The Journal of Neuroscience, April 1, 2002, 22(7):2916-2925

Cocaine Administered into the Medial Prefrontal Cortex Reinstates
Cocaine-Seeking Behavior by Increasing AMPA Receptor-Mediated
Glutamate Transmission in the Nucleus Accumbens
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One of the major determinants of reinstatement to cocaine use
among human addicts is acute reexposure to the drug, which
often precipitates cocaine craving and relapse. We used an
animal model of cocaine relapse to determine the role of the
glutamatergic pathway from the medial prefrontal cortex
(mPFC) to the nucleus accumbens in the reinstatement of
cocaine-seeking behavior after a cocaine priming injection.
Rats were trained to self-administer cocaine intravenously on a
second order schedule. Responding was extinguished subse-
quently by substituting saline for cocaine. During subsequent
reinstatement sessions, drug-seeking behavior was assessed
after noncontingent priming injections. Results indicated that
reinstatement induced by a systemic cocaine injection was
blocked by intra-mPFC administration of the dopamine antag-
onist flupenthixol. Consistent with this finding, administration of
cocaine directly into the mPFC reinstated cocaine-seeking be-
havior. Administration of cocaine into the nucleus accumbens
also reinstated drug seeking, whereas microinjection of cocaine

into the neostriatum or lateral septum did not. Reinstatement of
cocaine seeking induced by intra-mPFC cocaine was blocked
by administration of the AMPA receptor antagonist CNQX into
the nucleus accumbens. Administration of the NMDA receptor
antagonist AP-5 into the nucleus accumbens had variable ef-
fects on reinstatement induced by intra-mPFC cocaine in that
AP-5 had no effect in some animals but augmented reinstatement
in others. Subsequent experiments showed that intra-accumbal
microinjection of AP-5 alone dose-dependently reinstated co-
caine seeking. These data indicate that the glutamatergic path-
way from the mPFC to the nucleus accumbens plays an impor-
tant role in cocaine priming-induced reinstatement of drug
seeking. Moreover, the present results demonstrate that AMPA
and NMDA receptors in the nucleus accumbens have opposing
roles in the reinstatement of cocaine-seeking behavior.
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The relapse rate among human addicts after cocaine detoxifica-
tion is discouragingly high (Carroll et al., 1994). Although many
factors contribute to the reinstatement of cocaine-seeking behav-
ior, it is clear that acute reexposure to cocaine is a major deter-
minant of relapse (Jaffe et al., 1989). Relapse of cocaine self-
administration among human addicts is modeled in rats and
monkeys by administering priming drug injections to animals in
which cocaine self-administration behavior has been extin-
guished. Using this paradigm, a priming injection of cocaine
results in robust reinstatement of cocaine-seeking behavior (Ger-
ber and Stretch, 1975; de Wit and Stewart, 1981; Wise et al., 1990;
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Comer et al., 1993; Self et al., 1996; Spealman et al., 1999). Given
the important role of the mesolimbic dopamine system in cocaine
reinforcement (Wise et al., 1995; Mello and Negus, 1996; Koob et
al., 1998; Spealman et al., 1999), it is not surprising that increased
dopamine transmission results in the reinstatement of cocaine-
seeking behavior. In this regard, administration of D2-like dopa-
mine receptor agonists reinstated cocaine seeking (Self et al.,
1996; De Vries et al., 1999, 2002; Spealman et al., 1999; Khroyan
et al., 2000). In addition, intra-accumbal administration of dopa-
mine (Cornish and Kalivas, 2000) or a protein kinase A (PKA)
inhibitor (Self et al., 1998) reinstated cocaine seeking in rats.
Collectively, these data indicate that increased dopamine trans-
mission plays a critical role in triggering the reinstatement of
cocaine-seeking behavior.

In addition to dopaminergic inputs from the ventral tegmental
area (VTA), the nucleus accumbens receives glutamatergic affer-
ents from several cortical nuclei, including the medial prefrontal
cortex (mPFC) (Phillipson and Griffiths, 1985; Berendse et al.,
1992; Brog et al., 1993; Wright and Groenewegen, 1995), a struc-
ture that plays an important role in both the maintenance of
cocaine self-administration behavior (Goeders and Smith, 1983;
Martin-Iverson et al., 1986; McGregor and Roberts, 1995) and
the reinstatement of cocaine-seeking behavior (McFarland and
Kalivas, 2001). Therefore, it seems likely that the glutamatergic
mPFC-accumbal pathway may play a role in the reinstatement of
cocaine-seeking behavior. In support of this idea, alterations in
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accumbal glutamate transmission have been linked to the rein-
statement of cocaine-seeking behavior. Administration of an
AMPA agonist into the nucleus accumbens reinstated cocaine
seeking in rats, and intra-accumbal administration of an AMPA
antagonist impaired reinstatement induced by a systemic cocaine
priming injection (Cornish et al., 1999; Cornish and Kalivas,
2000). Taken together, these results indicate that enhanced ac-
cumbal glutamatergic transmission acting primarily through
AMPA receptors is sufficient to reinstate cocaine-seeking
behavior.

The focus of this report is the examination of the potential role
of the glutamatergic projection from the mPFC to the nucleus
accumbens in the reinstatement of cocaine-seeking behavior. Our
results indicate that a priming injection of cocaine administered
into the mPFC reinstated cocaine-seeking behavior and that this
effect was blocked by intra-accumbal microinjection of an AMPA
antagonist. In contrast, administration of an NMDA antagonist
into the nucleus accumbens promoted cocaine-seeking behavior.

MATERIALS AND METHODS

Animals and housing. Male Sprague Dawley rats (Rattus norvegicus)
weighing 250-300 gm were obtained from Taconic Laboratories (Ger-
mantown, NY). Animals were housed individually with food and water
available ad libitum. A 12 hr light/dark cycle was used with the lights on
at 7:00 A.M. All experimental procedures were performed during the
light cycle. All experimental protocols were consistent with the guide-
lines issued by the National Institutes of Health and were approved by
the Boston University School of Medicine Institutional Animal Care and
Use Committee.

Materials. All experiments used Med-Associates (East Fairfield, VT)
operant chambers equipped with response levers, stimulus lights, food
pellet dispensers, and pumps for injecting drugs intravenously. The
operant chambers were enclosed within ventilated, sound-attenuating
chambers.

