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Glutamate Transmission in the Nucleus Accumbens Mediates

Relapse in Cocaine Addiction

Jennifer L. Cornish and Peter W. Kalivas

Department of Physiology and Neuroscience, Medical University of South Carolina, Charleston, South Carolina 29425

Elevated dopamine transmission in the nucleus accumbens is
thought to be a primary mediator of addiction to cocaine.
However, repeated exposure to cocaine is associated with the
recruitment of glutamate transmission. This poses the possibil-
ity that the behaviors characterizing cocaine addiction, such as
craving-induced relapse, may not be preferentially mediated by
dopamine transmission. An animal model of relapse was used
to demonstrate that glutamate, and not dopamine transmission
in the nucleus accumbens, is a primary mediator of cocaine-
induced reinstatement of drug-seeking behavior. Reinstate-
ment was produced by a systemic injection of cocaine or by the

microinjection of the glutamate receptor agonist AMPA or do-
pamine into the nucleus accumbens. It was found that micro-
injection of an AMPA receptor antagonist into the nucleus
accumbens blocked reinstatement by all compounds, whereas
a dopamine receptor antagonist was effective only in blocking
reinstatement by intra-accumbens dopamine administration.
These data suggest an important role for nucleus accumbens
glutamate and not dopamine transmission in cocaine-induced
relapse to drug-seeking behavior.

Key words: cocaine; relapse; glutamate; dopamine; nucleus
accumbens; self-administration

Cocaine addiction is associated with a high incidence of relapse to
drug taking that can manifest after years of abstinence from drug
administration (Jaffe, 1990). Relapse to cocaine abuse arises from
intense craving that can be triggered by a single drug-taking
experience or from exposure to an environmental stimulus such
as a stressor or a drug-associated cue (de Wit and Stewart, 1981;
Worley et al., 1994; Erb et al., 1996; Childress et al., 1999). Acute
cocaine administration produces an increase in dopamine trans-
mission in the nucleus accumbens, a brain nucleus well recog-
nized as a center of rewarding processes (Koob, 1988; Wise and
Rompre, 1989), and manipulating dopamine transmission in the
nucleus accumbens alters the rates of drug self-administration in
animal models of cocaine addiction (McGregor and Roberts,
1993; Caine and Koob, 1994). In addition, the systemic adminis-
tration of dopamine receptor agonists or antagonists have been
shown to modulate drug-seeking behavior in animals experienced
at cocaine or amphetamine self-administration (Ettenberg, 1990;
Self et al., 1996; Weissenborn et al., 1996; de Vries et al., 1998).
Thus, it is generally thought that relapse to drug taking involves
dopamine transmission in the nucleus accumbens (Self and Nes-
tler, 1998; Spealman et al., 1999), however the current lack of
efficacy of dopaminergic pharmacotherapies on drug-addicted
individuals highlights the need to investigate the role of addi-
tional neurotransmitters in the relapse process.

In addition to dopaminergic innervation from the ventral teg-
mental area (Swanson, 1982), the nucleus accumbens receives
dense glutamatergic inputs from the prefrontal cortex, hippocam-
pus, periventricular thalamus, and amygdala (Kelley et al., 1982;
Phillipson and Griffiths, 1985; Groenewegen et al., 1987). Animal
models of cocaine-induced neuroplasticity have demonstrated
that increases in both dopamine and glutamate transmission in
the nucleus accumbens are important for the development and
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expression of the neuroadaptations postulated to underlie cocaine
addiction (Pierce and Kalivas, 1997; Wolf, 1998). After with-
drawal from repeated cocaine administration, a single cocaine
injection leads to augmented dopamine and glutamate release
and enhanced D1 receptor signaling in the nucleus accumbens
(Pierce et al., 1996; Reid and Berger, 1996; White and Kalivas,
1998). In addition, inhibiting ionotropic AMPA receptors in the
nucleus accumbens prevents the expression of the sensitized
locomotor activity to cocaine (Pierce et al., 1996; Bell et al.,
2000). These studies indicate an augmented role for both trans-
mitters in the control of the nucleus accumbens after withdrawal
from repeated cocaine administration. Recently, an operant ani-
mal model of relapse was used to show that stimulation of iono-
tropic glutamate receptors in the nucleus accumbens elicits
cocaine-seeking behavior (Cornish et al., 1999). In the present
study, reinstatement of lever pressing in cocaine-addicted rats was
used to show that the stimulation of glutamate, but not dopamine
receptors in the nucleus accumbens is critical for cocaine-induced
reinstatement of drug-seeking behavior.

