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KADDIS, F. G., L. J. WALLACE AND N. J. URETSKY. AMPA/Kainate antagonists in the nucleus accumbens in-
hibit locomotor stimulatory response to cocaine and dopamine agonists. PHARMACOL BIOCHEM BEHAV 46(3) 703-
708, 1993.—The purpose of this study was to determine whether AMPA /kainate excitatory amino acid receptors in the
nucleus accumbens (NAc) play a role in the locomotor stimulation produced by cocaine and dopamine receptor agonists. The
stimulation of locomotor activity produced by the systemic administration of cocaine was markedly attenuated by either the
D, receptor antagonist SCH23390 or the D, receptor antagonist eticlopride administered directly into the NAc. This indicates
that both dopaminergic receptor subtypes in the NAc are involved in the motor stimulant response to cocaine. The intra-
accumbens administration of DNOX or GAMS, which have been shown to inhibit the locomotor stimulation produced by
the excitatory amino acid agonist AMPA, antagonized the locomotor stimulant response to cocaine administered either
systemically or directly into the NAc. DNOX and GAMS also inhibited the stimulation of locomotor activity produced by the
coinjection of the D, agonist SKF38393 and the D, agonist quinpirole injected into the NAc of normal animals and of animals
pretreated with reserpine. These results suggest that the activation of AMPA /kainate receptors in the NAc plays an important
role in the locomotor stimulation produced by cocaine and directly acting dopaminergic receptor agonists. The effect produced
by the activation of these receptors is independent of endogenous dopamine stores, suggesting that these receptors are located

postsynaptic to the dopaminergic nerve terminals.
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CONVERGING evidence suggests that the behavioral stimu-
lation produced by psychomotor stimulant drugs, such as am-
phetamine and cocaine, is primarily mediated through en-
hancement of mesolimbic dopamine neurotransmission. Thus,
the stimulation of locomotor activity produced by these drugs
is associated with an increase in the extracellular level of dopa-
mine in the nucleus accumbens (NAc) (13,22,26,29), a fore-
brain region that contains the nerve terminals of the meso-
limbic dopamine projections. Furthermore, lesions of the
dopaminergic nerve terminals in the NAc inhibit the locomo-
tor response to systemic amphetamine and cocaine (25). In
addition, direct administration of amphetamine and cocaine
into the NAc results in stimulation of locomotor activity
(11,20,30).

The NAc also receives glutamatergic projections from sev-
eral brain areas including the cerebral cortex (6,39), amygdala
(35), and hippocampus (17). Glutamatergic neurotransmission
in the NAc appears to be involved in the regulation of locomo-
tor activity. Thus, intra-accumbens administration of agonists
of glutamatergic ionotropic receptors, such as AMPA, kainic
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acid, and NMDA, stimulate locomotor activity, which can be
inhibited by specific antagonists of these receptors (2,4,15,19).
The motor stimulant effects produced by the intra-accumbens
administration of glutamatergic agonists can also be inhibited
by drugs that interfere with dopaminergic neurotransmission
(3,14). This suggests that the motor stimulant effects of the
excitatory amino acid agonists are dependent upon intact do-
paminergic neurotransmission. These observations are sup-
ported by in vitro and in vivo studies showing that excitatory
amino acid agonists can increase the extracellular level of do-
pamine in the NAc (23,24,34). An additional role for gluta-
matergic involvement in the regulation of locomotor activity is
inferred from observations that antagonism of glutamatergic
receptors in the NAc attenuates the effects of psychomotor
stimulant drugs. Thus, the locomotor stimulation produced
by systemic administration of cocaine is inhibited by the intra-
accumbens administration of aminophosphonovaleric acid
(32), an NMDA receptor antagonist (8). In addition, the stim-
ulant response to amphetamine is inhibited by the intra-
accumbens administration of 6,7-dinitroquinoxaline-2,3-di-
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one (DNQX), y-D-glutamylaminomethane-sulfonate (GAMS),
and GDEE (31,40), which act as antagonists of responses elic-
ited by AMPA, kainic acid, and quisqualic acid (7). These
observations suggest that the behavioral activation produced
by psychomotor stimulant drugs requires not only enhanced
dopaminergic neurotransmission but also enhanced gluta-
matergic neurotransmission in the NAc.