Food training. All rats assigned to the reinstatement experiments
initially were trained to self-administer food pellets. The animals were
restricted to two 2.25 gm food pellets (Ralston Purina, St. Louis, MO)
per day for 3 d and then placed into operant chambers where every lever
press resulted in the administration of a food pellet (45 mg Noyes
Precision food pellets; PJ Noyes, Lancaster, NH). Once stable respond-
ing was obtained using this continuous reinforcement (CRF) schedule,
the rats were switched to a five-response, fixed-ratio (FR) schedule of
reinforcement. After at least 7 total days of food training, surgery was
performed. Rats in the reinstatement experiments had ad libitum access
to food in the home cage after surgery and for the remainder of the study.

Surgery. Before surgery, the rats were anesthetized with 80 mg/kg
ketamine and 12 mg/kg xylazine. An indwelling SILASTIC catheter was
placed into the right jugular vein and sutured in place. After catheter
implantation, the rat was mounted in a stereotaxic apparatus. The
catheter was routed to a screw-on mount (Plastics One, Roanoke, VA)
and cemented to the skull. Catheters were flushed daily with 0.3 ml of an
antibiotic (Timentin, 0.93 mg/ml) dissolved in heparinized saline. The
catheters were sealed with plastic obturators when not in use.

During surgery, guide cannulas (26 gauge; 14 mm for nucleus accum-
bens, neostriatum, and lateral septum, 10 mm for mPFC) for microin-
jections also were implanted bilaterally 2 mm dorsal to the nucleus
accumbens, neostriatum, lateral septum, and/or mPFC and cemented in
place by affixing dental acrylic to stainless steel screws secured in the skull.
The coordinates for the placement of the guide cannulas, relative to bregma
according to the atlas of Paxinos and Watson (1997), were as follows:
nucleus accumbens: +1.0 mm anteroposterior (A/P), 0.8 mm mediolat-
eral (M/L), —5.0 mm dorsoventral (D/V); mPFC: +2.5 mm A/P, £0.5 mm
M/L, —2.0 mm D/V; neostriatum: +1.0 A/P, =3.0 mm M/L, —3.0 mm
D/V; lateral septum: +1.0 mm A/P, =0.8 mm M/L, —3.0 mm D/V.

Self-administration, extinction, and reinstatement. The paradigm de-
scribed below is a modification of the methods described by Spealman
and colleagues (Spealman et al., 1999; Khroyan et al., 2000). Aftera 7 d
recovery period from surgery, the rats were placed in operant chambers
and allowed to lever press for intravenous cocaine infusions (0.25 mg
cocaine in 59 ul saline, infused over 5 sec). Rats were trained initially
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using a CRF schedule with each daily self-administration session initi-
ated by an intravenous priming injection of cocaine (0.25 mg). The rats
were limited to a maximum of 10 cocaine infusions per self-
administration session. When the animals achieved stable responding
with the CRF schedule (i.e., <15% variation in response rates over 3
consecutive days), they were switched to a second-order schedule of
reinforcement.

Cocaine self-administration behavior was maintained using a fixed
interval 10(fixed ratio 10) [FI10(FR10)] second-order schedule of rein-
forcement. With this schedule a red light above the active lever was
illuminated for 5 sec after every 10th lever press during the 10 min FI.
Completion of the first FR after the FI expired resulted in an intravenous
infusion of cocaine and the illumination of the red light over the active
lever for 5 sec. A 60 sec timeout period during which responses had no
scheduled consequences followed each cocaine infusion. If the FR re-
quirement was not completed within 5 min after the expiration of the FI,
the component ended automatically without a cocaine infusion and was
followed by a 60 sec timeout. Each daily session ended after the com-
pletion of 10 cycles of the second-order schedule.

Once stable responding with the FI10(FR10) schedule was achieved,
drug-seeking behavior was extinguished by replacing cocaine with saline
and omitting the light stimulus. Daily extinction sessions were conducted
until responding was consistently <10% of the response rate maintained
by cocaine self-administration.

After the extinction phase, priming-induced reinstatement of drug-
seeking behavior was assessed. One of a range of doses of each drug or
its vehicle was administered intraperitoneally (intra-mPFC, intra-
accumbal, intra-neostriatal, or intra-lateral septal) noncontingently im-
mediately before each reinstatement session. During each reinstatement
session, the FI10(FR10) schedule was used; however, completion of the
response requirements for each component resulted in infusion of saline
rather than cocaine. The stimulus light was reactivated during the rein-
statement phase; the red light over the active lever was illuminated for 5
sec after every 10th lever press. Each reinstatement session was followed
by one or more extinction sessions until responding was <10% of the
response rate maintained by cocaine self-administration. In our hands,
these procedures were found to produce robust, maximal reinstatement
of drug seeking in rats.

During the reinstatement phase, the ability of cocaine priming injec-
tions to reinstate cocaine seeking was examined. Cocaine or its vehicle
(0.9% saline) was either administered intraperitoneally (5, 10, or 20
mg/kg) or microinjected bilaterally into the mPFC (25, 50, or 100 ug/0.5
ul per infusion), nucleus accumbens (25, 50, or 100 ug/0.5 ul per
infusion), neostriatum (100 ug/0.5 wl per infusion), or lateral septum
(100 pg/0.5 wl per infusion) immediately before the reinstatement ses-
sion. The effect of intra-mPFC administration of the dopamine receptor
antagonist flupenthixol (10 or 30 ug/0.5 ul per infusion) on reinstate-
ment induced by cocaine (10 mg/kg, i.p.) was assessed. Flupenthixol or
its vehicle (0.9% saline) was administered immediately before the sys-
temic injection of cocaine just before the reinstatement session. The
ability of the local anesthetic lidocaine or the indirect dopamine agonist
amphetamine to reinstate cocaine seeking also was assessed. Lidocaine
(100 ug/0.5 wl), amphetamine (50 ug/0.5 wl), or their vehicle (0.9%
saline) was microinjected bilaterally into the mPFC immediately before
the reinstatement session. The administration of the various doses of
cocaine, lidocaine, amphetamine, flupenthixol, or saline was counterbal-
anced across reinstatement sessions.

