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Cocaine administration induces glutamatergic activation within the mesolimbic-accumbens system. This activation has been linked to the

behavioral effects of cocaine and recently to the induction of long-term potentiation in dopamine neurons within the ventral tegmental

area (VTA). We sought to determine if glutamate receptor activation is also crucial to the development of a conditioned place

preference (CPP) to cocaine’s rewarding effects. Two groups of rats were given intra-VTA injections of either vehicle or a combination of

NMDA (N-methyl-D-aspartate) and AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptor antagonists (AP5

0.24 nmol plus CNQX 0.12 nmol per side) prior to each cocaine place-conditioning trial. Microinjections of the glutamate antagonists

completely blocked the development of a cocaine CPP when given within, but not when given outside of, the VTA. These data indicate

that glutamatergic activity in the VTA may be crucial for learning to associate environmental stimuli with cocaine exposure.

Neuropsychopharmacology (2003) 28, 73–76. doi:10.1038/sj.npp.1300011
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INTRODUCTION

Drug addiction has long been thought to involve learning
and plasticity within the mesocortical limbic system (Wolf,
1998; Parkinson et al, 2000; Hyman et al, 2001). Glutamate
transmission has been implicated in most forms of learning
and plasticity (Pennartz et al, 2000). Cocaine causes
glutamate release in the ventral tegmental area (VTA)
(Kalivas and Duffy, 1995) and alters the responsiveness of
glutamate receptors in the VTA after repeated exposure
(Zhang et al, 1997). Recently, cocaine has been shown to
produce long-term potentiation in VTA dopamine neurons
via modifications in glutamatergic synaptic transmission
(Ungless et al, 2001).

We hypothesized that conditioning of cocaine-related
cues may involve glutamate transmission in the VTA.
Previous studies showed that systemic administration of
glutamate antagonists blocked cocaine-induced locomotor
sensitization (Wolf and Jeziorski, 1993; Karler et al, 1994),
acquisition of self-administration (Schenk et al, 1993) and
conditioned place preference (Cervo and Samanin, 1995;
Kim et al, 1996). In addition, intra-VTA injections of
NMDA antagonists have been reported to block locomotor
sensitization to both cocaine (Kalivas and Alesdatter, 1993)

and amphetamine (Cador et al, 1999). Although it has been
suggested that glutamate transmission in the VTA is
involved in the addictive properties of cocaine (Ungless et
al, 2001), the role of this input in operant behavior has been
relatively unexplored. Here we provide the first evidence
that glutamate release in the VTA may be essential for the
conditioning of preference to cocaine-associated cues.

METHODS

Subjects

Male Sprague–Dawley rats (200–250 g; Harlan, Indianapolis,
IN) were used in all experiments (n¼ 33). Rats were group-
housed in accordance with NIH guidelines on a 12-h light/
dark cycle with food and water available ad libitum. All
animal procedures were approved by the animal care and
use committees of the Philadelphia Veterans Administra-
tion Medical Center and the University of Pennsylvania.

Drugs

Cocaine HCl powder, provided by the National Institute
on Drug Abuse, was dissolved in sterile saline and
administered via intraperitoneal (i.p.) injection. The
AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid) receptor antagonist CNQX (6-cyano-7-nitroquinoxa-
line-2,3-dione) and the NDMA (N-methyl-D-aspartate)
receptor antagonist D-AP5 (D(�)-2-amino-5-phosphono-
pentanoic acid), purchased from Tocris (Ellisville, MO),
were dissolved in artificial cerebral spinal fluid (aCSF).
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Intracerebral Injections

Under sodium pentobarbital anesthesia, rats were im-
planted with bilateral chronic indwelling guide cannulae
aimed 2 mm above the VTA (AP �5.3, ML +2.5, DV �7.5;
Paxinos and Watson, 1998). Cannulae (26 gauge) were
angled 101 (dorsolateral to ventromedial). The tips of inner
injection cannulae (30 gauge) extended 2 mm below the
guide cannulae into the injection sites. Control inject-
ions were made 2 mm above the VTA (AP �5.3, ML +2.5,
DV �5.5). Animals were given 1 week to recover from
surgery before receiving place conditioning.

