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As with other drugs of abuse, heroin use is characterized by a high incidence of relapse following detoxification that can be triggered by

exposure to conditioned stimuli previously associated with drug availability. Recent findings suggest that cannabinoid CB1 receptors

modulate the motivational properties of heroin-conditioned stimuli that induce relapse behavior. However, the neural substrates through

which CB1 receptors modulate cue-induced heroin seeking have not been elucidated. In this study, we evaluated alterations in

cue-induced reinstatement of heroin-seeking behavior produced by infusions of the CB1 receptor antagonist SR 141716A (0, 0.3 and

3mg per side) delivered into the prefrontal cortex (PFC), nucleus accumbens (NAC), and basolateral amygdala (BLA) of rats. Results

show that following extinction of operant behavior the presentation of a discriminative stimulus conditioned to heroin availability

reinstated nonreinforced lever pressing to levels comparable to preextinction levels. Intra-PFC SR 141716A dose-dependently reduced

cue-induced reinstatement of heroin seeking, with a significant reduction following the 3mg per side dose. In the NAC, both SR 141716A

doses induced a significant reduction in cue-induced reinstatement, with the highest dose completely blocking the effect of the cue. In

contrast, intra-BLA SR 141716A did not alter cue-induced reinstatement of responding while systemic administration of this antagonist

(3 mg/kg, i.p.) significantly blocked cue-induced reinstatement in all three-placement groups (BLA, PFC, and NAC). These findings provide

new insights into the neural mechanisms through which CB1 receptors modulate the motivational properties of heroin-associated cues

inducing relapse.
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INTRODUCTION

Relapse to drug-seeking and drug-taking behaviors despite
long periods of abstinence is a common manifestation of
drug dependence (Leshner, 1997; McLellan et al, 2000).
High rates of relapse are observed for different drugs of
abuse (Tims and Leukefeld, 1986) turning interest towards
the prevention of this phenomenon as a treatment for
addiction (DeJong, 1994; McLellan et al, 2000). Self-reports
by drug-dependent humans indicate that multiple factors
such as exposure to drug-associated stimuli, drug priming,
and stress can precipitate drug craving and relapse (Jaffe
et al, 1989; O’Brien et al, 1992; Kreek and Koob, 1998; Carter

and Tiffany, 1999; Sinha et al, 1999). The study of drug-
associated cues as causal factors for relapse is of major
interest because drug-abstinent subjects are likely to be
exposed to stimuli such as drug paraphernalia and drug-
associated environments. These stimuli acquire motiva-
tional salience by predicting drug availability, and thus
exposure to these drug-associated stimuli can precipitate
craving and drug seeking (Tims and Leukefeld, 1986).

Recently developed animal models of drug seeking have
contributed substantially to our understanding of the
neurobiological mechanisms underlying drug relapse
(Shaham et al, 2000; Stewart, 2000; Shalev et al, 2002; See,
2005; Weiss, 2005; Zavala et al, 2007), though their
construct validity (referring to the similarities in the
mechanisms through which drug relapse occurs in humans
vs animal models) faces intense examination (Epstein et al,
2006). Nonetheless, substantial evidence gathered using
these animal models implicates the cannabinoid system in
the mediation or modulation of drug-seeking behavior. For
example, systemic administration of the CB1 cannabinoid
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receptor agonists HU210, WIN 55 212-2, and CP 55 940
reinstate heroin-seeking behavior, while the CB1 receptor
antagonist SR 141716A attenuates cue-induced and
heroin-primed reinstatement of heroin-seeking behavior
(De Vries et al, 2003; Fattore et al, 2003). Similar findings
have been made regarding relapse behavior associated with
other drugs of abuse such as nicotine (De Vries et al, 2005),
alcohol (Serra et al, 2002), and cocaine (De Vries et al,
2001) suggesting that cannabinoid signaling is involved in
drug-seeking behavior in general, regardless of the nature of
the drug being sought.

