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1 This study examined whether activation of 5HT1B receptors in the rodent globus pallidus (GP)
could reduce GABA release in vitro and reverse reserpine-induced akinesia in vivo.

2 Microdissected slices of GP from male Sprague Dawley rats (300 ± 350 g) were preloaded with
[3H]-GABA. During subsequent superfusion, 4 min fractions were collected for analysis of release.
The e�ects of the 5HT1B receptor agonist, 3-(1,2,5,6-tetrahydropyrid-4-yl)pyrrolo[3,2-b]pyrid-5-one
(CP-93129), on 25 mM KCl-evoked release were examined using a standard dual stimulation
paradigm.

3 Male Sprague Dawley rats (270 ± 290 g), stereotaxically cannulated above the GP, were rendered
akinetic by injection of reserpine (5 mg kg71 s.c.). Eighteen hours later, the rotational behaviour
induced by unilateral injection of CP-93129 was examined.

4 CP-93129 (0.6 ± 16.2 mM) produced a concentration-dependent inhibition of 25 mM KCl-evoked
[3H]-GABA release reaching a maximum inhibition of 52.5+4.5%. The e�ect of a submaximal
concentration of CP-93129 (5.4 mM) was fully inhibited by the 5HT1B receptor antagonist,
isamoltane (10 mM).

5 Following intrapallidal injection, CP-93129 (30 ± 330 nmol in 0.5 ml) produced a dose-dependent
increase in net contraversive rotations reaching a maximum of 197+32 rotations in 240 min at
330 nmol. Pre-treatment with isamoltane (10 nmol in 1 ml) inhibited the e�ects of a submaximal
dose of CP-93129 (220 nmol) by 84+6%.

6 These data suggest that at least some 5HT1B receptor function as heteroreceptors in the GP,
reducing the release of GABA. Moreover, CP-93129-mediated activation of these receptors in the
GP provides relief of akinesia in the reserpine-treated rat model of PD.
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Introduction

Chronic use of dopaminergic treatments in Parkinson's
disease (PD) precipitates debilitating dyskinetic side-e�ects,

on ± o� ¯uctuations and reduced e�cacy (Stocchi et al.,
1997), clearly highlighting the need for alternative therapeutic
approaches. The loss of striatal dopamine innervation in PD

is believed to lead to subsequent overactivity of GABAergic
striatopallidal projections, since increases in GABA release
have been detected by microdialysis in the primate globus
pallidus externus (GPe) (Robertson et al., 1991) and rodent

globus pallidus (GP; rodent homologue of primate GPe)
(Segovia et al., 1986) following lesion of the nigrostriatal
tract.

The changes in pallidal GABA transmission are believed to
contribute to the movement de®cit since elevation of GABA
levels in the GP induces akinesia (Pycock et al., 1976).

Therefore, correcting this GABAergic imbalance in the GP
may prove therapeutically useful in the treatment of PD. In
support of this, previous studies have shown that direct

blockade of GABAA receptors in the GP alleviates akinesia in
the reserpine-treated rat model of PD (Maneuf et al., 1994).

However, owing to the present di�culty of therapeutically
targeting pallidal GABAA receptors (Chadha et al., 2000b),

alternative ways of modulating GABA transmission in the GP
are required.

Activation of Gi/o coupled 5HT1B receptors (Adham et al.,

1992) has been shown in other brain regions to reduce
neurotransmitter release in an auto- or hetero-receptor fashion
(Davidson & Stamford, 1997; Boulenguez et al., 1997). The
presence of presynaptic 5HT1B receptors in the rodent GP has

recently been con®rmed, using a combination of in situ
hybridization, receptor autoradiography, immunocytochemis-
try and kainate lesioning of the striatopallidal pathway

(Bruinvels et al., 1994; Sari et al., 1999; Riad et al., 2000).
However, it is not known whether activation of 5HT1B

receptors in the GP can reduce GABA release in this structure.

In light of this information, the present study set out to
determine (i) whether 5HT1B receptor activation reduces
GABA release in the rodent GP and (ii) whether direct

activation of 5HT1B receptors in the GP can reverse akinesia in
the reserpine-treated rat model of PD. Some of this work has
been previously published in abstract form (Chadha et al.,
2000a).*Author for correspondence; E-mail: susan.duty@kcl.ac.uk
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Methods

Animals

Male, Sprague Dawley rats (270 ± 350 g) were housed in a
temperature- and humidity-controlled 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.