Conditioned Place Preference Procedure

Conditioning and testing occurred in a Plexiglas apparatus
that consisted of two distinct compartments or chambers
that could be separated by a Plexiglas divider. Each
compartment was equipped with photocells to log time
and activity automatically (MED Associates). One compart-
ment had a grid floor with black walls, and the second
compartment had a mesh floor with black and white stripes
on the walls. During the conditioning procedures, three
groups of rats were treated with cocaine and three groups
were treated with saline only, as follows. On the first day,
rats in all groups were allowed to explore freely all of the
apparatus for 15 min, and the amount of time spent in each
compartment was recorded. None of the animals had an
initial bias for either compartment, and each was randomly
assigned to a compartment for cocaine conditioning in a
balanced design. Conditioning began 4 days after this
preconditioning day. On each of the next 3 days, groups 1–3
were given injections of either saline or cocaine (10 mg/kg)
and were confined to the assigned compartment for 30 min.
Cocaine and saline sessions were alternated between the
morning and afternoon. Rats given cocaine while in
one chamber in the morning were given saline in the
opposite chamber in the afternoon, and on subsequent
days received saline in the morning and cocaine in the
afternoon. In addition, group 1 received bilateral vehicle
injections into the VTA (aCSF, 0.3 ml per side; n¼ 7 rats),
group 2 received similar intra-VTA injections of a
glutamate antagonist cocktail (AP5 0.24 nmol plus CNQX
0.12 nmol, 0.3 ml per side; n¼ 6 rats), and group 3
received the same antagonist cocktail as group 2 but
injected 2 mm dorsal to the VTA (n¼ 6 rats). In all three
groups, microinjections were made 15 min prior to each
cocaine-conditioning trial. Groups 4–6 received systemic
saline injections before being placed in both environ-
ments, and the same CPP procedure was followed
as described above. Rats in group 4 received bilateral
injections of the above glutamate antagonist cocktail
into the VTA (n¼ 4), rats in group 5 received bilateral
vehicle injections into the VTA (n¼ 6), and rats in group 6
received bilateral injections of the glutamate antagonist
cocktail outside of the VTA (n¼ 4) 15 min prior to
confinement in one chamber. The chamber paired with
the intracerebral microinjections was counterbalanced
among subjects. All animals were given a preference test
with the divider removed 4 days after conditioning; the
amount of time spent in each chamber was recorded for
15 min.

Histology and Data Analyses

Animals were killed with an overdose of sodium pento-
barbital. Injections of pontine sky blue (0.5 ml) were made at
the intracerebral injection sites to allow subsequent
histological confirmation. Place-conditioning data were
analyzed by calculating the time spent in the cocaine-
paired chamber (or intracerebral microinjection-paired
chamber for groups 4–6) minus the time spent in the other
chamber. The resulting difference score was compared
between groups using one-way analysis of variance. In
addition, a within-group measurement of conditioned place
preference was assessed by comparing the difference in time
spent in the cocaine-paired (or intracerebral microinjec-
tion-paired) and saline-paired side preconditioning vs
postconditioning. Where necessary, post hoc analysis was
carried out with a Newman–Keuls test.

RESULTS AND DISCUSSION

As shown in Figure 1, the glutamate antagonists completely
blocked the acquisition of the cocaine place preference
when administered into histologically confirmed VTA sites
(po0.01). In contrast, neither antagonist administration
outside of the VTA nor vehicle injections inside the VTA
significantly affected cocaine conditioning (Figure 1).
Antagonist injections into the VTA of animals that received
no cocaine conditioning produced place preference, not
aversion (F(1,6)¼ 125, po0.001; Figure 1). This indicates
that the attenuation of cocaine-associated preference by the
antagonists was not because of an aversive effect of the
antagonists themselves. The antagonist-induced place pre-
ference was specific for sites in the VTA and not because of

Figure 1 Preference scores for the cocaine-paired environment
expressed as the mean time in seconds spent in the cocaine-paired side
(or intracerebral microinjection-paired side for noncocaine-conditioned
groups) minus the mean time in seconds spent in the other side on the test
day. For VTA groups, only data from animals where injection sites were
confirmed to be within the VTA are included. One-way ANOVA on
groups yielded F(5,27)¼ 13.17, po0.001. *Significantly different (po0.01)
from Vehicle VTA/Cocaine, Dorsal Antagonist/Cocaine and Antagonist
VTA/Saline.
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nonspecific damage caused by the microinjection, because
neither vehicle injections into the VTA nor antagonist
injections outside the VTA of noncocaine-conditioned rats
produced a place preference (Figure 1). Figure 2 shows the
locations of effective and ineffective sites for glutamate
antagonist administration.