Although these findings point to the endocannabinoid
(eCB) system as a potential target for the treatment of drug
relapse, further studies assessing the neural substrates
through which eCBs modulate reinstatement of drug
seeking are needed. In this regard, it has been proposed
that the prefrontal cortex (PFC), basolateral amygdala
(BLA), and nucleus accumbens (NAC), respectively, parti-
cipate in the encoding and recognition of predictive stimuli,
the establishment of learned associations, and the expres-
sion of goal-directed behaviors in response to motivation-
ally salient stimuli predicting drug availability (Kalivas and
Volkow, 2005). Based on these findings, and the presence of
CB1 receptors in the PFC, NAC, and BLA (Herkenham et al,
1991; Tsou et al, 1998; Katona et al, 2001; McDonald and
Mascagni, 2001) we hypothesize that CB1 receptors in these
brain regions modulate cue-induced reinstatement of
heroin-seeking behavior. To examine this possibility, we
used an animal model of drug-seeking behavior (Weiss
et al, 2000) to test the effect of localized infusions of the CB1

receptor antagonist SR 141716A into the PFC, NAC, and
BLA on the reinstatement of drug-seeking behavior induced
by presentation of a heroin-associated conditioned cue.
Previous work has demonstrated that this cue-induced lever
pressing behavior is remarkably resistant to extinction
(Gracy et al, 2000; Ciccocioppo et al, 2001a), and therefore
this model is well-suited for within-subject evaluations of
the dose-dependent effects of SR 141716A. Our results
suggest a role for CB1 receptors in the PFC, NAC but not
BLA, in the modulation of cue-induced reinstatement of
heroin-seeking behavior.

MATERIALS AND METHODS

Animals

Male Wistar rats (Charles River, Raleigh, NC) weighing 200–
250 g were housed three per cage on a reversed 12 h light/
dark cycle with food and water available ad libitum. All
procedures were conducted in accordance with the National
Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by the Institutional
Animal Care and Use Committee of The Scripps Research
Institute.

Drugs and Reagents

Heroin hydrochloride was obtained from the National
Institute on Drug Abuse (Washington, DC, USA) and was
dissolved in a vehicle of sterile 0.9% saline. SR 141716A
was generously provided by the National Institute of
Mental Health Chemical Synthesis and Drug Supply

Program (Washington, DC, USA) and was dissolved in a
vehicle of ethanol: emulphor: saline (1:1:18).

Surgery

Twenty-nine rats were prepared with chronic silastic jugular
catheters under isoflurane anesthesia (1.5–2.0%) as de-
scribed elsewhere (Caillé and Parsons, 2006). During this
same surgery the animals were also stereotaxically im-
planted with bilateral 22-gauge, 12-mm stainless steel guide
cannulae that terminated 2 mm above the brain region of
interest. Separate groups of animals received bilateral guide
cannulae aimed at the NAC core, medial PFC, and BLA.

These brain subregions were chosen based on the
presence of CB1 receptors in these areas (Mailleux and
Vanderhaeghen, 1992; Matsuda et al, 1993; Tsou et al, 1998;
Egertova and Elphick, 2000) and evidence for an involve-
ment of each region in the mediation of cue-induced
reinstatement of cocaine- and heroin-seeking behavior and
that inactivation of either the BLA or medial PFC abolishes
cue- and contextual-induced reinstatement of cocaine and
heroin-seeking behavior (Meil and See, 1997; Di Ciano and
Everitt, 2001; Fuchs and See, 2002; McLaughlin and See,
2003; Fuchs et al, 2005). The stereotaxic coordinates were:
NAC core (from Bregma: AP, + 1.7 mm, ML, ±2.0 mm
and V, �5.0 mm (from dura; n¼ 12)); PFC (AP, + 3.0 mm,
ML, ±0.6 mm, and V �3.6 mm (from dura; n¼ 8)); BLA
(AP, �2.56 mm, ML, ±4.8 mm, and V –6.0 mm (from dura;
n¼ 9)). Vertical placements were used for each brain
region, using a Kopf ultra-precise small animal stereotaxic
apparatus (model 963; David Kopf Instruments, Tujunga
California). The i.v. catheter inlet fixture and injector
cannulae were secured to the skull with cranioplastic
cement over skull screws implanted in each quadrant.
Catheters were flushed daily with sterile heparinized saline
(30 USP units/ml) and the animals were allowed a minimum
of seven postoperative recovery days prior to the initiation
of self-administration training.