Additional experiments assessed the effect of glutamate antagonists
administered into the nucleus accumbens on priming of drug-seeking
behavior induced by intra-mPFC cocaine (100 ug/0.5 ul per infusion).
Thus, the AMPA antagonist CNQX (0.03 and 0.3 ug/0.5 ul per infu-
sion), the NMDA antagonist AP-5 (3 ug/0.5 ul per infusion), or their
vehicle (1% DMSO or 0.9% saline, respectively) was microinjected
bilaterally into the nucleus accumbens 5 min before an intra-mPFC
microinjection of cocaine (100 ug/0.5 ul per infusion). The animals were
placed in the operant chambers immediately after the cocaine microin-
jection. The administration of the antagonists as well as vehicle was
counterbalanced across reinstatement sessions. The effect of intra-
accumbal administration of AP-5 (3 and 30 ug/0.5 ul per infusion) alone
on cocaine seeking also was assessed. The doses of CNQX (Cornish and
Kalivas, 2000) and AP-5 (Pulvirenti et al., 1994; Cornish et al., 1999)
were chosen on the basis of previous research as well as preliminary
studies from our laboratory that indicated effective receptor antagonism
after intra-accumbal administration without significant suppression of
operant behavior.
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Operant responding maintained by food. Nonspecific effects on operant
responding by the glutamate and dopamine antagonists used in the
reinstatement experiments described above were evaluated by assessing
the effect of these drugs on food-reinforced responding. Rats were
trained initially to press a lever under a CRF schedule of food delivery in
daily 1 hr sessions. The animals were food restricted as described above
for the duration of these experiments. Once stable responding was
obtained using the CRF schedule, the rats were switched to an FRS
schedule of reinforcement. When stable responding maintained by food
reinforcement using the FRS schedule was achieved, the effect of CNQX
(0.3 ng/0.5 ul per infusion), AP-5 (3.0 or 30.0 pg/0.5 ul per infusion), or
their vehicles (1% DMSO or 0.9% saline, respectively) was assessed by
microinjecting these compounds separately into the nucleus accumbens
immediately before food self-administration. The effect of intra-mPFC
administration of flupenthixol (30 wg/0.5 ul per side) or its vehicle (0.9%
saline) on food-reinforced operant responding also was assessed. At least
2 d of stable responding for food reinforcement separated each session in
which a microinjection was performed. The administration of the antag-
onists as well as their vehicle was counterbalanced across operant
sessions.

Microinjection procedures. The obturators were removed from the
microinjection guide cannulas and replaced by injection needles (33
gauge stainless steel) that extended 2 mm below the end of the guide
cannulas into the structure of interest. Bilateral infusions were made over
120 sec in a volume of 0.5 ul per side. The injection needles were left in
place for 60 sec (to allow the compound to diffuse away from the tips of
the needles) and then removed.

Verification of cannula placements. After the completion of all micro-
injection experiments, the animals were overdosed with pentobarbital
(100 mg/kg, i.p.) and perfused intracardially with 0.9% saline followed
by 10% formalin. The brain was removed, and coronal sections (100 wm)
were taken at the level of the nucleus accumbens-neostriatum-septum
and/or mPFC with a Vibratome (Technical Products International, St.
Louis, MO). The sections were mounted on gelatin-coated slides and
stained with Cresyl violet. An individual unaware of the animals’ behav-
ioral response determined cannula placements as well as potential drug-
or cannula-induced neuronal damage.

Experimental design and data analysis. In most experiments, each
subject received all test and control conditions. In most cases, all doses of
two drugs (e.g., CNQX and AP-5) plus vehicle were administered to a
single animal across a succession of reinstatement sessions. The maxi-
mum number of microinjections per animal was limited to six. This
design, in which each subject serves as its own control, permits mean-
ingful results to be obtained with fewer animals than would be required
using other designs. The time course data were analyzed with mixed-
factors ANOVAs, with repeated measures over component. The compo-
nent five data were analyzed with one-way ANOVAs. Pairwise compar-
isons for all ANOVAs were made using Tukey’s honestly significant
difference (HSD).

Drugs. Cocaine was a gift from the National Institute of Drug Abuse.
CNQX, AP-5, and flupenthixol were purchased from Sigma/RBI (St.
Louis, MO). All drugs were dissolved in sterile saline except CNQX,
which required a 1% DMSO vehicle.

RESULTS

Reinstatement of drug seeking induced by systemic
cocaine is blocked by intra-mPFC administration of a
dopamine antagonist

The data shown in Figure 14 demonstrate that systemic priming
injections of cocaine dose-dependently reinstate cocaine-seeking
behavior in rats. The data summarized in Figure 14 depict the
response rate (lever presses per minute) during the fifth compo-
nent of the FI10(FR10) second-order schedule of reinforcement
(ie., the peak behavioral response) for the last self-
administration and extinction sessions as well as the reinstate-
ment phase of the experiment. During the reinstatement phase,
the ability of saline and 5, 10, and 20 mg/kg cocaine to reinstate
cocaine-seeking behavior was assessed. The reinstatement data
were analyzed with a one-way ANOVA, which revealed a signif-
icant main effect of treatment (F; 33, = 19.8; p < 0.0001). Sub-
sequent pairwise analyses (Tukey’s HSD) showed that the re-
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Figure 1. Reinstatement of drug seeking induced by a systemic priming

injection of cocaine is blocked by intra-mPFC administration of a dopa-
mine antagonist. The data summarized in 4 and C depict the response
rate (Lever presses/Min) during the fifth component of the FI10(FR10)
second-order schedule of reinforcement for the last self-administration
(84) and extinction (Ext) sessions as well as the reinstatement phase of
the experiment. These results indicate that systemic cocaine dose-
dependently reinstates drug seeking (A4) and that reinstatement induced
by 10 mg/kg cocaine is dose-dependently inhibited by the intra-mPFC
administration of the dopamine antagonist flupenthixol ( C). The asterisks
in A represent significant differences from saline (Tukey’s HSD). The
response rate during each of the 10 components of the second-order
schedule for self-administration, extinction, and reinstatement after a
priming injection of cocaine (10 mg/kg, i.p.) are shown in B. The response
rate during each of the 10 components of the second-order schedule for
the vehicle + cocaine and 30 pg flupenthixol + cocaine treatments are
shown in D. The error bars indicate =SEM. The asterisks in D represent
a significant difference from the vehicle + cocaine group at that compo-
nent (Tukey’s HSD). Note that the response rate in the 30 pg flupenthixol
+ cocaine treatment was significantly different from the vehicle + cocaine
group during components 3-9. There were five to nine animals per
treatment.

sponse rate produced by 10 and 20 mg/kg cocaine was
significantly different from the saline vehicle. The response rates
during each of the 10 components of the second-order schedule
for self-administration, extinction, and reinstatement after 10
mg/kg cocaine (intraperitoneally) are shown in Figure 1B. There
were 9-10 animals per treatment.

