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ABSTRACT The effect of unilateral intrapallidal cannabinoid receptor stimulation
on rotational behavior in rats was explored. The potent cannabinoid agonist CP55,940 (5
µg/0.5 µl) induced ipsilateral turning when microinjected unilaterally into the globus
pallidus. The D2 dopamine agonist quinpirole reversed this ipsilateral rotation but failed
to affect motor behavior on its own. Finally, the D1 dopamine agonist SKF 82958
inhibited movement when administered into the globus pallidus, and this effect was not
additive with CP55,940. Synapse 28:27–32, 1998. r 1998 Wiley-Liss, Inc.

INTRODUCTION

Perhaps, the most striking aspect of cannabinoid
receptor distribution in the brain is the extremely high
concentration of these receptors in motor control cen-
ters, which include the basal ganglia and cerebellum
(Herkenham et al., 1991a,b; Mailleux and Vanderhae-
gen, 1992). Although little is known about the effects of
cannabinoids on cerebellar function, a growing litera-
ture suggests that the profound effects of cannabinoids
on motor function can be accounted for in part by
actions of cannabinoids within basal ganglia circuits
(Anderson et al., 1995; Miller and Walker, 1995, 1996a,b;
Romero et al., 1995, 1996a,b; Sañudo-Peña and Walker,
1997; Sañudo-Peña et al., 1996; Souilhac et al., 1995;
Wickens and Pertwee, 1993).

The globus pallidus (GP) and substantia nigra pars
reticulata (SNr) possess among the highest levels of
cannabinoid receptors in the brain (Herkenham et al.,
1991a,b; Mailleux and Vanderhaegen, 1992). However,
these output nuclei of the striatum lack detectable
levels of mRNA for the cannabinoid receptor (Mailleux
and Vanderhaegen, 1992), suggesting that the recep-
tors occur presynaptically on afferent terminals. Ana-
tomic and neurophysiologic data indicate that the
striatum and the subthalamic nuclei are two likely
sources of presynaptic receptors in the SNr and GP
(Herkenham et al., 1991a; Miller and Walker, 1995;
Sañudo-Peña and Walker, 1997; Sañudo-Peña et al.,
1996).

In a previous report (Sañudo-Peña et al., 1996), we
demonstrated that intranigral administration of canna-
binoids in the SNr provokes contralateral turning
behavior. This effect appears to be the result of inhibi-
tion of glutamate release from subthalamonigral neu-
rons because cannabinoids inhibit the increased firing

in SNr produced by stimulation of the subthalamic
nucleus (Sañudo-Peña and Walker, 1997). Other work
indicated that cannabinoids antagonize the inhibitory
effect of striatal stimulation on nigral and pallidal
neurons (Miller and Walker, 1995, 1996a,b; Sañudo-
Peña et al., 1996). It thus appears that endogenous
cannabinoids exert powerful influences on nigral physi-
ology by presynaptic controls over its major excitatory
and inhibitory inputs.

Cannabinoid receptors coexist with dopamine D1
receptors on striatonigral and striatopallidal neurons,
but they apparently produce opposite effects on second
messengers and neurotransmitter release (Graybiel,
1990; Herkenham et al., 1991a; Howlett, 1995; Mackie
and Hille, 1992; Mackie et al., 1995; You et al., 1994).
Cannabinoids antagonized the effects of a D1 agonist in
the SNr. A similar antagonist interaction was observed
with a D2 agonist, despite the opposite effects of D1 and
D2 drugs (Sañudo-Peña et al., 1996). The present work
extends this study to the other main output nucleus of
the striatum, the GP. As in the previous study of the
SNr, the drugs were administered unilaterally into the
GP to determine their effects on motor behavior with
the aim of clarifying the nature and site of motor
actions of cannabinoids in relation to dopaminergic
influences.

MATERIALS AND METHODS

Male Sprague-Dawley rats (Charles River Laborato-
ries, Wilmington, MA), 250–300 g at the time of sur-
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gery, served as subjects. They were individually housed
in metal cages in a temperature-regulated (22–23°C)
room with food and water freely available. Artificial
lighting was provided from 0700 h to 1900 h.