[3H]-GABA release studies

Rats were killed by stunning and decapitation, and their brains
rapidly removed. Pallidal slices (400 mm thick) were prepared

on an ice-cold vibratome and brie¯y washed in modi®ed
arti®cial CSF (mM: NaCl, 134; KCl, 5; CaCl2, 1.3; MgSO4, 1;
NaHCO3, 25; KH2PO4, 1.25; glucose, 10; b-alanine (glial
uptake inhibitor), 10 mM) at pH 7.4. Slices were loaded with

[3H]-GABA by incubating in aerated (95% O2 and 5% CO2)
modi®ed aCSF containing [3H]-GABA (speci®c activity
93.8 Ci mmol71) for 40 min at 368C. Slices were then

superfused (0.25 ml min71) with modi®ed aCSF supplemented
from this point onwards with 1 mM nipecotic acid and 10 mM
amino-oxyacetic acid (to prevent GABA reuptake and inhibit

GABA transaminase, respectively), constantly aerated and
maintained at 368C.

Following a 40 min equilibration period, collection of 4 min

release fractions commenced. Basal [3H]-GABA release was
determined over the ®rst 12 min. This was followed by a 4 min
stimulation (S1) with modi®ed aCSF containing 25 mMKCl. A
28 min washout period was then followed by a second 25 mM

KCl stimulation (S2). At the end of this time, both slices and
4 min release fractionswere analysed for [3H]-GABAcontent by
liquid scintillation spectroscopy. Fractional rate of [3H]-GABA

release 4 min71 was calculated as a percentage of total
radioactivity present in the tissue at the beginning of that
fraction. Basal release was calculated from the mean of basal

release periods prior to S1 and S2, respectively. Total [3H]-
GABA release at S1 and S2 was calculated by integrating the
area under a time versus percentage release rate curve
(comprising a 12 min period following stimulus application).

The ratio of release for the two stimulation periods (S2/S1) was
determined for each experiment.

The 5HT1B agonist, 3-(1,2,5,6-tetrahydropyrid-4-yl)pyrro-

lo[3,2-b]pyrid-5-one (CP-93129; Macor et al., 1990), (0.6, 1.8,
5.4 or 16.2 mM) or vehicle (aCSF) was included in the
superfusate 16 min before, during and after S2 in order to

examine its e�ects on release (n=8 animals per concentration).
To con®rm receptor speci®city, isamoltane (10 mM), a
relatively potent antagonist at 5HT1B receptors (Waldmeier et

al., 1988), or vehicle (aCSF) was examined against a
submaximal concentration of CP-93129 (5.4 mM) by inclusion
in the superfusate 8 min prior to and during exposure to CP-
93129 (n=8 animals per group).

Calcium dependency of the [3H]-GABA release was assessed
in some slices by replacing the superfusate with Ca2+ free
aCSF containing 5 mM EGTA between S1 and S2 (now 25 mM

KCl in Ca2+ free aCSF).

Intrapallidal injections in reserpine-treated rats

Under halothane anaesthesia, rats were stereotaxically im-
planted with 23 gauge stainless steel guide cannulae positioned
2 mm above the GP (co-ordinates: 0.92 mm posterior to and

3.0 mm lateral to bregma and 5.75 mm below the skull,
according to the rat brain atlas of Paxinos & Watson, 1986).
Following a minimum of 5 days recovery, animals were treated

with reserpine (5 mg kg71, s.c.). Eighteen hours later, when
animals displayed a stable level of akinesia, the e�ects of the
5HT1B receptor agonist, CP-93129, were assessed on motor
behaviours.

Animals were placed in 40 cm diameter, ¯at-bottomed
hemispheric bowls for visual assessment. Following a 20 min
acclimatization period, baseline activity was videotaped for

30 min. Animals then received a single, unilateral injection of
CP-93129 (30, 110, 220 or 330 nmol) in 0.5 ml phosphate-
bu�ered saline (PBS) (mM: NaCl, 137; KCl, 2.7; KH2PO4 1.8;

Na2HPO4, 10; pH 7.4) or vehicle (0.5 ml PBS) into the GP
(n=8±11 animals per dose). Injections were made over a
2 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 (Portex) tubing to a 5 ml
Hamilton microsyringe. Animals were videotaped for a further
330 min. Net contraversive rotations (3608C) were assessed as

an index of unilateral relief of akinesia (Dawson et al., 2000).
These rotations were counted manually from the videotape
recordings in 10 min time bins. To con®rm the receptor

speci®city of CP-93129, the e�ects of isamoltane (10 nmol)
were examined against a single e�ective dose of CP-93129
(220 nmol). In these experiments, 7 h after the initial injection

of CP-93129 (220 nmol), rats were injected with either
isamoltane (10 nmol in 1 ml, pH 7.0; given over 5 min), or
vehicle (1 ml PBS) into the same site (n=6±7 animals per

group). Rotational behaviour was videotaped throughout the
30 min equilibration period for isamoltane and for a further
330 min following a repeat dose of CP-93129 (220 nmol). At
the end of each experiment, fast blue dye (0.2 ml of 1%, w v71)

was injected via the guide cannulae to allow histological
veri®cation of injection sites. Approximately 5 min after dye
injection, animals were killed by halothane overdose followed

by 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 (0.1% w v71) staining.