The data summarized in Figure 1C demonstrate that intra-
mPFC administration of the dopamine antagonist flupenthixol
dose-dependently impaired drug seeking induced by a systemic
injection of 10 mg/kg cocaine. The data in Figure 1C depict the
response rate (lever presses per minute) during the fifth compo-
nent of the FI10(FR10) second-order schedule of reinforcement
for the last self-administration and extinction sessions as well as
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the reinstatement phase of the experiment. During the reinstate-
ment phase, animals were administered saline or 10 or 30 ug
flupenthixol into the mPFC before a priming injection of cocaine
(10 mg/kg, i.p.). The response rate during each of the 10 com-
ponents of the second-order schedule in the vehicle (saline) and
30 pg flupenthixol treatments during the reinstatement phase are
shown in Figure 1D. The reinstatement data from Figure 1D
were analyzed with a mixed factors ANOVA with repeated mea-
sures over time. This analysis revealed a marginally significant
main effect of treatment (F(, 5, = 3.84; p < 0.086) and a signifi-
cant main effect of time (F(o 5, = 3.07; p < 0.004). Although
there was no significant interaction between treatment and time,
subsequent pairwise analyses (Tukey’s HSD) nonetheless showed
that the response rate in the vehicle plus cocaine treatment was
significantly different from the 30 ug flupenthixol plus cocaine
treatment during components 3-9. There were five to six animals
per treatment.

The fifth component of the second-order schedule represents
the peak response of reinstatement induced by intraperitoneal
intra-mPFC or intra-accumbal cocaine, which is the rationale for
the presentation of the fifth component in this and all subsequent
figures.

Reinstatement of drug seeking by cocaine
administered into the mPFC or nucleus accumbens
but not the neostriatum or lateral septum

The data summarized in Figure 2 depict the response rate (lever
presses per minute) during the fifth component of the
FI10(FR10) second-order schedule of reinforcement for the last
self-administration and extinction sessions as well as the admin-
istration of cocaine directly into the mPFC (Fig. 24), nucleus
accumbens (Fig. 2B), neostriatum (Fig. 2C), or lateral septum
(Fig. 2D) during the reinstatement phases of these experiments.
The reinstatement data shown in Figure 2, 4 and B, were ana-
lyzed with separate one-way ANOVAs. The results of these
analyses revealed significant main effects of treatment when co-
caine was microinjected into the mPFC (F;,,, = 8.69; p <
0.0006) or nucleus accumbens (F; ;) = 4.87; p < 0.0099). Pair-
wise analyses (Tukey’s HSD) showed that 100 pg of cocaine
microinjected into the mPFC or nucleus accumbens significantly
increased the response rate during the fifth component of the
second-order schedule. In contrast, paired ¢ tests showed no
difference between the microinjection of vehicle or 100 pg co-
caine into the neostriatum (¢4, = 0.59; p < 0.58) or lateral septum
(ty = 0.32; p < 0.77) during the reinstatement phase (Fig. 2, C
and D, respectively). There were 4—10 rats per treatment. The
time course of the reinstatement of drug seeking after intra-
accumbal cocaine was similar to intra-mPFC or intraperitoneal
cocaine administration. Animals that received cocaine microin-
jections into the neostriatum or lateral septum had low rates of
responding during all 10 components of the reinstatement
session.

Reinstatement of drug seeking by intra-mPFC
amphetamine but not intra-mPFC lidocaine

We also assessed the ability of intra-mPFC administration of the
indirect dopamine agonist amphetamine (which, like cocaine,
increases the extracellular concentration of monoamines but does
not share cocaine’s local anesthetic property) and the local anes-
thetic lidocaine to reinstate cocaine seeking. The data summa-
rized in Figure 34 depict the response rate (lever presses per
minute) during the fifth component of the FI10(FR10) second-
order schedule of reinforcement for the last self-administration
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Figure 2. Reinstatement of drug seeking by administration of cocaine
into the mPFC and nucleus accumbens, but not the neostriatum or lateral
septum. The data summarized in this figure depict the response rate
(Lever presses/Min) during the fifth component of the FI10(FR10) second-
order schedule of reinforcement for the last self-administration (S4) and
extinction (Ext) sessions as well as during the reinstatement phases of
these experiments. These data indicate that microinjection of 100 ug
cocaine directly into the mPFC (A4) or nucleus accumbens (B) but not
into the neostriatum or lateral septum (C and D, respectively) reinstates
drug-seeking behavior. The error bars indicate =SEM. The asterisks
represent significant differences from the vehicle control (p < 0.05;
Tukey’s HSD). There were 5-10 rats per treatment.

and extinction sessions as well as the reinstatement phase of the
experiment. The response rates for all 10 components of the
second-order schedule for the vehicle, amphetamine (50 ug), and
lidocaine (100 wg) treatments are shown in Figure 3B. The time
course data were analyzed using a mixed-factors ANOVA with
repeated measures over component. Although this analysis re-
vealed no significant main effects of treatment (F (51, = 2.32;p <
0.14), component (Fg 105y = 1.00; p < 0.44), or a significant
treatment X component interaction (F(;g 105y = 1.02; p < 0.45),
subsequent pairwise analyses (Tukey’s HSD) showed significant
differences between the vehicle and amphetamine treatments
during components 2-7. There were five animals per treatment.