On the day of the surgery, the animals were anesthe-
tized with sodium pentobarbital (50 mg/kg) and placed
in a stereotaxic frame. A 24-gauge guide cannula con-
structed from stainless steel hypodermic tubing was
implanted so that its tip was 4.0 mm above the center of
the left GP (0.7 mm posterior, 2.7 mm lateral, 6.9 mm
ventral from bregma and the skull surface). The cannu-
las were fixed to the skull with stainless steel screws
and dental acrylic. Stainless steel stylets kept the
cannulas sealed.

After at least three days of recovery, animals were
tested for turning behavior after receiving a intrapalli-
dal injection of a drug or combination of drugs. Drugs
were injected (0.5 µl over a two-minute period); the
injection cannula (31-gauge stainless steel tubing) was
left in place for an additional 30 sec before removal.
After the injection, the stainless steel stylet was re-
placed in the guide cannula, and each animal was
placed in a rotometer. An adjustable elastic harness
fitted around each animal was connected by a metal
cable to an optical transducer that encoded the position
of the rat as a binary signal. A computer interfaced to
the transducer calculated the number and direction of
half-turns per minute for each animal during a 30-min
testing session. Each rat was tested once.

Sodium pentobarbital was obtained from Abbot Labo-
ratories (North Chicago, IL). The potent cannabinoid
agonist CP 55,940 was generously provided by Pfizer
Inc. (Groton, CT). All microinjected drugs were dis-
solved in 60% DMSO (Sigma Chemical Co., St. Louis,
MO). The D1 dopamine receptor agonist SKF 82958
and the D2 dopamine agonist quinpirole were obtained
from Research Biochemicals International (Natick, MA).
All other drugs and chemicals were obtained from the
Sigma Chemical Co.

After behavioral testing, rats were perfused transcar-
dially with a 10% formalin solution while under deep
anesthesia. Brains were fixed in a 30% sucrose-
formalin solution and frozen. Coronal sections (40 µm)
were stained with cresyl violet and examined under a
microscope to localize injection sites. In all studies, only
the data from animals with correct cannula placements
(Fig. 1) and minimal nonspecific damage were included.

Rotation after intrapallidal injections of the cannabi-
noid agonist CP 55,940 (5 µg) was examined. We also
tested the effect of coadministration of CP 55,940 and
the D1 agonist SKF 82958 (10 µg) on the rotation
induced by administration of either single compound
and the effect of the D2 agonist quinpirole (2.5 µg) on
the turning induced by intrapallidal administration of
CP 55,940.

Net contralateral half-turns (contralateral minus
ipsilateral) were used in all the data analyses. All data

in this study were analyzed together. Due to heterogene-
ity of variance, the data were analyzed by using a
nonparametric one-way Kruskal-Wallis test. Post hoc
comparisons were made by using the Mann-Whitney
test.

RESULTS

An overall analysis of variance revealed that the
various drug combinations administered into the GP
produced markedly different effects on rotational behav-
ior: Kruskal-Wallis test (H 5 26.49, P # .0001). Rats
injected with CP 55,940 (5 µg) showed significant
ipsilateral rotation compared with the vehicle group
(Mann-Whitney test P # .04; Figs. 2 and 3).

Injections of SKF 82958 (10 µg) into the GP induced
significant ipsilateral rotational behavior (Mann-
Whitney test P # .002; Fig. 2). The unilateral adminis-
tration of the dopamine D1 agonist into the GP pro-
duced catalepsy as measured in the bar test. Whereas
all animals that received vehicle descended from a
horizontal bar immediately, all animals treated with
the D1 agonist exhibited descent latencies .1 min
(Wilcoxin Signed Rank Test: P # .001). Coadministra-
tion of the D1 agonist with the cannabinoid agonist
produced significant ipsilateral turning (P # .002; Fig.
2), which was similar in magnitude to that induced by
the D1 agonist alone.

In contrast to the D1 agonist, the D2 agonist did not
produce circling when micro-injected in the GP (Fig. 3).
However, coadministration of quinpirole with the can-
nabinoid reversed the contralateral rotation induced by
the administration of the cannabinoid agonist alone
(P # .04; Fig. 3).