Intravenous Heroin Self-Administration Training

The self-administration chambers consisted of operant
boxes enclosed in sound attenuating, fan ventilated
environmental cubicles (MED Associates Inc., St Albans,
VT or BRS/LVE, Laurel, MD). Each rat learned the operant
self-administration task by autoshaping in 2 h sessions
conducted 5 days per week. At the start of each session two
operant levers were extended into the chamber. Responding
on the active lever was reinforced by the intravenous
infusion of 0.1 ml of a heroin solution (0.01 mg per infusion
delivered over 4 s) under a continuous reinforcement
schedule (FR-1) with a 20 s timeout period following each
drug infusion during which lever responses were recorded
but not reinforced. Responses on the inactive lever were
recorded but had no programmed consequence. The
orientation of the active and inactive levers (left or right
side) was counterbalanced between animals, but remained
constant for the duration of each animals’ testing period.
The S + environment associated with heroin self-adminis-
tration consisted of a speaker generated constant white
noise (70 dB) along with the illumination of a cue light
(compound discriminative stimuli) above the active lever
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for 20 s when the lever was pressed. The initial period of 2 h
daily self-administration training continued for 2 weeks,
during which time all animals acquired self-administration
behavior as evidenced by an average of 18±1.3 heroin
infusions obtained per session during the final two training
sessions.

Cue Discrimination Training

Following the initial self-administration training each group
was subjected to a period of cue discrimination training
designed to condition distinct discriminative stimuli with
heroin availability and nonavailability. During this phase of
training each animal received three 1 h self-administration
sessions, each separated by 30 min. During two of these
sessions responding on the active lever produced an
intravenous heroin infusion (0.01 mg/ml), and these ses-
sions were associated with the S + environment described
above (continuous white noise and illumination of a cue
light above the lever when it is pressed). During the
remaining daily session responses on the active lever
produced an intravenous saline infusion (0.1 ml), and this
session was associated with a distinct set of environmental
cues (S� environment; continuous house light illumination
and presentation of an intermittent tone (70 dB, 20 s
duration following lever press) as the compound discrimi-
native stimuli). In each of these sessions responses on the
inactive lever were recorded but not reinforced. Discrimi-
nation training was conducted 5 days per week until the
animals’ behavior reached the baseline criterion of
3 consecutive days of p5 lever presses on the active lever
during the saline self-administration (S�) sessions.

Extinction

Once the baseline criterion for cue discrimination was met
each animal was put through a series of 1 h extinction
sessions that were conducted 5 days per week. Extinction
sessions were initiated by the extension of both levers but
without presentation of any discriminative stimuli. Re-
sponses on the previously active lever engaged the syringe
pump motor for 4 s, but did not result in any drug infusion
or presentation of a discriminative stimulus. Responses on
the previously inactive lever were without consequence.
Extinction sessions were continued until the animals
reached the criterion of 3 consecutive days with p5 lever
presses per session on the previously active lever. During
the final week of extinction training a sham microinfusion
was performed (eg microinjectors inserted through the
guide cannulae but no solution administered). This was
done to avoid biasing subsequent reinstatement responding
with possible behavioral alterations produced by the initial
microinjector insertion.