Intra-accumbal administration of an AMPA

receptor antagonist blocks drug seeking induced

by intra-mPFC cocaine

The data summarized in Figure 44 depict the response rate
(lever presses per minute) during the fifth component of the
FI10(FR10) second-order schedule of reinforcement for the last
self-administration and extinction sessions as well as the rein-
statement phase of the experiment. The response rates for all 10
components of the second-order schedule for the vehicle/cocaine
and 0.3 ug CNQX/cocaine treatments are shown in Figure 4B.
The time course data were analyzed using a mixed-factors
ANOVA with repeated measures over component. This analysis
revealed significant main effects of treatment (F; 14y = 51.05;p <
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Figure 3. Reinstatement of drug seeking by administration of amphet-
amine, but not lidocaine, into the mPFC. The data summarized in 4
depict the response rate (Lever presses/Min) during the fifth component of
the FI10(FR10) second-order schedule of reinforcement for the last
self-administration and extinction sessions as well as the reinstatement
phase of the experiment. The response rates for all 10 components of the
second-order schedule for the vehicle, amphetamine (50 pg), and lido-
caine (100 ug) treatments are shown in B. The error bars indicate =SEM.
The asterisks represent significant differences from the vehicle control at
that time point (p < 0.05; Tukey’s HSD). Note that amphetamine
significantly increased the response rate relative to the vehicle treatment
during components 2-7. There were five animals per treatment.
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Figure 4. Intra-accumbal administration of the AMPA receptor antag-
onist CNQX blocks drug seeking induced by intra-mPFC cocaine. The
data summarized in A depict the response rate (Lever presses/Min) during
the fifth component of the FI10(FR10) second-order schedule of rein-
forcement for the last self-administration (S4) and extinction (Ext) ses-
sions as well as the reinstatement phase of the experiment. The error bars
indicate =SEM. The response rates for all 10 components of the second-
order schedule for the vehicle/cocaine and 0.3 ug CNQX/cocaine treat-
ments are shown in B. The error bars indicate *SEM. The asterisks
represent significant differences from the vehicle control at that time point
(p <0.05; Tukey’s HSD). Note that 0.3 ng CNQX significantly decreased
the response rate relative to the vehicle control during components 3-10.
There were five to nine animals per treatment.

0.0001), component (Fq 154, = 5.25; p < 0.0001), and a significant
treatment X component interaction (Fo 156, = 9-51; p < 0.0001).
Subsequent pairwise analyses (Tukey’s HSD) showed significant
differences between the vehicle/cocaine and CNQX/cocaine
treatments during components 3-10. There were five to nine
animals per treatment.

Effect of intra-accumbal administration of an NMDA
receptor antagonist on drug seeking induced by
intra-mPFC cocaine

The data summarized in Figure 54 depict the response rate (lever
presses per minute) during the fifth component of the FI10(FR10)
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Figure 5. Effect of intra-accumbal administration of the NMDA recep-
tor antagonist AP-5 on drug seeking induced by intra-mPFC cocaine. The
data summarized in A depict the response rate (Lever presses/Min) during
the fifth component of the FI10(FR10) second-order schedule of rein-
forcement for the last self-administration (S4) and extinction (Ext) ses-
sions as well as the reinstatement phase of the experiment. The response
rates for all 10 components of the second-order schedule for the vehicle/
cocaine and AP-5/cocaine treatments are shown in B. The error bars
indicate =SEM. The asterisk represents a significant difference from the
vehicle control at that time point (p < 0.05; Tukey’s HSD). Note that 3
ng AP-5 significantly increased the response rate relative to the vehicle
control treatment during the third component. There were six to eight
animals per treatment.

second-order schedule of reinforcement for the last self-
administration and extinction sessions as well as the reinstatement
phase of the experiment. The response rates for all 10 components
of the second-order schedule for the vehicle/cocaine and AP-5/
cocaine treatments are shown in Figure 5B. The time course data
were analyzed using a mixed-factors ANOVA with repeated mea-
sures over component. This analysis revealed a significant main
effect of component (F g 05, = 3.05; p < 0.003) and a significant
drug treatment X component interaction (Fg 05, = 2.61; p <
0.009). Subsequent pairwise comparisons (Tukey’s HSD) revealed
a significant difference between the vehicle and AP-5 treatments at
component 3. The effect of intra-accumbal AP-5 on reinstatement
induced by intra-mPFC cocaine was variable in that AP-5 had no
effect on responding in one-half of the animals but augmented
reinstatement in the remaining subjects. There were six to eight
animals per treatment.

Reinstatement of drug-seeking behavior by
intra-accumbal administration of an NMDA

receptor antagonist

The data summarized in Figure 64 depict the response rate
(lever presses per minute) during the fifth component of the
FI10(FR10) second-order schedule of reinforcement for the last
self-administration and extinction sessions as well as the rein-
statement phase of the experiment. The response rates for all 10
components of the second-order schedule for the vehicle and 3
and 30 pg AP-5 treatments are shown in Figure 5B. The time
course data were analyzed using a mixed-factors ANOVA with
repeated measures over component. This analysis revealed a
marginally significant main effect of treatment (F, ;) = 3.17;p <
0.078), a significant main effect of component (F g 105y = 4.89; p <
0.0001), and a significant drug treatment X component interac-
tion (F(;510s) = 1.88; p < 0.026). Subsequent pairwise compari-
sons (Tukey’s HSD) revealed significant differences between the
vehicle and 3 ug AP-5 treatments during components 1-4 and
significant differences between the vehicle and 30 ug AP-5 treat-
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Figure 6. Reinstatement of drug-seeking behavior by intra-accumbal
administration of the NMDA receptor antagonist AP-5. The data sum-
marized in 4 depict the response rate (Lever presses/Min) during the fifth
component of the FII0(FR10) second-order schedule of reinforcement
for the last self-administration (SA4) and extinction (Ext) sessions as well
as the reinstatement phase of the experiment. The response rates for all
10 components of the second-order schedule for the vehicle and 3 and 30
ug AP-5 treatments are shown in B. The error bars indicate =SEM. The
asterisks represent significant differences from the vehicle control at that
time point (p < 0.05; Tukey’s HSD). Note that 3 ug AP-5 increased the
response rate during components /-4, whereas 30 ug increased the re-
sponse rate at all 10 components, relative to the vehicle control treatment.
There were five animals per treatment.

ments during all 10 components. There were five animals per
treatment.