The evidence supporting an interaction between dopamine
and AMPA/kainate receptors in the NAc is based on the use
of amphetamine as the stimulant of dopaminergic neurotrans-
mission. However, the role of AMPA /kainate receptors in the
NAc in mediating the stimulant response to cocaine has not
been determined. While the NAc appears to be the primary
locus at which the psychomotor stimulant effects of amphet-
amine are elicited, both the medial prefrontal cortex and the
NAc have been shown to be important in mediating the effects
of cocaine. Therefore, amphetamine and cocaine might be
capable of stimulating locomotor activity by different mecha-
nisms. Thus, the purpose of this study was to determine the
role of AMPA /kainate receptors in the NAc in mediating the
locomotor stimulant effects of cocaine and to investigate fur-
ther the hypothesis that activation of both AMPA /kainate
and dopamine receptors in the NAc is required for the behav-
ioral activation elicited by psychomotor stimulant drugs. We
first confirmed that the stimulation of locomotor activity pro-
duced by cocaine is mediated by dopaminergic receptors in
the nucleus accumbens and then determined the effect of the
AMPA /kainate receptor antagonists DNQX and GAMS on
the locomotor stimulation produced by cocaine injected either
systemically or into the nucleus accumbens. Furthermore, we
investigated the possible localization of AMPA /kainate recep-
tors with respect to dopamine nerve terminals. Since cocaine
stimulates locomotion indirectly by enhancing dopaminergic
transmission, DNQX and GAMS could affect the cocaine re-
sponse by acting presynaptically at dopamine nerve terminals
to inhibit endogenous dopamine release or postsynaptically by
inhibiting the response to dopamine receptor activation. We
have, therefore, evaluated the effects of DNQX and GAMS
on the locomotor stimulation produced by a combination of
SKF38393 and quinpirole, directly acting D, and D, dopamin-
ergic agonists, in the presence and absence of intact dopamine
stores.

METHOD

Surgical Procedure

Male Sprague-Dawley rats (Harlan Sprague-Dawley, Indi-
anapolis) weighing 260-350 g were housed in groups of four
per cage in a temperature- and humidity-controlled environ-
ment with a 12-h light/dark cycle and free access to food and
water for at least one week before the experiments. For direct
injection into the NAc, rats were placed, under halothane
anesthesia, on a stereotaxic frame (David Kopf Instruments,
Tujunga, CA) with the incisor bar set at —3.3 from the in-
traaural line. Holes were drilled bilaterally in the skull at the
coordinates A: +1.5 mm from bregma, L: +1.4 mm. The
needle of a 10-ul Hamilton syringe (Hamilton Co., Reno, NV)
was inserted through the holes to a depth of 7.4 mm from the
surface of the skull. Drugs or vehicle were injected at a rate
of 0.5 pul/min. The needle was left in place for an additional
minute to allow for diffusion of the solution away from the
needle tip. The needle was then removed, and the incision
was closed with a wound clip. Anesthesia was discontinued
(approximately 5~10 min after the start of the surgery), and
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the animal was removed from the stereotaxic frame and al-
lowed to recover fully from the anesthesia before being placed
in a motor activity cage.

Measurement of Locomotor Activity

All rats were adapted to the motor activity cages for at
least 20 min before surgery. After injection into the NAc, rats
were placed in motor activity cages (Opto Varimex-Minor,
Columbus Instrument, Columbus, OH), which are 42 x 42
x 12 cm Plexiglas boxes equipped with 12 x 12 infrared
beams passing at a height of $ ¢cm from the bottom of the
cage. Ambulatory movement was considered as the number
of times two consecutive beams were interrupted. The data
were recorded on a digital counter. All experiments were con-
ducted between 0900 and 1500.

Histology

At the end of each experiment, rats were sacrificed by ex-
posure to CO, vapors. Brains were removed and placed in
10% formalin solution for at least 24 h before verification of
the site of injection. Locomotor activity data were considered
only for rats in which the needle tracks on both sides were in
the NAc.