MATERIALS AND METHODS

All experiments were conducted according to specifications of the Na-
tional Institutes of Health Guide for the Care and Use of Laboratory
Animals. Male Sprague Dawley rats were instrumented with jugular vein
catheters and intranucleus accumbens cannulae and trained to lever press
for intravenous infusions of cocaine in daily 2 hr sessions. Methods
detailing the self-administration apparatus and the implantation of in-
travenous catheters and intranucleus accumbens cannulae (anterior 1.2
mm, lateral 1.5 mm, and dorsal 6.5 mm from Bregma according to the
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Figure 1. Effects of intra-accumbens treat-
ment with the mixed dopamine receptor an-
tagonist fluphenazine (FLU; 10 nmol/side), 60 -
the AMPA receptor antagonist CNQX (1.0
nmol/side), and the NMDA receptor antago-
nist CPP (0.1 nmol/side) on the drug-paired
lever responses produced by a cocaine-
priming injection (10 mg/kg, i.p.). A shows
that the systemic administration of cocaine
reinstated drug-seeking behavior that was not
affected by dopamine receptor antagonism in
the nucleus accumbens. B illustrates that the
intra-accumbens administration of CNQX
completely blocked cocaine-induced drug-
seeking behavior. C shows that pretreating the
nucleus accumbens with CPP did not alter the
ability for cocaine to induce drug seeking. D
shows the time course for the effect of intra-
accumbens treatment with vehicle, FLU,
CNQX, and CPP on the number of responses
produced by the systemic prime of cocaine. E
shows the location of injection sites in the
nucleus accumbens corresponding to each of
the antagonists used in Figure 1. Average
baseline responding before extinction for all
animals used in Figure 1 was 44.2 = 4.2 co-
caine infusions. The number of determina-
tions for each group is written in the solid bar
of each treatment. The total number of ani-
mals used was 19. Data in A-C are expressed 0
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the data were statistically evaluated using a two-way ANOVA with repeated measures over time. Post hoc comparisons were performed in each analysis
using the least significant difference test of Milliken and Johnson (1984). NA, Nucleus accumbens. *p < 0.05 for an increase in drug-paired lever
responding compared to sham treatment day. #p < 0.05 for difference compared to vehicle-treated group. +p < 0.05 for a difference with the vehicle

treatment group.

atlas of Paxinos and Watson, 1986) are described by Cornish et al.
(1999). Modifications of the previously reported protocols include the
use of ketamine HCI (100 mg/kg, Ketaset; Fort Dodge Animal Health,
Fort Dodge, IA) and xylazine (12 mg/kg, Rompun; Bayer, Shawnee
Mission, KS) to induce anesthesia, followed by Equithesin (0.66 ml/kg).
From the day of surgery, intravenous catheters were flushed daily with
cephalosporin (15 mg/0.15 ml, Cefazolin Sodium; Apothecon, Princeton,
NJ) followed by streptokinase (200 IU/0.1 ml; Sigma, St. Louis, MO) in
heparinized saline (70 IU/ml). One day before cocaine-self administra-
tion training, the rats were restricted to 20 gm/d of laboratory chow for
the remainder of the study to aid in the acquisition of self-administration
and to facilitate greater responding at the time of reinstatement (Comer
et al., 1995). Acquisition of cocaine self-administration was also facili-
tated by using a higher dose of cocaine (1 mg/kg per 0.5 ul infusion) for
the initial 7-10 sessions (until =10% variation in responding over 3 d)
and then 0.5 mg/kg per infusion for 5 d to increase the number of lever
presses to achieve greater reinstatement responding.