Cue-Induced Reinstatement of Drug Seeking

Reinstatement tests were conducted on eight occasions over
the course of 23 days after the extinction of operant
behavior. The heroin-associated (S + ) and saline-associated
(S�) cues were reintroduced in these 1 h tests, though
operant responding did not result in any drug or saline
infusions. Sessions began by the extension of the levers and

the presentation of either the S + or S� environmental cue
(white noise or house light, respectively), and these stimuli
remained present until retraction of the levers at the end of
each session. During the session responses at the previously
active lever resulted in activation of the syringe pump and a
20-s timeout (signaled by illumination of the cue light above
the right lever in the S + condition, and the intermittent
tone in the S� condition). Responses at the previously active
lever were measured as an index of cue-induced reinstate-
ment of extinguished heroin seeking while responses at the
inactive lever were without consequence and were recorded
as a measure of behavioral specificity.

To verify the behavioral selectivity of the discriminative
stimuli, all rats were tested in the presence of the S� on the
first and last reinstatement testing days (days 1 and 23,
respectively). The effects of intracranial SR 141716A
infusion on S + -induced reinstatement of heroin seeking
were evaluated in three 1 h tests each separated by
3 nontesting days (eg tests performed on reinstatement days
2, 5, and 8, respectively). Infusions were made via bilateral
33-gauge microinjectors that extended 2 mm beyond the tip
of the guide cannulae. The microinjectors were constructed
such that the 33-gauge injector tubing passes through and
extends 2 mm beyond a length of 26-gauge tubing which is
used to increase the outer diameter of the injection cannula,
thereby increasing the rigidity of the injector and ensuring a
tighter fit between the injection and guide cannulae. This
increases the accuracy of injector placement and minimizes
injector movement when inserted through the guide
cannula. Each animal was held during the intracranial
injections to ensure that the infusion cannulae did not
rotate or move while in tissue. However, to minimize stress
this handling did not involved immobilization or excessive
restraint. About 1 ml per side infusions were made at a rate
of 0.5 ml/min using 10 ml Hamilton syringes mounted on a
Harvard Apparatus syringe pump (model 975). The infusion
cannulae were left undisturbed for 1 min following comple-
tion of the infusion to allow drug diffusion prior to injector
removal. Subsequently, stylets were replaced in the guide
cannulae and the rats were immediately tested for cue-
induced reinstatement of responding. The effects produced
by vehicle, 0.3 or 3.0 g per side SR 141716A were evaluated
and the dose presentation was randomized between
animals. Each animal was tested once with each dose. To
evaluate cue-induced heroin seeking in the absence of any
pretreatment manipulation an S + session was performed on
day 14 of the reinstatement phase.

One week after the final micro-infusion test the effects of
intraperitoneal SR 141716A administration on cue-induced
reinstatement of heroin seeking were evaluated. Animals
were injected either with vehicle or SR 141716A (3 mg/Kg,
i.p.), then were placed back into their home cages for 30 min
until testing. These evaluations of systemically administered
SR 141716A on S + -induced heroin seeking were performed
on days 17 and 20 (pretreatment order randomized between
animals).

Histological Verification of Infusion Cannulae
Placement

Following the final behavioral test each rat was euthanized
by isoflurane overdose, the brain was removed and
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immediately frozen on dry ice. Subsequently the brain was
mounted on a cryostat and sliced into 50 mm sections. Based
on the presence of tissue damage from injector insertion
and drug infusion injector placements within the regions of
interest were evaluated based on the stereotaxic boundaries
as described by of Paxinos and Watson (1998). Only those
subjects with accurate bilateral placements were included in
the final data analyses.

Statistical Analyses

One way analyses of variance (ANOVA) were used to
evaluate differences in lever pressing behavior during
discrimination training (S + vs S� sessions), to compare
lever pressing behavior in the presence of the S� or S +

discriminative stimuli vs responding under extinction
conditions, and to evaluate the effects of either intracranial
or peripheral SR 141716A pretreatment on cue-induced
heroin-seeking behavior. The data used for these compar-
isons were the number of reinforced responses per
hour exclusive of any responding during the timeout
period (timeout responses were rare following initial
self-administration training). Post hoc analyses were made
using Fisher’s PLSD. Data are expressed as the mean±SEM.