DISCUSSION

In this study, the unilateral microinjection of cannabi-
noid agonist CP55,940 into the GP produced ipsilateral
turning behavior. These data suggest that the cannabi-
noid agonist inhibited pallidal neuron firing. This effect
was antagonized by intrapallidal coadministration of a
dopamine D2 but not a D1 receptor agonist. In addition,
we observed ipsilateral turning after unilateral pallidal
microinjections of the dopamine D1 receptor agonist
SKF82958, whereas the dopamine D2 receptor agonist
quinpirole failed to induce significant turning.

The ipsilateral turning produced by intrapallidal
administration of cannabinoids probably results from
inhibition of pallidal neurons. This conclusion is consis-
tent with the finding that inhibition of pallidal neurons
with phencyclidine, a noncompetitive NMDA receptor
antagonist, leads to ipsilateral turning, and electrical
or chemical stimulation of the GP leads to contralateral
turning (Aiko et al., 1988; Herrera-Marschitz et al.,
1987; Slater et al., 1980; Yamaguchi et al., 1986).
Pallidal neurons are inhibited by systemic and micro-
pressure administration of cannabinoid agonists (Miller
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and Walker, 1996a,b), and cannabinoids enhance the
catalepsy produced by pallidal microinjections of GABA
agonists (Wickens and Pertwee, 1993). These findings
are consistent in indicating that cannabinoids inhibit
pallidal output neurons and that this would be expected
to result in ipsilateral turning, which was observed.

As noted above, inhibition of the excitatory input
from subthalamic nucleus terminals appears to account
for the turning behavior produced by microinjections of
cannabinoids in the substantia nigra (Sañudo-Peña
and Walker, 1997; Sañudo-Peña et al., 1996). A similar
mechanism may account for the actions of cannabinoids
in the GP, because it also receives a major excitatory
input from the subthalamic nucleus. In support of this
possibility, glutamate antagonists enhanced the cata-
lepsy induced by cannabinoids (Kinoshita et al., 1994)
and induced ipsilateral rotation when injected into the
GP (Yamaguchi et al., 1986).

Little work has been directed at understanding the
relationship between dopamine D1 receptors in the GP
and motor behavior. The striatum is the main source of

D1 dopamine receptors to the globus pallidus (Herken-
ham et al., 1991a), but mRNA for the dopamine D1
receptor is found also in pallidal neurons (Mansour et
al., 1991). Therefore, the dopamine D1 agonist could
enhance GABA release by an action at striatopallidal
terminals or intrinsic pallidal neurons (You et al.,
1994). This would cause inhibition of pallidal output
neurons and thus lead to ipsilateral turning. Dopamine
D1 and cannabinoid receptors are colocalized on stria-
tal terminals (Herkenham et al., 1991a; Mansour et al.,
1990, 1992) and apparently produce opposite actions on
neurotransmitter release (Graybiel, 1990; Herkenham
et al., 1991a; Howlett, 1995; Mackie and Hille, 1992;
Mackie et al., 1995; You et al., 1994). Therefore, one
would expect to see opposite actions of these two classes
of agonists and antagonistic interactions when the two
are coadministered.

Whereas an antagonist interaction between dopa-
mine D1 and cannabinoid receptors occurred in the SNr
(Sañudo-Peña et al., 1996), which exhibits a similar
colocalization, neither opposite actions nor an antago-

Fig. 1. Diagrammatic representation of the localization of guide cannulae tips for intrapallidal
administration of (X) vehicle, (W) the cannabinoid agonist CP55,940, (N) the dopamine D1 agonist
SKF82958, (M) SKF82958 1 CP55,940, (S) the dopamine D2 agonist quinpirole, and (Q) quinpirole 1
CP55,940.
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nistic interaction was found in the GP. Perhaps the low
density of D1 receptors compared with cannabinoid
receptors accounts for the negligible interaction be-
tween them in the GP. This favors the idea that the
main effect of the D1 agonist may be to release GABA
from terminals that are lacking in cannabinoid recep-
tors, whereas the cannabinoid agonist inhibited neuro-
transmission at subthalamopallidal terminals, which
are lacking in dopamine D1 receptors (Mansour et al.,
1990, 1992). This could account for a prevalence of
inhibition of pallidal neurons, which would be reflected
as ipsilateral turning. The lack of any synergistic
interaction between the D1 ligand and the cannabinoid
may be the result of a ceiling effect. Further studies
using a range of doses would help clarify this.