Drugs

Cocaine HCl (Merck & Co., Inc., Rahway, NJ) was dis-
solved in 0.9% saline. 6,7-Dinitroquinoxaline-2,3-dione
(DNQX) (Tocris Neuramin, Essex, England) was dissolved in
a minimum volume of 0.1 N NaOH, neutralized with 0.1 N
HCIl to pH < 8 and adjusted to final volume with 0.9% sa-
line. y-D-Glutamylaminomethane-sulfonate (GAMS) (Tocris
Neuramin) was dissolved in 0.9% saline. 6-Amino-7-fluoro-
quinoxaline-2,3-dione (AFQX) was a gift from Dr. D. D.
Miller and was dissolved as for DNQX. SKF38393 was a gift
from Smith, Kline and French Laboratories (Philadelphia). It
was dissolved in a minimum volume of 0.1 N HCI and neutral-
ized with 0.1 N NaOH to pH about 5. Quinpirole was a gift
from Eli Lilly Company (Indianapolis) and was dissolved in
0.9% saline. SCH23390 (Research Biochemical Inc, Natick,
MA) and eticlopride (Research Biochemical Inc.) were dis-
solved in 0.9% saline. Reserpine (Sigma Chemical Co., St.
Louis) was dissolved in dilute acetic acid.

Statistics

Data were expressed as the mean and standard error of
the mean (SE). Significant differences were determined using
analysis of variance (ANOVA) followed by Student Newman-
Keuls Test or Student’s ¢ test as appropriate.

RESULTS

Effect of Intra-Accumbens Administration of Dopaminergic
Receptor Antagonists on Cocaine-Stimulated Locomotor
Activity

Systemic injection of cocaine (20 mg/kg i.p.) produced a
significant increase in locomotor activity (Fig. 1). This stimu-
lation was inhibited by direct intra-accumbens injection of
either the D, antagonist SCH23390 or the D, antagonist eticlo-
pride (Fig. 1) administered in doses that inhibit amphetamine-
stimulated locomotion (Willins et al., submitted). Although
the locomotor stimulation of the rats coinjected with either
the D, or D, antagonist and cocaine was markedly inhibited,
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FIG. 1. Effect of SCH23390 and eticlopride on cocaine-stimulated
locomotor activity. Rats were injected bilaterally in the nucleus ac-
cumbens with saline, SCH23390 (0.3 or 3 ug), or eticlopride (0.1, 1.0,
or 10 ug) in a volume of 0.5 ul/side 5 min prior to receiving either
cocaine HCI (20 mg/kg i.p.) or saline. Locomotor activity was then
measured for 60 min. The bars represent the mean ambulatory counts
+ SE, and the number of observations are indicated in the parenthe-
ses. *Significant from saline control group at p < 0.05. “Significant
from saline/cocaine group at p < 0.05 (Student Newman-Keuls test).

the animals did not display ataxia or catalepsy, and their activ-
ity was not significantly lower than that of saline controls
(Fig. 1). These results confirm the importance of dopaminer-
gic transmission in the NAc in mediating the locomotor stimu-
latory response to cocaine. In addition, they demonstrate that
both the D, and D, receptor subtypes in the NAc are involved
in mediating this effect.

Effect of Intra-Accumbens Administration of AMPA/
Kainate Receptor Antagonists on Cocaine-Induced
Stimulation of Locomotor Activity

To examine the role of AMPA/kainate receptors in the
NAc on cocaine-induced hypermotility rats were injected into
the NAc with either saline, DNQX (1 ug/0.5 ul/side), AFQX
(1 ug/0.5 pl/side), or GAMS (5 ug/0.5 pl/side) 5 min prior to
cocaine (20 mg/kg i.p.). These doses of DNQX and GAMS
have been shown previously to inhibit the locomotor stimula-
tion induced by the intra-accumbens administration of AMPA
(2,4). DNQX and GAMS significantly inhibited the cocaine-
induced stimulation of locomotor activity (Fig. 2). However,
AFQX, a compound that is structurally related to DNQX but
that has low affinity for the AMPA/kainate receptor (38),
exhibited no significant effect on cocaine-induced hypermotil-
ity (Fig. 2).

Intra-accumbens injection of cocaine (20 ug/ul/side), in
agreement with a previous report by Delfs et al. (11), signifi-
cantly stimulated locomotor activity (Fig. 3). Coinjection of
DNQX (1 ug/side) completely inhibited this cocaine-induced
stimulatory response (Fig. 3). However, the intra-accumbens
injection of DNQX alone did not change the locomotor activ-
ity from that of saline controls (Fig. 3).