RESULTS

Intra-NAC SR 141716A Infusion Dose-Dependently
Decreases Cue-Induced Heroin-Seeking Behavior

Rats in the NAC placement group (n¼ 12) readily acquired
heroin self-administration and demonstrated cue-discrimi-
nation. During the final 3 days of cue discrimination
training rats in this group elicited significantly greater lever
pressing on the active lever during the S + heroin sessions
than during the S� saline sessions (8.17±0.9 vs 2.2±0.7
lever presses per session, respectively; F(1, 22)¼ 28.539,

po0.001; Figure 1a). Responding on the inactive lever
during these sessions was minimal and there was no
significant difference in inactive lever responses between
the S + and S� sessions (1.8±0.5 vs 1.3±0.5 responses per
session, respectively; F(1, 22)¼ 0.353, n.s.). Lever pressing
behavior on the active lever was extinguished to 2.7±0.5
presses per session within 16–18 extinction sessions
(Figure 1b). Subsequent presentation of the S� discrimina-
tive cue did not significantly alter behavior at the previously
active lever as determined by two S� tests performed on the
first and final days of reinstatement testing (F(2, 31)¼ 0.079,
n.s. Figure 1b). Responding on the inactive was also
unaffected by S� presentation (F(2, 31)¼ 2.214, n.s.).
However, presentation of the S + discriminative cue
robustly increased nonreinforced lever pressing at the
previously active lever to 14.2±4.0 presses per session
which was significantly different from behavior elicited
under either extinction (F(1, 20)¼ 9.832, po0.005) or S�

(F(1, 20)¼ 10.21, po0.005) conditions. Presentation of the
S + did not alter responding on the inactive lever relative
to either extinction (F(1, 20)¼ 3.097, n.s.) or S�

(F(1, 20)¼ 0.31, n.s.) conditions. Intra-NAC vehicle admin-
istration resulted in a slight but nonsignificant reduction in
S + -induced heroin-seeking behavior (F(1, 20)¼ 1.230), and
did not alter responding on the inactive lever
(F(1, 20)¼ 3.66, n.s.). Intra-NAC SR 141716A pretreatment
produced a dose-dependent reduction in S + -induced
heroin seeking as compared with intra-NAC vehicle
(F(2, 33)¼ 4.505, po0.05), with significant reductions ob-
served following 0.3 and 3 g per side infusions. Intra-NAC
SR 141716A pretreatment did not alter responding on the
inactive lever as compared with intra-NAC vehicle
(F(2, 33)¼ 0.255, n.s.). Subsequent tests were performed to
evaluate the effect of intraperitoneal SR 1417161A pretreat-
ment on S + -induced heroin seeking (Figure 1c). There was
no significant effect of intraperitoneal vehicle administra-
tion on S + -induced heroin seeking (F(1, 17)¼ 0.946) or

Figure 1 Effect of intra-NAC SR 141716A infusions on cue-induced reinstatement of heroin-seeking behavior (n¼ 12). Panel a shows lever pressing on
the drug-paired lever during the final 3 days of discrimination training. Data from both heroin self-administration (including presentation of the drug-paired
discriminative cue (S + )) and saline self-administration (including presentation of the nondrug discriminative cue (S�)) are shown. Following extinction of
lever pressing behavior the effects of conditioned cue exposure were evaluated (panel b). Presentation of the saline-associated cue (S�) did not elicit lever-
pressing behavior. However, presentation of the heroin-associated cue (S + ) induced a robust increase in nonreinforced lever pressing, or drug-seeking
behavior. Cue-induced drug-seeking behavior was dose-dependently reduced by intra-NAC infusions of the CB1 receptor antagonist SR 141716A
(po0.05), and both the 0.3 and 3mg doses significantly attenuated cue-induced drug seeking as compared with vehicle infusions. Subsequently, the effect of
intra-peritoneal SR 141716A administration on cue-induced drug seeking was evaluated (panel c). As previously observed by others, peripherally
administered SR 141716A significantly reduced cue-induced heroin-seeking behavior (po0.005). wwpo0.001 vs responding under either extinction or
S� conditions. *po0.05 vs vehicle pretreatment. **po0.005 vs vehicle pretreatment.
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responding at the inactive lever (F(1, 17)¼ 0.228), n.s.).
However, heroin seeking was significantly reduced follow-
ing 3 mg/kg SR 141716A (i.p.) as compared with vehicle
pretreatment (F(1, 16)¼ 14.399, po0.005). Intraperitoneal
SR 141716A did not alter responding at the inactive lever as
compared with vehicle pretreatment (F(1, 16)¼ 2.286, n.s.).
As shown in Figure 2, drug infusion sites were found to be
placed in the core subregion of the NAC.