No significant differences were found in locomotor
activation among the three groups that received cocaine
conditioning, indicating that the antagonists did not disrupt
cocaine’s locomotor activating effects (p40.24; Figure 3).
Animals in the Vehicle VTA/Saline group showed a
progressive decrease in locomotor activity over condition-
ing days that become significantly different on day 3 of
conditioning from groups 4 and 6 (which were conditioned
with glutamate antagonist administration). The glutamate
antagonists alone produced only a small increase in
locomotor activity, and this occurred whether they were
injected into or outside of the VTA. A previous study
reported that AP5 produced a significant increase in
locomotor activity when injected into the VTA (Cornish et
al, 2001); however, that study used substantially higher
doses of AP5 than those given here.

Our findings show that blockade of glutamate receptors in
the VTA prevents the acquisition of a cocaine-associated
place preference. Possible explanations for such an action
include: (i) decreased cocaine reward, (ii) an aversive action
of the antagonists alone, or (iii) decreased ability to learn
the association between cocaine and the environment.
Overton and Clark (1992) and Georges and Aston-Jones
(2002) found that NMDA antagonists administered into the
VTA did not decrease basal firing rates of dopamine cells.
Furthermore, in vivo microdialysis studies found that AP5
administered into the VTA did not alter extracellular
dopamine levels in the VTA’s primary terminal fields (ie
the nucleus accumbens and prefrontal cortex) (Svensson et
al, 1998; Kretschmer, 1999; Fu et al, 2000). It is therefore
unlikely that the antagonist effects observed here were a
consequence of alterations in dopamine levels.

Our findings illustrate an apparent paradox: that is, how
can glutamate antagonists be rewarding when given alone,
but also be effective in blocking cocaine reward? Previous
work has shown that peripheral or intra-VTA administra-
tion of glutamate antagonists is rewarding (Steinpreis et al,
1995; David et al, 1998; Panos et al, 1999) and can increase
the rewarding properties of established cocaine reinforce-
ment (Ranaldi et al, 1996; Pierce et al, 1997). Similar
treatments, however, have also been shown to block
learning reinforced by psychostimulants (Schenk et al,
1993; Cervo and Samanin, 1996; Kim et al, 1996) and to
attenuate locomotor sensitization to psychostimulants
(Kalivas and Alesdatter, 1993; Wolf and Jeziorski, 1993;
Karler et al, 1994; Kim et al, 1996; Cornish et al, 2001).
These findings indicate that glutamate antagonists do not
alter the learning of cocaine reward because they are
aversive (in fact they are rewarding), or because they
decrease cocaine reward (they actually increase it if it has
already been established). It has been suggested (Cornish et
al, 2001) that the locomotor activating effects of glutamate
antagonists in the VTA are mediated by the inhibition of

Figure 2 Schematic representations of frontal sections showing the
effective (black circle and gray diamond) and ineffective (white square and
black drop) sites for glutamate antagonist administration. Injection sites for
Vehicle VTA/Cocaine and Vehicle VTA/Saline groups overlapped with
those for the other VTA groups and are not plotted. The tissue damage
caused by the microinjections was 0.3–0.5 mm in diameter and was the
same across all six groups. Drawings are adapted from Paxinos and Watson
(1998).

Figure 3 Average photocell counts for each group on the three cocaine
conditioning days or intracerebral microinjection days for noncocaine-
conditioned animals. A comparison of the cocaine-conditioned groups
revealed no significant group differences on each of the 3 days. A
comparison of the noncocaine-conditioned groups revealed that the
Vehicle VTA/Saline group showed significantly less locomotor activity on
day 3 relative to the antagonist groups (F(2,11)¼ 6.7, po0.01).
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GABA cells that project from the VTA to the forebrain,
thereby releasing these areas from inhibition and thus
producing locomotor activation and perhaps reinforcement.
The rewarding effects of the antagonists in our experiments
may use a similar mechanism, while blockade of glutamate
receptors in the VTA may prevent acquisition of cocaine
conditioning via the blockade of a critical glutamate input
that is necessary to associate cocaine with the environ-
mental cues that predict it. Once conditioning has occurred,
these glutamate inputs may no longer be necessary to
maintain responding for cocaine. The above is somewhat
speculative, and more studies are needed to clarify these
mechanisms. It is noteworthy, however, that the antagonists
did not appear to block learning in general, because animals
given the antagonists in the VTA without cocaine learned to
prefer the antagonist-paired side.

Together, these data and the present results indicate that
the activation of glutamate receptors in the VTA may be
essential for learning the association between cocaine and
environmental cues that predict cocaine reward. As condi-
tioned effects of cocaine are integral to craving and relapse
(Ehrman et al, 1992), the present results reveal neural
mechanisms that may be important in cocaine addiction.
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