Effect of Intra-Accumbens Administration of AMPA/
Kainate Receptor Antagonists on the Stimulation of
Locomotor Activity Induced by Directly Acting Dopamine
Receptor Agonists

The purpose of this experiment was to determine whether
the AMPA /kainate receptors involved in mediating the co-
caine-induced locomotor stimulation are located postsynaptic
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FIG. 2. Effect of AFQX, DNQX, and GAMS on cocaine-stimulated
locomotor activity. Rats were injected bilaterally into the nucleus ac-
cumbens with AFQX (1 ug), DNQX (1 ug), and GAMS (5 ug) in a
volume of 0.5 ul/side. Cocaine (20 mg/kg i.p.) or saline was injected
5 min later, and locomotor activity was measured for 60 min. Bars
represent mean ambulatory counts + SE, and the number of observa-
tions are indicated in the parentheses. *Significant from saline controls
at p < 0.01. “Significant from saline/cocaine at p < 0.01 (Student
Newman-Keuls test).

to the dopaminergic nerve terminals. In this study a combina-
tion of the D, receptor agonist SKF38393 (3 ug/side) and the
D, receptor agonist quinpirole (0.3 ug/side) injected into the
NAc produced a significant stimulation of locomotor activity
(Fig. 4). Coinjection of either DNQX (1 ug/side) or GAMS (5
ug/side) significantly inhibited the stimulatory response in-
duced by the dopamine receptor agonists (Fig. 4).

In order to rule out a possible role for endogenous dopa-
mine in the hypermotility elicited by dopaminergic agonists,
the effect of DNQX on this response was determined in rats
pretreated with reserpine. Rats were injected with reserpine (5
mg/kg s.c.) or saline. Twenty hours later, rats were injected
with saline, cocaine (20 mg/kg i.p.), the combination of
SKF38393 and quinpirole (3 ug and 0.3 ug/side, respectively),
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FIG. 3. Effect of DNQX on locomotor activity stimulation induced
by cocaine microinjection into the nucleus accumbens. DNQX (1 ug)
was injected bilaterally into the nucleus accumbens. Cocaine HCI (20
ug) or saline (0.5 ul/side) was injected 5 min later. Locomotor activity
was measured for 60 min. Bars represent mean ambulatory counts
+ SE, and the number of observations indicated in the parentheses.
*Significant from saline controls at p < 0.01. “Significant from co-
caine-treated animals at p < 0.01 (Student Newman-Keuls test).



706

()]
8000-
7000-
6000-
5000-
4000-
3000-
2000-
1000 ©

0._._

Saline

(%)

SKF38393 SKF38393 SKF38393
Quirpirole Qurpirole  Quinpirole
DNQX GAMS

Locomotor Activity
Ambulatory Counts/60 Minutes

FIG. 4. Effect of DNQX and GAMS on locomotor stimulation in-
duced by concurrent intra-accumbens administration of SKF38393
and quinpirole. Rats were injected bilaterally into the nucleus accum-
bens with saline (1 ul/side), SKF38393/quinpirole (3.0 and 0.3 pg/
side), or SKF38393/quinpirole + DNQX (1 ug/side). Locomotor ac-
tivity was then measured for 60 min. Bars represent the mean ambula-
tory counts + SE, and the number of observations are indicated in
the parentheses. *Significant from saline controls at p < 0.01. ®Signif-
icant from SKF38393/quinpirole at p < 0.01 (Student Newman-
Keuls test).