Reinstatement of drug-seeking behavior

The present data indicate that vehicle control injections admin-
istered intraperitoneally or directly into the nucleus accumbens,
neostriatum, or mPFC do not result in significant responding
during the reinstatement sessions. Because stress can reinstate
cocaine-seeking behavior (Erb et al., 1996; Shaham et al., 1998;
Martin-Fardon et al., 2000; Shaham et al., 2000), these results
indicate that our control manipulations are not sufficiently stress-
ful to engender drug-seeking behavior. Reinstatement of drug
seeking after the vehicle injection would also be expected if the
light over the cocaine-associated bar had achieved stimulus con-
trol. The influence of the cocaine-associated cue light on cocaine-
induced reinstatement of drug seeking was assessed by evaluating
reinstatement induced by cocaine (10 mg/kg, i.p.) in the presence
or absence of the cocaine-associated cue light. Results indicated
that the cue light had no effect on reinstatement in that the
cocaine seeking induced by 10 mg/kg did not significantly
differ when the light was present or absent (t(5, = 0.28; p <
0.78). The mean = SEM response rates for the fifth component
of the second-order schedule during the reinstatement phase
for the light present and light absent treatments were as fol-
lows: present = 1.71 = 0.88; absent = 1.98 = 0.35. These
results indicate that the cocaine-associated light cue did not
contribute to priming-induced reinstatement under the present
training and testing conditions. There were five animals per
treatment.

The animals in the current cocaine self-administration exper-
iments underwent a series of extinction and reinstatement ses-
sions that lasted ~20 d. During this period, extinction of the
ability of a priming injection to induce drug seeking is a concern.
However, in our experience the current training and testing
procedures produce robust priming-induced reinstatement of
cocaine-seeking behavior that is observed for at least 20 d after
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the initial extinction of cocaine self-administration. This is illus-
trated in a group of animals in which reinstatement induced by 10
mg/kg cocaine was assessed after treatments that had no influ-
ence on drug-seeking behavior (i.e., the presence or absence of
the cue light or saline administration into the mPFC). Drug
seeking was stable throughout the reinstatement phase of these
experiments. Thus, during the first and last reinstatement ses-
sions, the mean = SEM for the fifth component of the second-
order schedule was 2.2 = 0.82 and 1.41 = 0.36, respectively. The
extent of reinstatement did not differ between the first and last
sessions (f(sy =1.08; p < 0.33), and the magnitude of drug seeking
in these treatments was consistent across all of the reinstatement
sessions. There were six animals included in this analysis.

Inactive lever presses during reinstatement of

drug seeking

Responding on an inactive lever is often used as a measure of
nonspecific increases or decreases in lever pressing during the
reinstatement phase. With the current training and testing pro-
cedures, the rate of inactive lever presses was very low, which
decreases the utility of this measure in the determination of
nonspecific decreases in operant responding. For example, in the
experiment designed to assess the influence of the cocaine-
associated light cue on reinstatement, the total number of re-
sponses on the inactive lever was very low in both groups (10
mg/kg cocaine plus light = 2.4 * 2.4; 10 mg/kg cocaine with no
light = 1.8 £ 0.66; data are presented as the average total number
of inactive lever presses per session = SEM). These data not only
confirm that the number of inactive lever presses is too low to
meaningfully assess potential rate-suppressant effects of drugs,
but these results also demonstrate that 10 mg/kg cocaine selec-
tively increased responding only on the active lever (contrast an
average of 150.4 total presses on the active lever vs an average of
2.4 total responses on the inactive lever during the reinstatement
phase in the 10 mg/kg cocaine plus light treatment). Similarly,
intra-accumbal administration of AP-5 selectively increased re-
sponding on the active lever. The results from a representative
animal reveal that intra-accumbal AP-5 produced 129 responses
on the active lever and 1 response on the inactive lever. There-
fore, nonspecific increases in lever pressing are not responsible
for the reinstatement of drug seeking induced by cocaine or AP-5.
Because the rate of inactive lever pressing during the reinstate-
ment phase was so low under the present conditions, we assessed
the effect of glutamate and dopamine antagonists on operant
responding maintained by an alternate reinforcer (food), as de-
scribed in the next section.

Effect of glutamate and dopamine antagonists on
food-reinforced operant behavior

The data from Table 1 represent the average number of lever
presses per minute for 1 hr after the intra-accumbal or intra-
mPFC microinjection of antagonists or their vehicles. Before the
self-administration session, 0.3 ug CNQX or 3.0 or 30.0 ug AP-5
or their vehicles (1% DMSO or 0.9% saline, respectively) were
microinjected into the nucleus accumbens. These data were ana-
lyzed with a one-way ANOVA, which revealed a significant main
effect of treatment (F 4,7, = 15.1; p < 0.0001). Post hoc analyses
revealed a significant difference between the CNQX and DMSO
treatments (Tukey’s HSD). Also shown in Table 1 are food
self-administration data obtained after the microinjection of 30.0
pg flupenthixol or saline into the mPFC. A ¢ test revealed no
significant difference between these treatments (f5) = 1.24; p <
0.25). There were 4-10 animals per treatment.
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Table 1. Effect of intra-accumbal microinjection of the AMPA
antagonist CNQX, the NMDA antagonist AP-5, or their vehicles (1%
DMSO or 0.9% saline, respectively) as well as intra-mPFC flupenthixol
or saline on food-reinforced operant responding in the rat

Drug or vehicle n Lever presses per minute

Nucleus accumbens

Saline 10 23.5(2.5)
1% DMSO 6 22.7(3.5)
0.3 ug CNOX 6 43.5 (2.1)*
3 nug AP-5 6 22.1(1.8)
30 ug AP-5 4 13.4 (1.4)
mPFC
Saline 5 21.0 (4.1)
30 pg Flupenthixol 5 15.1 (2.5)

The data are represented as the average number of food pellets dispensed per
minute (=SEM) for 1 hr after the intra-accumbal microinjection. Note that intra-
accumbal CNQX produced a significant increase in lever pressing maintained by
food. *Significant difference from the 1% DMSO treatment (p < 0.05; Tukey’s
HSD).