Rats were trained to self-administer cocaine by discriminating be-
tween an active (cocaine infusion) and inactive lever (no scheduled
consequence) in the self-administration chamber. The rats were trained
on a fixed ratio 1: time out 20 sec schedule in daily 2 hr sessions during
the animals’ light cycle. After 5 d of maintenance responding at the lower
dose of cocaine, saline was substituted for cocaine to extinguish lever
responding. Once the rats had reached criterion for extinguished self-
administration behavior (five or fewer saline infusions plus five or fewer
responses on the active lever during the 20 sec time-out period), they
were given a saline injection into the nucleus accumbens and/or perito-
neum, depending on the treatment paradigm for the group. For animals
that received only intra-accumbens treatment, saline was microinjected
(0.5 ul/side) into the nucleus accumbens, and the subjects which under-
went cocaine-induced reinstatement were given systemic saline (1 ml/kg,
i.p.) 2 min after the microinjection of saline into the nucleus accumbens.
Rats were placed into the self-administration chambers immediately
after intra-accumbens or combined sham treatment, and the session
began. The next day, rats were given intra-accumbens treatment alone or
intra-accumbens treatment 2 min before systemic cocaine administration
before the test session. Animals in the cocaine dose—response study were
administered cocaine systemically immediately before the test session.

To assist in establishing appropriate doses of antagonist for the rein-
statement experiments, the effect of antagonists on locomotor activity
was evaluated in a separate group of animals. Rats were stereotaxically
instrumented with bilateral cannulae in the nucleus accumbens (see
above) and were pretreated with intra-accumbens saline, fluphenazine
(10 or 30 nmol/side), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 1.0
nmol/side), or (*)-3-(2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid

(CPP, 0.1 or 1.0 nmol/side) 5 min before administering systemic cocaine
or saline, or intra-accumbens coadministration of dopamine. Motor
activity was quantified using photocell apparatus as described by Pierce
et al. (1996).

At the completion of each study, cannula placement in the nucleus
accumbens was verified in coronal tissue sections stained with cresyl
violet (Cornish et al., 1999). All data shown were derived from animals
with bilateral cannulae placement in the nucleus accumbens (Fig. 1E),
and the majority of microinjections were in the medial 50% of the
nucleus accumbens (Paxinos and Watson, 1986).

RESULTS

Reinstatement of drug-seeking behavior by systemic
cocaine administration is dose-dependent

Rats that were trained to self-administer cocaine extinguished
lever pressing to criterion levels 7-10 d after the introduction of
saline infusions. Once cocaine-seeking behavior was extin-
guished, the rats were administered an injection of one of three
doses of cocaine (3, 10, or 30 mg/kg, i.p.) to reinstate cocaine-
seeking behavior as measured by the number of responses on the
lever previously paired with drug intake (active lever). The prim-
ing injection of cocaine produced a dose-dependent increase in
responding on the drug-paired lever, which was not associated
with increases in inactive lever presses (Table 1). Based on this
dose-response analysis, the intermediate dose of cocaine
(10 mg/kg, i.p.) was chosen to evaluate cocaine-induced reinstate-
ment of lever pressing.

Cocaine-induced drug-seeking behavior is dependent
on AMPA and not dopamine receptor stimulation in the
nucleus accumbens

Systemic cocaine administration produced a significant increase
in active lever presses that was not affected by microinjecting the
broad spectrum dopamine receptor antagonist fluphenazine
(Hyttel et al., 1985) into the nucleus accumbens (Fig. 14). How-
ever, this dose of fluphenazine significantly antagonized cocaine-
induced motor activity, and at the higher dose (30 nmol) signif-
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Table 1. Dose-response table for cocaine-induced reinstatement of
lever pressing

Cocaine dose

(i.p.) 3.0 mg/kg 10 mg/kg 30 mg/kg
Active lever
Saline 49+09(9) 7.0 =22(6) 6.3 *x1.2(8)
Cocaine 11.0 £ 2.4 (9) 53.8 = 11.1* (6) 30.7 = 1.9* (8)
Inactive lever
Saline 1.7+ 0.6 1.4+04 1.8 05
Cocaine 24+1.2 2.6 1.4 1.7 0.6

Data are shown as mean = SEM lever presses performed in the 2 hr session. The
number of determinations for each treatment is shown in parentheses. Fourteen
animals received up to three doses of cocaine or vehicle treatment. Baseline
responding before extinction was 44.9 = 4.3 cocaine infusions.