or the same combination of dopamine receptor agonists to-
gether with DNQX (1 ug/side). Reserpine pretreatment re-
sulted in a marked inhibition of the locomotion stimulation
induced by cocaine (20 mg/kg i.p.), which is dependent on
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FIG. 5. (A) Effect of reserpine pretreatment on the locomotor stimu-
lation induced by cocaine. Rats were injected with either saline (clear
bar) or reserpine (5 mg/kg s.c.) (solid bar), and 20 h later they were
injected with cocaine (COC) (20 mg/kg i.p.). Locomotor activity was
monitored for 60 min. Bars represent mean ambulatory counts +
SE, and the number of observations are indicated in the parentheses.
*Significant from the saline/cocaine controls at p < 0.01. (B) Effect
of DNQX on hypermotility induced by intra-accumbens concurrent
administration of SKF38393 (SKF) and quinpirole (QUIN) in cate-
cholamine-depleted rats. All rats were injected with reserpine (5 mg/
kg s.c.), and 20 h later they were injected with either SKF38393/
quinpirole (3.0 ug and 0.3 ug/ul/side, respectively) or the same
SKF38393/quinpirole combination + DNQX (1 ug/side). Locomo-
tor activity was monitored for 60 min. Bars represent mean ambula-
tory counts + SE, and the number of observations are indicated in
the parentheses. *Significant from reserpine/saline at p < 0.01. ®Sig-
nificant from SKF38393/quinpirole at p < 0.01 (Student Newman-
Keuls test).
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intact dopamine stores (Fig. 5A). In contrast, reserpine en-
hanced the locomotor stimulation response produced by the
dopamine receptor agonists (cf. Fig. 4 and 5B). In addition,
the locomotor behavior produced by the dopamine receptor
agonists was qualitatively different after reserpine-pretreat-
ment, consisting of continuous “hopping” rather than the nor-
mal pattern of ambulatory locomotion. This activity elicited
by the directly acting dopaminergic agonists was significantly
inhibited (56%) by coinjection of DNQX (Fig. 5B).

DISCUSSION

The psychostimulant effects of cocaine, including the stim-
ulation of locomotor activity, have been associated with its
ability to inhibit dopamine reuptake at presynaptic dopamin-
ergic nerve terminals (33), resulting in an enhanced dopamin-
ergic neurotransmission. Although there is evidence suggest-
ing the involvement of the medial prefrontal cortex in the
stimulant effects of cocaine (28), the mesolimbic dopaminer-
gic projection to the NAc appears to be particularly important
in mediating the locomotor stimulatory effects of cocaine,
since lesions of dopaminergic nerve terminals in the NAc,
using the neurotoxin 6-hydroxydopamine, inhibited cocaine-
stimulated locomotor activity (25). Furthermore, the direct
injection of cocaine into the NAc has been shown to stimulate
locomotor activity, and this effect was dissociated from its
local anesthetic effect (11). In accordance with these observa-
tions, we demonstrated using specific dopaminergic receptor
antagonists that the locomotor stimulant response induced by
systemic cocaine could be inhibited by the blockade of either
the D, or D, dopamine receptor subtypes in the NAc. The
finding that the administration of either a D, or D, receptor
antagonist inhibited the effect of cocaine is in agreement with
previous observations (5,16) that the locomotor stimulation
produced by dopamine agonists requires the activation of both
D, and D, receptors. These observations demonstrate the im-
portance of enhanced dopaminergic neurotransmission in the
NAc in mediating cocaine-induced hypermotility.

The present results demonstrate the involvement of
AMPA /kainate receptors in the NAc in mediating the loco-
motor stimulatory effect of cocaine. Thus, systemic as well as
intra-accumbens cocaine-induced activity were inhibited by
the intra-accumbens injection of AMPA/kainate receptor an-
tagonists. Since the enhanced dopaminergic transmission
induced by cocaine is due to the inhibition of the uptake of
the released dopamine at presynaptic nerve terminals, the
AMPA /kainate receptors that are involved in the hypermo-
tility response to cocaine could be located on the dopaminergic
nerve terminal, where they may modulate dopamine release.
This hypothesis is consistent with studies showing that AMPA
and kainic acid can enhance the release of [PH]dopamine in
vitro (12,34) and that AMPA and quisqualic acid can increase
the extracellular concentration of endogenous dopamine in
vivo (4,23). Alternatively, the AMPA/kainate receptors may
be located on the postsynaptic side of the dopaminergic syn-
apse, where they are able to augment the effects of dopamine
receptor stimulation. In the present study we attempted to
functionally distinguish between these hypotheses by deter-
mining whether antagonists of the AMPA/kainate receptors
DNQX and GAMS could inhibit the locomotor stimulant re-
sponse produced by the bilateral administration of both
SKF38393 and quinpirole, which directly activate D, and D,
receptors, respectively. The results of our study demonstrate
that both AMPA/kainate receptor antagonists were able
to inhibit the hypermotility response to these dopaminergic
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agonists. Furthermore, the concurrent administration of
SKF38393 and quinpirole to reserpine-pretreated animals pro-
duced an even greater stimulation of locomotor activity rela-
tive to that in animals not treated with reserpine, in agreement
with a previous report (16), and also changed the pattern of
locomotor activity. Nevertheless, the locomotor stimulation
produced by the D, and D, dopaminergic agonists in reserpine-
treated animals was still antagonized by DNQX. These results
suggest that the AMPA/kainate receptors involved in the lo-
comotor stimulation produced by enhanced dopaminergic
transmission in the NAc are located at sites that can modulate
the effects produced by the direct activation of dopaminergic
receptors.