Data analysis

For the [3H]-GABA release studies, di�erences in the S2/S1
ratio between the various concentrations of CP-93129 in the
presence and absence of isamoltane or vehicle were analysed

using one-way Analysis of Variance (ANOVA) with a Student-
Neuman-Keuls post-hoc test. For the behavioural studies, the
number of rotations per 10 min were compared to baseline

akinesia using a one-way ANOVA with a Dunnett's post-hoc
test. The number of rotations evoked over 240 min by each
dose of CP-93129 or vehicle were compared using a one-way

ANOVA with a Student-Newman-Keuls post-hoc test. The
e�ects of CP-93129 prior to and following isamoltane or
vehicle treatment were compared using 2-tailed paired t-test. In
all cases, P50.05 was taken to represent a signi®cant

di�erence.

Drugs

Isamoltane hemifumarate and 3-(1,2,5,6-tetrahydropyrid-4-
yl)pyrrolo[3,2-b]pyrid-5-one (CP-93129) were obtained from

Tocris Cookson Ltd., U.K. Nipecotic acid was obtained from
RBI, U.K. [3H]-GABA was obtained from NEN, U.K.
Reserpine, b-alanine, amino-oxyacetic acid and all standard
laboratory reagents were obtained from Sigma, U.K.
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Results

E�ects of the 5HT1B receptor agonist on [3H]-GABA
release in the globus pallidus

Individual percentage release rate curves for [3H]-GABA
release from single slices of GP are shown, for the three main
experimental conditions, in Figure 1. Under control conditions

(Figure 1a) basal [3H]-GABA release was approximately 0.2%
per 4 min fraction (0.22+0.15% per 4 min fraction; mean+
s.e.mean, n=8). [3H]-GABA release increased approximately 7

fold over basal levels following the ®rst 25 mM KCl stimulus

(S1) and approximately 6.5 fold following the second stimulus
(S2). The resultant mean S2/S1 ratio in control slices was
0.89+0.1 (mean+s.e.mean, n=8). The 25 mM KCl-evoked

[3H]-GABA release was signi®cantly reduced in Ca2+ free
conditions by 70.0+1.9% (mean+s.e.mean, n=6; data not
shown).

CP-93129 (5.4 mM) had no e�ect on basal [3H]-GABA

release (P40.05; n=8), but produced an approximate 45%
reduction in [3H]-GABA release evoked at S2 (Figure 1b).
Incubation with isamoltane (10 mM) similarly did not a�ect

basal [3H]-GABA release (P40.05; n=8) but reduced the
inhibitory e�ects of CP-93129 on [3H]-GABA release evoked at
S2 (Figure 1c).

The e�ects of increasing concentrations of CP-93129 on
[3H]-GABA release ratios (S2/S1) are shown in Figure 2a
(mean+s.e.mean; n=8). CP-93129 (0.6 ± 16.2 mM) produced a

signi®cant concentration-dependent inhibition of 25 mM KCl-
evoked [3H]-GABA release reaching a maximum inhibition of
52.5+4.5% with the highest concentration tested (16.2 mM)
(see Figure 2a). Concentrations of CP-93129 below 0.6 mM
failed to inhibit the release of [3H]-GABA (n=4; data not
shown). Addition of isamoltane (10 mM) abolished the e�ect of
5.4 mM CP-93129 on [3H]-GABA release (P50.05, n=8;

Figure 2b).

Figure 1 Percentage release rate of [3H]-GABA from single slices of
rodent globus pallidus evoked by dual 25 mM KCl stimulation (S1 at
12 min and S2 at 52 min). (a) Release evoked under control
conditions (b) e�ects of CP-93129 (5.4 mM) on S2 and (c) e�ects of
CP-93129 (5.4 mM) on S2 in the presence of isamoltane (10 mM).