*p < 0.05 for difference compared to saline-treated animals using a two-way
ANOVA, followed by a least significant difference post hoc comparison.

icantly reduced the motor activity produced by a saline injection
(Table 2). In contrast, intra-accumbens administration of the
AMPA /kainate receptor antagonist CNQX completely inhibited
cocaine-induced reinstatement of drug-seeking behavior (Fig.
1B) without affecting cocaine-induced locomotion (Table 2). Fig-
ure 1D reveals that the decrease in lever pressing resulted from a
significant reduction in responding during the first 20 min after
cocaine injection. In contrast to AMPA /kainate receptor block-
ade, microinjection of the NMDA glutamate receptor antagonist
CPP into the nucleus accumbens did not affect cocaine-induced
drug-seeking behavior (Fig. 1C). This dose of CPP was also
without significant effect on cocaine-induced motor activity, al-
though a higher dose significantly increased basal locomotor
activity (Table 2). None of the treatments produced an effect on
inactive lever responses (data not shown). Figure 1E displays the
distribution of microinjection sites for each antagonist. Although
all injection sites were in the nucleus accumbens, it remains
possible that dorsal diffusion of antagonist into the striatum may
have contributed to the effects of the microinjected drugs.

AMPA-induced reinstatement is dopamine-independent

To further evaluate the relative importance of dopamine and
glutamate receptors in the accumbens in the relapse to cocaine-
seeking behavior, the reinstatement of lever pressing was initiated
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by directly stimulating either AMPA or dopamine receptors in
the nucleus accumbens. Figure 2 shows that the microinjection of
AMPA or dopamine into the nucleus accumbens elicited signif-
icant reinstatement of lever pressing. The blockade of AMPA/
kainate receptors by the co-infusion of CNQX into the nucleus
accumbens abolished reinstatement to either AMPA or dopa-
mine administration, whereas fluphenazine inhibited only
dopamine-induced lever responding. Reinstatement elicited by
the intra-accumbens administration of dopamine was not affected
by blocking NMDA receptors in the nucleus accumbens with
CPP administration. None of the intra-accumbens treatments
significantly altered inactive lever responses (data not shown)
nor did antagonist administration alone affect lever pressing
(Fig. 2C).

DISCUSSION

The present study demonstrates that cocaine-induced reinstate-
ment of drug-seeking behavior depends on the stimulation of
AMPA /kainate receptors in the nucleus accumbens. Moreover,
whereas the stimulation of dopamine receptors in the nucleus
accumbens can reinstate drug-seeking behavior, this is not the
mechanism mediating reinstatement by systemic cocaine admin-
istration. Taken together, these data point to a prepotent role of
glutamate transmission relative to dopamine transmission in the
nucleus accumbens in the induction of relapse to cocaine-seeking
behavior.

It is well established that the repeated injection of cocaine
elicits a number of cellular and behavioral neuroadaptations that
are manifested by a subsequent cocaine injection, including aug-
mented motor stimulation (behavioral sensitization) and elevated
dopamine transmission in the nucleus accumbens (White and
Kalivas, 1998). Similar observations have been made in rats
trained to self-administer cocaine (Hooks et al., 1994; Phillips
and Di Ciano, 1996). The fact that these neuroadaptations persist
for weeks after discontinuing repeated cocaine administration
has focused much of the research into the neurobiology of craving
on dopamine transmission in the nucleus accumbens (Self and
Nestler, 1998; Spealman et al., 1999). This focus has been further
justified by observations that systemically administered dopamine
receptor agonists modulate the relapse of cocaine-seeking behav-
ior in animal models akin to that used in the present study (Self
et al,, 1996; de Vries et al,, 1999). Given these data it was
surprising that cocaine-induced reinstatement was not inhibited

Table 2. Effect of pharmacological antagonists on the motor stimulant effect of cocaine