In the present study the use of DNQX to block AMPA/
kainate receptors is based on previous observations that
DNQX can inhibit the high affinity binding of radiolabeled
AMPA to brain membranes (21) as well as the electrophysio-
logical and behavioral responses to AMPA, quisqualic acid,
and kainic acid (21,37). DNQX and its close structural analog
CNQX have also been shown to inhibit the binding of radiola-
beled glycine to the N-methyl-D-aspartate (NMDA) receptor,
thus inhibiting NMDA-induced electrophysiological responses
(1,27). 1t is unlikely, however, that the ability of DNQX to
antagonize the hypermotility response to cocaine or the di-
rectly acting dopaminergic agonists is due to the inhibition of
the NMDA receptor, since previous studies have shown that
DNQX at the dose of 1 ug used in the present study inhibited
the locomotor stimulant response to the intra-accumbens in-
jection of AMPA but not to NMDA (2). In addition, the
bilateral administration of AFQX, a chemical analog of
DNQX which has very low affinity for binding to the AMPA
receptor (38), did not inhibit the hypermotility response to
cocaine. This observation provides further support for the
view that the inhibitory effect of DNQX on locomotor stimu-
lation produced by cocaine and the dopaminergic agonists is
related to its ability to specifically inhibit the AMPA/kainate
receptor.

The observation that GAMS inhibited the locomotor stim-
ulant effects of cocaine and the dopamine receptor agonists
provides further support for the view that AMPA/kainate
receptors are involved in the locomotor stimulation produced
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by these drugs. GAMS has been shown to selectively inhibit
the electrophysiological effects of quisqualic acid and kainic
acid on single neurons at concentrations that do not alter
NMDA-induced effects (9,10). Furthermore, the dose of
GAMS used in the present experiments has been shown to
antagonize almost completely the motor stimulant effects of
the intra-accumbens administration of AMPA without alter-
ing the effects of kainic acid and NMDA (2,36). These results
suggest that the inhibitory effect of GAMS on the locomotor
stimulant responses to cocaine and the dopaminergic agonists
is mediated through a functional antagonism of the AMPA
receptor.

While the locomotor stimulant effects of cocaine may be
primarily mediated by NAc mechanisms, there have been stud-
ies suggesting that cocaine may act in the frontal cortex to
stimulate both locomotor activity and reward (18,28). Since
glutamatergic projections from the frontal cortex terminate in
the nucleus accumbens, it is possible that cocaine, adminis-
tered systemically, may act in the frontal cortex causing an
increase in the activity of the glutamatergic projections to the
NAc, thereby enhancing glutamatergic transmission and acti-
vating glutamatergic receptors at this site. However, the pres-
ent results showing that the hypermotility response to cocaine
injected directly into the nucleus accumbens was inhibited by
DNQX and GAMS indicate that enhanced dopaminergic
transmission in this area may lead to an increase in the extra-
cellular level of glutamate. Whether this is entirely a local
effect or involves activation of NAc efferents that lead to
activation of glutamatergic afferents remains to be deter-
mined.

In summary, the results of the present study suggest that
activation of AMPA/kainate receptors is necessary for the
hypermotility induced by cocaine and dopamine receptor
agonists in the nucleus accumbens. The present data fur-
ther suggest that the AMPA/kainate receptor exerts its per-
missive effect at a site postsynaptic to the dopaminergic
nerve terminal.
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