Figure 7. Cannula placements in the mPFC, nucleus accumbens, neo-
striatum, and lateral septum. The placements in the mPFC included the
anterior cingulate and infralimbic and prelimbic cortices (A). The accum-
bal placements were aimed at the medial nucleus accumbens encompass-
ing the medial portion of the shell and the border between the medial
shell and the core. The neostriatal microinjections were all confined to the
central-ventral and lateral-ventral regions of this structure. Note that the
microinjections in the lateral septum were directly above the microinjec-
tions aimed at the nucleus accumbens. None of the drugs administered
into the mPFC nucleus accumbens, neostriatum, or lateral septum pro-
duced neurotoxicity (B). No excessive mechanical damage caused by the
repeated microinjections into any of these brain regions was observed.

Cannula placements in the mPFC, nucleus
accumbens, neostriatum, and lateral septum

The cannula placements in the mPFC, nucleus accumbens, neo-
striatum, and lateral septum from the experiments outlined in
Figures 2-6 and Table 1 are shown in Figure 7. The placements
in the mPFC included the anterior cingulate and infralimbic and
prelimbic cortices (Fig. 6A4). The accumbal placements were
aimed at the medial nucleus accumbens encompassing the medial
portion of the shell and the border between the medial shell and
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the core (Fig. 6B). The microinjections into the neostriatum were
confined to the central-ventral and lateral-ventral portions of
this structure, whereas the microinjections aimed at the lateral
septum were ~2 mm above the medial nucleus accumbens (Fig.
6B). None of the drugs administered into the mPFC, nucleus
accumbens, neostriatum, or lateral septum produced neurotoxic-
ity. No excessive mechanical damage caused by the repeated
microinjections into any of these brain regions was observed.

DISCUSSION

The present results indicate that administration of cocaine into
either the mPFC or the nucleus accumbens reinstated cocaine-
seeking behavior. Intra-mPFC cocaine reinstated cocaine seeking
by increasing AMPA-mediated glutamate transmission in the
nucleus accumbens. In contrast, administration of an NMDA
antagonist into the nucleus accumbens reinstated cocaine-seeking
behavior. Collectively, these data indicate that the glutamatergic
pathway from the mPFC to the nucleus accumbens plays an
important role in priming-induced reinstatement of cocaine seek-
ing. Moreover, the present results indicate that accumbal AMPA
and NMDA receptors have opposing roles in the modulation of
cocaine-seeking behavior.

The role of mPFC dopamine in cocaine-induced
reinstatement of drug seeking

Cocaine blocks the reuptake of dopamine, norepinephrine, and
serotonin (Koe, 1976; Heikkila et al., 1979). Although there is
some evidence that norepinephrine and serotonin modulate re-
instatement of cocaine-seeking behavior (Tran-Nguyen et al,
1999; Erb et al., 2000), an extensive literature of cocaine rein-
statement studies have revealed a fundamental role for mesocor-
ticolimbic dopamine systems. Previous research indicates that
D2-like receptor agonists administered systemically reinstate
cocaine-seeking behavior (Self et al., 1996; De Vries et al., 1999,
2002; Khroyan et al., 2000), whereas D1-like and D2-like receptor
antagonists attenuate the reinstatement of cocaine-seeking be-
havior (Khroyan et al., 2000). These findings, when coupled with
the fact that transient pharmacological inhibition of the mPFC
prevents cocaine priming-induced reinstatement of drug seeking
(McFarland and Kalivas, 2001), suggest that increased dopamine
transmission in the mPFC may at least partially mediate priming-
induced reinstatement of cocaine seeking. Consistent with this
hypothesis, the current results indicate that intra-mPFC admin-
istration of a dopamine antagonist blocked reinstatement induced
by a systemic cocaine injection. Moreover, microinjection of co-
caine directly into the mPFC reinstated drug-seeking behavior.
The reinstatement of drug seeking induced by an intra-mPFC
priming injection of cocaine could be caused by the local anes-
thetic property of this drug. However, the current results indicate
that administration of the local anesthetic lidocaine directly into
the mPFC failed to reinstate drug-seeking behavior. This result is
consistent with previous work demonstrating that the behavioral-
activating effects of intra-accumbal cocaine are not attributable to
local anesthesia (Delfs et al., 1990). Moreover, the present results
indicate that intra-mPFC microinjection of amphetamine, a stim-
ulant that is pharmacologically similar to cocaine but not a local
anesthetic, reinstated cocaine seeking. Collectively, these results
provide support for the hypothesis that the reinstatement of drug
seeking by intra-mPFC cocaine is caused by an increase in dopa-
mine transmission rather than a local anesthetic effect.
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The role of accumbal AMPA receptors in the
reinstatement of drug seeking by intra-mPFC cocaine
Recent reports indicate that administration of an AMPA agonist
into the nucleus accumbens reinstated cocaine seeking in rats,
whereas intra-accumbal administration of an AMPA antagonist
impaired reinstatement induced by a systemic cocaine priming
injection (Cornish et al., 1999; Cornish and Kalivas, 2000). These
findings, coupled with the fact that a major accumbal glutamater-
gic afferent projection originates in the mPFC (Phillipson and
Griffiths, 1985; Berendse et al., 1992; Brog et al., 1993; Wright and
Groenewegen, 1995), led us to hypothesize that intra-mPFC
microinjections of cocaine may reinstate cocaine seeking by al-
tering glutamate transmission in the nucleus accumbens. Consis-
tent with this hypothesis, the current results indicated that a
priming microinjection of cocaine into the mPFC reinstated co-
caine seeking and that this effect was blocked by the microinjec-
tion of an AMPA antagonist into the nucleus accumbens. The
present results, which suggest that the glutamatergic mPFC-
accumbal pathway plays a critical role in cocaine priming-induced
drug craving, are also consonant with results obtained with an
animal model of cocaine-induced plasticity as well as studies
performed in human cocaine addicts. In this regard, enhanced
activity in the mPFC-accumbal glutamatergic pathway acting
primarily through accumbal AMPA receptors is linked to the
expression of behavioral sensitization to cocaine (Bell and Kali-
vas, 1996; Pierce et al., 1996, 1997b; Reid and Berger, 1996),
which has been suggested as an animal model of the neuronal
plasticity underlying cocaine craving (Robinson and Berridge,
1993; De Vries et al., 1998a). The mPFC also has been linked to
drug craving in human cocaine addicts. Increased blood flow or
glucose metabolism was observed in the prefrontal cortex of
cocaine addicts exposed to cues associated with cocaine use
(Grant et al., 1996; Childress et al., 1999), with the increased
cortical blood flow correlating with self-reports of drug craving
(Childress et al., 1999). Collectively, these data demonstrate a
striking correspondence between data obtained from human and
animal models, suggesting that the glutamatergic mPFC-accum-
bal pathway plays a critical role in cocaine- and cue-induced
craving and the relapse of drug-seeking behavior.