Antagonist n Vehicle Motor stimulant
Saline i.p. Cocaine, 15 mg/kg, i.p.
Saline 7 4176 = 721 30213 = 5828*
Fluphenazine (10 nmol) 7 3786 + 724 11949 = 3006*,**
Fluphenazine (30 nmol) 7 2125 + 322+ 11218 = 2204%*,**
DMSO (1%) 19 8859 + 852 32501 = 3222*
CNQX (1.0 nmol) 19 9843 + 1529 31147 + 2983*
Saline 17 8430 + 1239 26453 = 5313*
CPP (0.1 nmol) 7 7432 * 989 21940 = 6315*
CPP (1.0 nmol) 10 22012 = 3924+ 32662 = 6274
Saline, intra-NA Dopamine (30 pg)
Saline 5 ND 34833 + 4593
Fluphenazine (10 nmol) 5 ND 9179 * 2132**

Data are shown as mean = SEM photocell counts over 120 min after administration of cocaine or dopamine. The
pharmacological antagonists (indicated as dose per side) were all microinjected into the nucleus accumbens 5 min before
cocaine administration. When motor activity was elicited by dopamine in the nucleus accumbens, fluphenazine was
microinjected into the nucleus accumbens simultaneously with dopamine. ND, Not done. NA, Nucleus accumbens.

*p < 0.05 comparing cocaine to saline using a two-way ANOVA and a paired Student’s ¢ test with a Bonferonni adjustment

for multiple comparisons.
**p < 0.05 comparing antagonist to saline or DMSO administration.
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Figure 2. The effect of co-infusion of glutamate or dopamine receptor
antagonists on intra-accumbens dopamine- or AMPA-induced drug-
paired lever responses. 4 displays the effect of fluphenazine (FLU; 10
nmol/side), CNQX (1 nmol/side), or CPP (0.1 nmol/side) on the increase
in responding on the drug-paired lever produced by the intra-accumbens
administration of dopamine (30 ug/side). B shows effect of antagonists on
the reinstatement of active lever pressing elicited by the microinjection of
AMPA (0.4 nmol/side) into the nucleus accumbens. C shows that there
was no effect on reinstatement by microinjection of the antagonists alone.
In all panels, VEH represents pooled data from intra-accumbens saline-
and 1% DMSO (CNQX vehicle)-treated rats. Baseline responding before
extinction for each panel was 45.0 + 3.5 (n = 23) (A4), 384 £ 4.3 (n = 17)
(B), and 40.0 = 3.0 (n = 20) (C) cocaine infusions. The number of
determinations for each treatment is depicted in the solid bar. Data are
expressed as mean = SEM and were analyzed using a two-way repeated
measures ANOVA with post hoc comparisons made using the least
significant difference test (Milliken and Johnson, 1984). *p < 0.05 for
increase in lever responses compared with sham treatment. #p < 0.05 for
difference compared to VEH. NA, Nucleus accumbens.

by the administration of fluphenazine into the nucleus accumbens
at a dose that clearly disrupts the motor-stimulant actions of
cocaine, as well as inhibiting the capacity of intra-accumbens
dopamine to induce reinstatement. The implications of this ob-
servation are twofold. (1) Dopamine projections outside of the
nucleus accumbens are necessary for cocaine-induced reinstate-
ment. This is consistent with an emerging literature that dopa-
minergic afferents to the amygdala modulate the reinstatement of
cocaine-seeking behavior (Tran-Nguyen et al., 1998; Everitt et al.,
1999) and that the systemic administration of a dopamine recep-
tor antagonist has been shown to inhibit cocaine-seeking behavior

Cornish and Kalivas ¢ Glutamate and Cocaine-Seeking Behavior

(Weissenborn et al., 1996). This effect is similarly observed with
food-seeking behavior in which systemic (Chausmer and Etten-
berg, 1997), but not intra-accumbens (Chausmer and Ettenberg,
1999), administration of a dopamine antagonist will disrupt this
behavior. However, the capacity of dopamine microinjected into
the nucleus accumbens to elicit drug-seeking behavior argues that
activation of the mesoaccumbens projection is a sufficient stimu-
lus to reinstate cocaine-seeking behavior. This is supported by the
fact that modulating D1 receptor signaling by the intra-
accumbens administration of compounds affecting protein kinase
A (PKA) activity can initiate relapse to cocaine-seeking behavior
(Self et al., 1998), although, altering PKA activity can also mod-
ulate AMPA receptor function (Banke et al., 2000). (2) The
circuitry mediating cocaine-induced reinstatement of drug-
seeking behavior is distinct from cocaine-induced locomotor ac-
tivation or the maintenance of cocaine self-administration. Both
of the latter two cocaine-elicited behaviors are markedly dis-
rupted by dopamine antagonist administration into the nucleus
accumbens (Maldonado et al., 1993; Caine et al., 1995; Baker et
al., 1998; Cornish et al., 1999), whereas the reinstatement of
drug-seeking behavior is not.