Intra-PFC SR 141716A Infusion Dose-Dependently
Decreases Cue-Induced Heroin-Seeking Behavior

During the final 3 days of cue discrimination training rats in
the PFC group (n¼ 8) elicited significantly greater lever
pressing on the active lever during the S + heroin sessions
than during the S� saline sessions (8.20±0.6 vs 2.0±0.5
lever presses per session, respectively; F(1, 14)¼ 12.732,
po0.005; Figure 3a). Responding on the inactive lever

during these sessions was minimal and there was no
significant difference in inactive lever responses between
the S + and S� sessions (1.0±0.6 vs 2.1±1.3 responses per
session, respectively; F(1, 14)¼ 0.732, n.s.). Lever pressing
behavior on the active lever was extinguished to 2.0±0.3
presses per session within 16–18 extinction sessions
(Figure 3b). Subsequent presentation of the S� discrimina-
tive cue did not significantly alter behavior at the previously
active lever (F(2, 19)¼ 0.878, n.s.) or at the inactive lever
(F(2, 19)¼ 2.704, n.s.) as determined by two S� tests
performed on the first and final days of reinstatement
testing (F(2, 19)¼ 0.878, n.s.). However, presentation of the
S + discriminative cue robustly increased nonreinforced
lever pressing at the previously active lever to 11.4±2.6
presses per session which was significantly different from
behavior elicited under either extinction (F(1, 14)¼ 12.732,
po0.005) or S� (F(1, 14¼ 10.20, po0.01) conditions.
Responding at the inactive lever was not significantly
affected by S + presentation compared with either extinction
(F(1, 14)¼ 0.436, n.s.) or S� (F(1, 14)¼ 1.487, n.s.) condi-
tions. There was no significant effect of intra-PFC vehicle
infusion on S + -induced heroin-seeking behavior
(F(1, 14)¼ 0.011) or responding at the inactive lever
(F(1, 14)¼ 0.252, n.s.). However, intra-PFC SR 141716A
pretreatment produced a dose-dependent reduction in S + -
induced heroin seeking as compared with intra-PFC vehicle
(F(2, 21)¼ 3.718, po0.05), with significant reductions ob-
served following the 3 mg per side infusion. There were no
significant effects of intra-PFC SR 141716A on responding
at the inactive lever as compared with vehicle
(F(2, 21)¼ 0.171). Subsequent tests were performed to
evaluate the effect of intraperitoneal SR 1417161A pretreat-
ment on S + -induced heroin seeking (Figure 3c). There was
no significant effect of intraperitoneal vehicle administra-
tion on S + -induced heroin seeking (F(1, 12)¼ 0.923)) or
responding at the inactive lever (F(1, 17)¼ 0.228, n.s.).
However, heroin seeking was significantly reduced follow-
ing 3 mg/kg SR 141716A (i.p.) as compared with vehicle
pretreatment (F(1, 10)¼ 15.81, po0.005). Intraperitoneal
SR 141716A did not alter responding at the inactive lever

Figure 2 Schematic representations of bilateral infusion cannula
placements within the nucleus accumbens (n¼ 12). Plate shown is
1.7 mm anterior to bregma (adapted from Paxinos and Watson, 1998).