Figure 2 (a) Concentration-dependent e�ects of the 5HT1B receptor
agonist, CP-93129 (0.6 ± 16.2 mM) on 25 mM KCl-evoked [3H]-GABA
release from slices of rodent globus pallidus and (b) e�ect of the
5HT1B receptor antagonist, isamoltane (10 mM) on the CP-93129
(5.4 mM)-mediated inhibition of 25 mM KCl-evoked [3H]-GABA
release. In (b) isamoltane was present 8 min prior to and during
exposure to CP-93129. Values represent mean+s.e.mean (n=8).
*Indicates a signi®cant di�erence compared to control; #indicates a
signi®cant di�erence compared to 0.6 mM (1-way ANOVA, P50.05).
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E�ects of intrapallidal 5HT1B receptor agonist
administration in the reserpine-treated rat

Post-mortem light microscopic examination con®rmed the
correct positioning of injection sites within the GP in
approximately 80% of animals. Where aberrant injections
were made adjacent to the GP, CP-93129 failed to induce any

locomotor behaviour. Only data from those animals with
correctly positioned cannulae were included in the analyses
below.

During the baseline recordings, all reserpine-treated rats
exhibited negligible locomotor activity (0 rotations 30 min71)
and were thus considered suitably akinetic for inclusion in the

study. Unilateral injection of the 5HT1B receptor agonist, CP-
93129 into the GP of reserpine-treated rats produced net
contraversive rotations, the time-course for which is shown

only for the maximum dose of CP-93129 (330 nmol) (Figure
3a). This rotational activity commenced immediately upon
administration of CP-93129, reached a maximum rate of 10+2
turns 10 min71 (n=8) and reversed back to baseline within

240 min. Subsequent quanti®cation of locomotor activity
induced by the full dose range of CP-93129 was thereafter
made over 240 min (Figure 3b).

Neither vehicle nor low dose CP-93129 (30 nmol) produced
any signi®cant net contraversive rotations over this period. In

contrast, CP-93129 (110 ± 330 nmol) produced a dose-depen-
dent increase in net contraversive rotations 240 min71. Three
of the eleven animals tested with the highest dose (330 nmol)

were excluded from the analysis since they produced central
excitation in the form of wet dog shakes and intermittent
barrel rolling.

Pre-treatment with isamoltane (10 nmol) signi®cantly

inhibited the CP-93129 (220 nmol)-induced net contraversive
rotations 240 min71 by 84+6% (mean+s.e.mean, n=7),
re¯ecting a decrease in both peak response and duration.

Pre-treatment with vehicle for isamoltane (PBS, pH 7.4) did
not a�ect the subsequent response to CP-93129 (n=6). No
locomotor activity was observed during the equilibration

period with isamoltane alone.

Discussion

This study examined the hypothesis that activation of 5HT1B

receptors may reduce GABA release in the GP and thereby

provide a way of alleviating parkinsonian akinesia. The data
presented indicate that (i) 5HT1B receptor activation with CP-
93129 does inhibit the release of [3H]-GABA from pallidal

slices and (ii) intrapallidal injection of CP-93129 alleviates
akinesia in the reserpine-treated rat model of PD. Taken
together these data suggest a role for 5HT1B receptors in the

regulation of GABAergic function in the GP that may prove
useful in the search for novel therapeutic approaches for the
treatment of PD.

Heteroreceptor function of the 5HT1B receptor on GABA
release in the globus pallidus

Depolarizing stimuli produced an approximate 7 fold increase
in basal release of tritium from microdissected slices of rat GP.
Since the GABA transaminase inhibitor, amino-oxyacetic acid,

was present in the superfusate, the majority of this KCl-evoked
tritium release is taken to represent [3H]-GABA and not its
metabolites (Gardner & Richards, 1981). However, since no

subsequent analytical examination of the release fraction was
performed, the possibility of some contamination with
metabolites cannot be ruled out. In agreement with previous
studies on GABA release in the GP (Maneuf et al., 1994), we

observed an approximate 70% reduction of release in the
absence of extracellular Ca2+, indicating that the majority of
the GABA released was likely to be neuronal in origin. Since

the striatopallidal e�erents comprise the major source of
GABAergic input to the GP (Parent & Hazrati, 1995), these
neurones are the most likely source of GABA release in the

present study. The source of the remaining (*30%) Ca2+-
independent fraction of [3H]-GABA release is not known.
However, since b-alanine and nipecotic acid were present

throughout, it is unlikely to be either glial in origin or due to
reverse GABA transport (Bernath & Zigmond, 1988).