Although the present experiments focused on the regulation of
cocaine priming-induced reinstatement by the glutamatergic
mPFC-accumbal pathway, our results do not rule out a role for
other glutamatergic inputs to the nucleus accumbens in this
process. Indeed, the amygdala appears to play a particularly
important role in cue-induced relapse of cocaine-seeking behav-
ior (Meil and See, 1997; Tran-Nguyen et al., 1998; Grimm and
See, 2000; Weiss et al., 2000), and recent evidence indicates that
electrical stimulation of the hippocampus reinstates cocaine seek-
ing (Vorel et al., 2001). These results suggest that multiple nuclei
that send glutamatergic projections to the nucleus accumbens
contribute to priming- and cue-induced reinstatement of cocaine
seeking.

Role of NMDA receptors in the reinstatement of
drug-seeking behavior

Microinjection of NMDA into the nucleus accumbens reinstated
cocaine seeking in rats (Cornish et al., 1999). However, NMDA
increased responding on an inactive lever, suggesting that the
increase in responding on the active lever was attributable, at
least in part, to a nonspecific increase in motor activity (Cornish
et al,, 1999). Consistent with this hypothesis, intra-accumbal
administration of an NMDA antagonist had no effect on rein-
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statement induced by a systemic priming injection of cocaine
(Cornish et al., 1999) and had variable effects on reinstatement
engendered by intra-mPFC cocaine (present study). In the latter
case, however, a subset of subjects showed clear augmentation of
cocaine-induced reinstatement, and the current data further
demonstrate that microinjection of an NM DA antagonist into the
nucleus accumbens dose-dependently reinstated cocaine seeking.
Our results are consistent with recent findings indicating that
NMDA antagonists appear to have reinforcing properties similar
in some respects to cocaine (Carlezon and Wise, 1996; Pierce et
al., 1997a) and that the systemic administration of an NMDA
antagonist reinstates cocaine seeking (De Vries et al., 1998b).
Interestingly, it has been shown that reinstatement induced by
cocaine-associated stimuli, but not cocaine itself, is blocked by
NMDA antagonists (Bespalov et al., 2000), which suggests a
differential role for NMDA receptors in cue- and priming-
induced reinstatement of cocaine-seeking behavior.

Role of accumbal dopamine in the reinstatement of
drug-seeking behavior

Although an extensive literature indicates that dopamine trans-
mission in the nucleus accumbens plays a critical role in the
maintenance of cocaine self-administration (Hurd et al., 1989;
Pettit and Justice, 1989; Maldonado et al., 1993; McGregor and
Roberts, 1993; Caine et al., 1995; Wise et al., 1995; Parsons et al.,
1996; Bradberry et al., 2000; Czoty et al., 2000), the extent to
which accumbal dopamine contributes to the reinstatement of
cocaine seeking is unclear. Pretreatment with the nonselective
dopamine antagonist fluphenazine had no effect on cocaine seek-
ing induced by systemic cocaine or intra-accumbal AMPA (Cor-
nish and Kalivas, 2000). Moreover, electrical stimulation of the
medial forebrain bundle, which includes dopaminergic projec-
tions to the nucleus accumbens, does not reinstate cocaine seek-
ing (Vorel et al., 2001). Although these results suggest that
dopamine transmission in the nucleus accumbens may play a
limited role in cocaine-seeking behavior, intra-accumbal admin-
istration of cocaine (present results), dopamine (Cornish and
Kalivas, 2000), or a PKA inhibitor (Self et al., 1998) reinstated
cocaine seeking. Moreover, activation of the mesolimbic dopa-
mine system with intra-VTA morphine reinstated cocaine-
seeking behavior (Stewart, 1984). Collectively, these results indi-
cate that although increased dopamine transmission in the
nucleus accumbens may be sufficient to reinstate cocaine seeking,
accumbal dopamine may not be required for the reinstatement of
drug-seeking behavior in all circumstances.

Effect of NMDA and AMPA receptor antagonists on
food-maintained operant responding

To control for the potential rate-suppressing effect of AMPA and
NMDA antagonists, we chose doses of these drugs that did not
suppress operant responding maintained by a non-drug rein-
forcer, which suggests that the behavioral effects of CNQX and
AP-5 were not caused by general motor impairment. Consistent
with previous findings (Maldonado-Irizarry et al., 1995; Kelley
and Swanson, 1997; Stratford et al., 1998), our results indicate
that intra-accumbal administration of the AMPA receptor antag-
onist CNQX increased operant responding maintained by food.
This effect appears to be selective for food because intra-
accumbal microinjection of an AMPA antagonist does not in-
crease water intake, non-ingestive gnawing, or locomotor activity
(Stratford et al., 1998). Moreover, intra-accumbal administration
of an AMPA antagonist impaired the reinstatement of drug
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seeking induced by a systemic (Cornish and Kalivas, 2000) or
intra-mPFC (present results) priming injection of cocaine. The
present results also demonstrated that intra-accumbal adminis-
tration of the NMDA receptor antagonist AP-5 had no effect on
food-maintained operant responding but reinstated cocaine-
seeking behavior. Taken together, these data indicate that accum-
bal AMPA and NMDA receptors play different and sometimes
opposing roles in the various appetitive behaviors processed by
the nucleus accumbens.

Conclusions

The current results indicate that the glutamatergic mPFC-ac-
cumbal pathway plays a critical role in priming-induced reinstate-
ment of drug-seeking behavior. Surprisingly, AMPA and NMDA
receptors in the nucleus accumbens play opposing roles in this
process in that increased AMPA and decreased NMDA receptor-
mediated glutamate transmission both facilitate reinstatement of
cocaine seeking. Understanding the anatomical and pharmaco-
logical bases of cocaine priming-induced relapse of drug-seeking
behavior advances our understanding of the basic mechanisms
underlying drug craving. Moreover, the current results could lead
to the development of pharmacological therapies based on the
manipulation of glutamate transmission in the basal forebrain
that may be useful in the prevention of cocaine craving and
relapse.
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