At first glance, the observation of marked ipsilateral
turning and a cataleptic response in the bar test would
appear to pose a contradiction. However, previous work
has shown that locomotion and catalepsy are not part of
a continuum in which catalepsy is a maximal suppres-

sion of motor responses (Klemm, 1989). Rather, cata-
lepsy appears to be a form of ‘‘active immobility,’’ which
may involve failure of initiation of complex motor acts.
Therefore, the presence of cataleptic responses in the
bar test and ipsilateral turning are not incompatable
and have, in fact, been observed with other drugs
(Sukul et al., 1988). In addition, these findings offer a
likely explanation for the failure of dopamine D1 ago-
nists to reverse the cataleptic effects of dopamine
antagonists (Vacherri et al., 1986).

Dopamine D2 receptors occur on several neuronal
types within the GP. They are located mainly at striato-
pallidal terminals, where they are colocalized with
cannabinoid receptors (Herkenham et al., 1991a;
LeMoine and Bloch, 1995). However, dopamine D2
autoreceptors may also exist on the terminals of dopa-
minergic neurons that innervate the GP (Lindvall and
Bjorklund, 1979; Pucak and Grace, 1994), and they may
occur on intrinsic pallidal neurons as well (Mansour et
al., 1990; Meador-Woodruff et al., 1989). Dopamine D2
receptors located on striatopallidal terminals appar-
ently inhibit GABA release from these terminals (Gray-

Fig. 2. Effects on turning behavior caused by unilateral microinjec-
tions of the cannabinoid agonist CP55,940 alone or together with the
D1 dopamine receptor agonist SKF82958 into the globus pallidus
(*significantly different from the rest of the groups, **significantly
different from the vehicle, CP55,940, quinpirole, and quinpirole 1
CP55,940 groups, P , .05). The administration of the cannabinoid or
the dopamine D1 agonist induced ipsilateral turning. The administra-
tion of the cannabinoid agonist together with the D1 dopamine
receptor agonist had the same effect on turning behavior as the
administration of the D1 dopamine receptor agonist alone.

Fig. 3. Effects on turning behavior caused by unilateral microinjec-
tions of the cannabinoid agonist CP55,940 alone or together with the
D2 dopamine receptor agonist quinpirole into the globus pallidus
(*significantly different from the rest of the groups, P , .05). The D2
dopamine receptor agonist significantly reduced the ipsilateral turn-
ing induced by the cannabinoid agonist but had no positive effect on
turning behavior.
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biel, 1990; Pucak and Grace, 1994; Santiago and Wester-
ink, 1991; You et al., 1994), thereby indirectly activating
pallidal neurons. A similar effect of the cannabinoid
would be expected because cannabinoids inhibit stria-
tonigral neurotransmission (Miller and Walker, 1995;
Sañudo-Peña et al., 1996). However, striatopallidal
terminals are quiescent (Wilson, 1993), which may
explain the inactivity of the quinpirole when adminis-
tered alone. If this explanation were correct, it would
imply that actions of the D2 drug on intrinsic neurons
or on autoreceptors were also below that needed to
produce an effect on behavior.

The dopamine D2 agonist antagonized the ipsilateral
turning induced by the cannabinoid. The general conclu-
sion of opposing actions of cannabinoid and dopamine
D2 agonists is consistent with the ipsilateral rotation
produced by intrapallidal injection of neuroleptics,
which are thought to act as antagonists mainly at the
dopamine D2 receptor (Costall et al., 1972). It may be
that the excitatory effect of the D2 agonist on pallidal
neurons predicted from the activation of D2 receptors
on striatopallidal neurons was not strong enough to
affect behavior when administered alone. However, it
may still have opposed the action of the cannabinoid on
turning. Of course, with the multiple sites of action of
D2 agonists within the pallidum, other possibilities
should be considered in future work.

The present report that cannabinoids inhibit move-
ment through their action in the GP is in agreement
with a previous study showing loss of cannabinoid
receptors in the GP of Huntington disease patients in
early stages of the disease (Richfield and Herkenham,
1994). A loss of inhibition of the pallidal output neurons
is associated with the chorea observed in early stages of
the disease (Albin et al., 1989). The finding that canna-
binoids in this circuitry exert behavioral effects that are
similar to those of D1 agonists but opposite to those of
D2 agonists may suggest novel therapeutic drug treat-
ments for neurodegenerative and motor disorders.
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