Superfusion with CP-93129 (0.6 ± 16.2 mM) resulted in a
concentration-dependent inhibition of depolarization-evoked

[3H]-GABA release from the GP. At the higher concentrations
used, CP-93129 is not fully selective for 5HT1B receptors
(Ki%8 nM), but would also be expected to act on Gi/o coupled

5HT1A receptors (Ki%2 mM). However, an action on 5HT1A

receptors is unlikely to mediate this inhibition of [3H]-GABA
release from the GP since 5HT1A receptors are largely absent

from this region (Pompeiano et al., 1992; Kia et al., 1996). In
contrast, 5HT1B receptors are densely expressed in the GP on
preterminal axonal elements (Riad et al., 2000) that are
presumed to be of striatal origin (Sari et al., 1999). These data

Figure 3 (a) Time-course of net contraversive rotations induced by
the 5HT1B agonist, CP-93129 (330 nmol in 0.5 ml) and (b) dose-
related e�ects of CP-93129 (30 ± 330 nmol) or vehicle following
unilateral intrapallidal injection in the reserpine-treated rat. Values
represent mean+s.e.mean (n=8± 9 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).
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suggest, therefore, that at least some 5HT1B receptors must be
responsible for this CP-93129-induced inhibition of [3H]-
GABA release from the GP via an heteroreceptor action on

striatopallidal neurones. This is consistent with the previously
reported auto- and hetero-receptor role of 5HT1B receptors in
the brain (Davidson & Stamford, 1997; Boulenguez et al.,
1997). The receptor selectivity of these e�ects of CP-93129 was

examined further using the antagonist, isamoltane. Isamoltane
shows an approximate 5 fold higher selectivity at b-adrenergic
receptors (IC50=8.4 nM) compared to 5HT1B receptors

(IC50=39 nM) (Waldmeier et al., 1988). However, the
involvement of b-adrenergic receptors in mediating the present
e�ects of CP-93129 is unlikely since the expression of b-
adrenergic receptors in the GP is again very low (Wanaka et
al., 1989). For this reason, the observed inhibitory e�ects of
isamoltane are believed to represent inhibition of the 5HT1B-

mediated e�ects of CP-93129.

Reversal of reserpine-induced akinesia by the 5HT1B

agonist, CP-93129

Unilateral injection of CP-93129 into the GP of the reserpine-
treated rat produced contraversive rotational behaviour

indicative of a unilateral reversal of the reserpine-induced
akinesia. Prior intrapallidal injection of isamoltane (10 nmol)
inhibited the rotational response to CP-93129 by 84%,

indicating that the rotational response is mediated primarily
through activation of 5HT1B receptors in the GP. The dose-
response relationship of this anti-akinetic e�ect of CP-93129

was narrow, with a threshold dose of 110 nmol and a
maximally e�ective dose of 220 nmol. At the highest dose
tested (330 nmol), CP-93129 produced central excitation, the
cause of which is not known. However, this excitation is not

thought to re¯ect the activation of adjacent non-pallidal 5HT1B

receptors since aberrant injections of CP-93129 into regions
adjacent to the GP did not produce any e�ect.

The CP-93129-mediated reduction in depolarization-evoked
[3H]-GABA release from the GP, described above, is believed

to be mediated via activation of 5HT1B heteroreceptors on the
preterminal axons of striatopallidal neurones (Riad et al.,
2000). Therefore, the most likely cellular mechanism under-

lying the anti-akinetic e�ects of intrapallidal CP-93129 in the
reserpine-treated rat is inhibition of GABA release from
overactive striatopallidal neurones.

Therapeutic implications for Parkinson's disease

In this study we have used the reserpine-treated rat model of

PD to mimic the depletion of aminergic neurotransmitters and
the akinetic symptomatology of the disease (Colpaert, 1987).
These data reveal that activation of 5HT1B receptors in the GP

may provide a useful means of reversing the parkinsonian
akinesia. Although there is some 5-hydroxytryptaminergic
neuronal degeneration in PD, the distribution and density of

5HT1B receptors appear to be preserved throughout the
parkinsonian basal ganglia (Castro et al., 1998), thus providing
a robust target for manipulation. However, 5HT1B receptors
are also densely expressed preterminally on striatonigral

neurones in the substantia nigra pars reticulata (Sari et al.,
1999; Riad et al., 2000) where they appear to restrict GABA
transmission (Stanford & Lacey, 1996). Studies using

intraventricular or systemic administration of 5HT1B receptor
agonists will help to clarify whether the in vivo activation of
these additional receptors will in¯uence the predicted bene®cial

e�ects seen following intrapallidal administration.
In conclusion, these data indicate that some 5HT1B

receptors can function as heteroreceptors in the GP, reducing

the release of GABA from striatopallidal neurones. Moreover,
this cellular mechanism may underlie the anti-akinetic activity
of CP-93129 seen in the reserpine-treated rat model of PD.

The authors would like to thank Miss E. Handford and Mr L.
Dawson for their technical assistance. A. Chadha is a Medical
Research Council student.
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