Although dopamine transmission in the nucleus accumbens is
not a necessary cellular event in cocaine-induced reinstatement,
glutamate transmission at AMPA /kainate receptors is critical.
Not only did AM PA /kainate receptor blockade in the accumbens
block cocaine-induced reinstatement, but reinstatement of lever
pressing by dopamine in the nucleus accumbens was antagonized
by CNQX. Although surprising, this observation is consistent
with recent imaging studies in human cocaine addicts showing
that either cocaine- or cue-induced craving is associated with
increased metabolic activity in the anterior cingulate cortex and
amygdala (Grant et al., 1996; Childress et al., 1999), both of which
provide dense glutamatergic innervation to the nucleus accum-
bens (Kelley et al., 1982; Christie et al., 1987). Moreover, after
the repeated administration of cocaine in rats, re-exposure to the
drug produces an enduring augmentation in extracellular gluta-
mate in the nucleus accumbens (Pierce et al., 1996; Reid and
Berger, 1996) that is partly blunted by electrolytic lesions of the
dorsal prelimbic and anterior cingulate cortex (Pierce et al.,
1998). In addition, whereas the acute motor response to cocaine
was unaffected by AMPA /kainate receptor blockade in the nu-
cleus accumbens (Table 2), the sensitized motor response to
cocaine in animals pretreated with daily cocaine is inhibited by
CNQX administration into the nucleus accumbens (Pierce et al.,
1996; Bell et al., 2000). Finally, it was recently shown that elec-
trical stimulation of the amygdala elicited the reinstatement of
lever pressing in rats trained to self-administer cocaine (Hayes et
al., 1999). Taken together with the present findings, these data
support the hypothesis that the repeated exposure to cocaine
produces enduring neuroadaptations that include the recruitment
of glutamatergic afferents to the nucleus accumbens. Moreover,
after repeated cocaine administration, the activation of these
glutamatergic afferents emerges as a necessary neural event me-
diating cocaine-induced reinstatement of drug-seeking behavior
and may reflect an addiction-associated decrease in the known
interdependence of dopamine and glutamate transmission in
regulating nucleus accumbens neurons (O’Donnell et al., 1999).

In contrast with the AMPA/kainate receptor subtype, the
blockade of NMDA glutamate receptors did not alter cocaine-
induced reinstatement. Although these data suggest that NMDA
receptors in the nucleus accumbens are not involved in cocaine-
induced relapse to drug seeking, the intra-accumbens administra-
tion of the NMDA receptor agonist 1-aminocyclobutane-cis-1,3-
dicarboxylic acid produces an increase in drug-seeking behavior
(Cornish et al., 1999). Thus, stimulation of NMDA receptors may
induce drug-seeking behavior, yet this is not a necessary mediator
of the event. Interestingly, rats self-administer NMDA receptor
antagonists directly into the nucleus accumbens (Carlezon and
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Wise, 1996) and have displayed drug-seeking behavior after sys-
temic antagonist administration (de Vries et al., 1998). However,
in the present study, the intra-accumbens administration of CPP
alone did not alter lever responding, demonstrating that in
cocaine-addicted animals NMDA receptor antagonism in the
nucleus accumbens is not a significant stimulus to induce drug-
seeking behavior.

The present data demonstrate that the activation of AMPA/
kainate receptors in the nucleus accumbens is essential for the
expression of drug craving induced by cocaine, whereas stimula-
tion of dopamine receptors is not necessary. This observation
parallels recent studies in cocaine addicts showing craving-
induced metabolic activation of glutamatergic cortical and allo-
cortical brain regions that project to the nucleus accumbens.
Taken together these data portray a prepotent role of glutamate
transmission in the relapse to cocaine addiction and argue that
AMPA /kainate glutamate receptor antagonists constitute an im-
portant new direction in the search for pharmacotherapies to
treat craving-induced relapse in cocaine addiction.
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