s.e.m. (n¼ 6–7 animals per dose). *Indicates a significant
difference compared to vehicle (one-way ANOVA, Po0.05).
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potential for GABAB receptor activation to provide relief of

akinesia in the reserpine-treated rat. Therefore, the lack of

antiakinetic effect of baclofen in the present study is initially

surprising. However, GABAB receptors have also been located

on presumed STN efferent terminals at asymmetrical (gluta-

matergic) synapses within the GP (Charara et al., 2000), where

their activation may lead to inhibition of glutamate release, as

evidenced from microdialysis and electrophysiological studies

(Singh, 1990; Chen et al., 2002). Therefore, it is highly likely

that GABAB receptor activation in the GP produces a

simultaneous reduction in both excitatory and inhibitory

inputs to this region, thereby exacting negligible net locomotor

effects.

Reversal of akinesia following intranigral GABAB
receptor agonist injection

In contrast to the lack of effect seen with baclofen in the GP,

injection of baclofen into the SNr produced a significant dose-

dependent reversal of akinesia in the reserpine-treated rat. The

response was of rapid onset, peaking in the first 5min of

application, with a lower level of significant activity being

maintained for over an hour. The specific GABAB receptor

antagonist, CGP 46381, inhibited the effect of a submaximal

dose of baclofen by approximately two-thirds, confirming that

this effect is mediated primarily via activation of GABAB

receptors within the SNr.

The population of GABAB receptors mediating this

response remains to be established, but at least three putative

candidates exist. Of these, GABAB receptors present on

STN-like terminal boutons within the SNr (Charara et al.,

2000) are the most likely target. A functional heteroreceptor

capacity of these receptors has been demonstrated by

electrophysiological studies, showing that baclofen inhibited

glutamate-mediated EPSPs in the SNr (Shen & Johnson,

1997). As noted above, overactivity of glutamatergic inputs

from the STN account for the increased activity of the SNr and

downstream inhibition of thalamocortical feedback that

contributes to the akinetic symptoms of PD (Vila et al.,

1997; Obeso et al., 2000). Therefore, it is highly likely that

GABAB receptor-mediated inhibition of glutamate release

from STN efferent projections may account for the anti-

akinetic efficacy of baclofen. A role for the GABAB receptors

known to be present on terminals of the GABAergic

striatonigral pathway (Charara et al., 2000) seems unlikely.

These receptors appear to function as autoreceptors since their

activation has been shown electrophysiologically to inhibit

GABA-mediated IPSPs in the SNr (Shen & Johnson, 1997).

However, inhibiting GABA release in the SNr would not lead

to reversal of akinesia. The activity of this so-called ‘direct’

pathway is reduced in the parkinsonian state, leading to lower

levels of GABA release in the SNr as shown, for example, by

the upregulation of GABAA receptor binding in the SNr in

animal models of PD (e.g. Pan et al., 1985; Chadha et al.,

2000b). Restricting GABA release from an already underactive

pathway via GABAB receptor activation would, therefore, be

predicted to have little net functional outcome. In any event,

reducing GABA release in the SNr would not provide relief of

akinesia but would, on the contrary, disinhibit an already

overactive SNr and thus serve to exacerbate the existing

parkinsonian pathophysiology. Whether such an action

actually restricts the degree of relief of akinesia afforded by

the favoured action of baclofen on GABAB receptors on the

STN efferent terminals remains to be seen. Finally, while

conceivable that baclofen may cause a decrease in SNr

excitability and alleviation of akinesia directly, via activation

of postsynaptic GABAB receptors in the SNr, in vitro

electrophysiological studies cast doubt upon the functional

significance of these receptors (Chan et al., 1998). In addition,

in contrast to the high levels noted in the STN, mRNA species

encoding GABAB receptor variants are low in the SNr

(Bischoff et al., 1999; Durkin et al., 1999), suggesting that

little functional GABAB receptor protein might be present

within SNr cell bodies. These findings further support the

notion that activation of GABAB receptors located on the

STN efferent terminals in the SNr underlies the antiakinetic

Figure 4 (a) Time course of locomotor activity induced by a
maximally effective dose of the GABAB receptor agonist SKF 97541
(32 mg in 2ml) and (b) dose-dependent locomotor effects of SKF
97541 (4–32 mg in 2 ml) or vehicle (2 ml PBS), following injection into
the third ventricle of the reserpine-treated rat. Values represent mean
ALUs 7s.e.m. (n¼ 6 animals per dose). *Indicates a significant
difference compared to vehicle (one-way ANOVA, Po0.05).

1484 T. Johnston & S. Duty GABAB receptor agonists reverse akinesia

British Journal of Pharmacology vol 139 (8)



actions of baclofen seen here in the reserpine-treated rat model

of PD.

Reversal of akinesia following i.c.v. GABAB receptor
agonist injection

The reversal of akinesia with baclofen was not restricted to

site-directed injections, but was also demonstrated following

injection into the third ventricle. In this case, the locomotor

response showed a similar time to onset, suggesting a rapid

diffusion of baclofen to its proposed site of action in the SNr.

However, the response was more short-lived than that

following intranigral injection, being over within 40min of

injection. The reason for this is not known, but probably does

not reflect metabolism of baclofen within the cerebral

ventricular fluid, since baclofen is excreted largely (B80%)

unchanged (Faigle & Kerberle, 1972).

Unlike the situation in the SNr, problems were encountered

when demonstrating that the locomotor effects of i.c.v.

baclofen were specific to GABAB receptor activation. Injection

of two different GABAB receptor antagonists, CGP 46381

(0.6–6 mg) and CGP 35348 (0.1–10mg), both incurred fitting,
thus preventing their use for this purpose. The concentrations

of GABAB receptor antagonist employed were not particularly

high, especially given the unhindered use of similar concentra-

tions in other studies. For example, in normal rats, CGP 35348

injected intracerebroventricularly at a dose of 25mg was

effective at inhibiting tiagabine-induced antinociception, with-

out causing convulsions (Ipponi et al., 1999). However,

convulsant actions of GABAB receptor antagonists have been

observed in other studies following intrathalamic and systemic

administration (Vergnes et al., 1997). Moreover, it has long

been known that reserpine treatment can increase seizure

sensitivity. This was first demonstrated by Chen et al. (1954),

who showed that reserpine-treated mice had a lowered

convulsive threshold to pentylenetetrazol, caffeine and elec-

trical stimuli (cited in Weinshenker & Szot, 2002). Whatever

the exact cause of seizures in the present study, this activity

prevented receptor specificity being confirmed for the intra-

ventricular effects of baclofen. However, that a second

GABAB receptor agonist, SKF 97541, elicited a similar profile

of reversal of reserpine-induced akinesia following i.c.v.

injection supports the involvement of GABAB receptors in

this response.

In conclusion, these data indicate that GABAB receptor

agonists such as baclofen display antiakinetic behaviour in the

reserpine-treated rat model of PD. This effect is mediated via

the activation of GABAB receptors within the SNr, although

actions outside the SNr cannot be excluded at this stage, aside

from the GP. The mechanism underlying this response may be

activation of GABAB heteroreceptors present on STN efferent

terminals although this proposal is the subject of further

investigations. That successful alleviation of reserpine-induced

akinesia is also achieved following i.c.v. injection of baclofen

indicates that drug targeting of desired brain regions can occur

without the need for direct, site-specific injection. Thus,

activation of GABAB receptors may be a useful pharmacolo-

gical approach in the symptomatic treatment of akinesia in

PD.

T.J. was funded by an A.J. Clark Studentship from the British
Pharmacological Society.
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