Figure 3 Effect of intra-PFC SR 141716A infusions on cue-induced reinstatement of heroin-seeking behavior (n¼ 8). Panel a shows lever pressing on the
drug-paired lever during the final 3 days of discrimination training. Data from both heroin self-administration and saline self-administration are shown.
Following extinction of lever pressing behavior the presentation of the heroin cue (S + ) induced a robust increase in nonreinforced heroin-seeking behavior
(Panel b). This effect was dose-dependently reduced by intra-PFC infusions of SR 141716A (po0.05), with the 3mg dose significantly attenuating
cue-induced drug-seeking as compared with vehicle infusions. A similar blockade of cue-induced drug-seeking was observed following intraperitoneal SR
141716A administration (po0.005; panel c). wwpo0.001 vs extinction or S� conditions. *po0.05 vs vehicle. **po0.005 vs vehicle.
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as compared with vehicle pretreatment (F(1, 16)¼ 2.286,
n.s.). Drug infusion placements in the PFC are shown
schematically in Figure 4.

Intra-BLA SR 141716A Infusion Does Not Alter Cue-
Induced Heroin-Seeking Behavior

During the final 3 days of cue discrimination training rats in
the BLA group (n¼ 9) elicited significantly greater lever
pressing on the active lever during the S + heroin sessions
than during the S� saline sessions (11.8±1.0 vs 2.1±0.7
lever presses per session, respectively; F(1, 16)¼ 49.869,
po0.0001; Figure 5a). Responding on the inactive lever
during these sessions was minimal and there was no
significant difference in inactive lever responses between
the S + and S� sessions (3.6±2.6 vs 2.2±0.7 responses per
session, respectively; F(1, 16)¼ 0.239). Lever pressing beha-
vior on the active lever was extinguished to 2.6±0.6 presses
per session within 16–18 extinction sessions (Figure 5b).
Subsequent presentation of the S� discriminative cue did
not significantly alter behavior at the previously active lever

as determined by two S� tests performed on the first and
final days of reinstatement testing (F(2, 24)¼ 0.772). Re-
sponding at the inactive lever was also unaffected by
S� presentation (F(2, 24)¼ 0.102, n.s.). However, presentation
of the S + discriminative cue robustly increased nonrein-
forced lever pressing at the previously active lever to
16.8±1.5 presses per session which was significantly
different from behavior elicited under either extinction
(F(1, 16)¼ 78.392, po0.0001) or S� (F(1, 16)¼ 56.045,
po0.0001) conditions. Presentation of the S + did not alter
responding at the inactive lever relative to either extinction
(F(1, 16)¼ 0.812, n.s.) or S� (F(1, 16)¼ 2.352, n.s.). Intra-
BLA vehicle infusion significantly reduced S + -induced
heroin-seeking behavior (F(1, 16)¼ 7.0; po0.05) but did
not alter responding at the inactive lever (F(1, 16)¼ 0.048,
n.s.). However, intra-BLA SR 141716A pretreatment did not
significantly alter S + -induced heroin seeking relative to
levels observed following intra-BLA vehicle
(F(2, 24)¼ 0.324) and did not alter responding at the
inactive lever (F(2, 24)¼ 0.258, n.s.). Subsequent tests were
performed to evaluate the effect of intraperitoneal SR
1417161A pretreatment on S + -induced heroin seeking
(Figure 5c). There was no significant effect of intraper-
itoneal vehicle administration on S + -induced heroin
seeking (F(1, 16)¼ 3.234) or responding at the inactive
lever (F(1, 16)¼ 0.603, n.s.). However, in contrast to the lack
of effects observed following intra-BLA SR 141716A
administration, heroin seeking was significantly reduced
following intraperitoneal SR 141716A as compared with
vehicle pretreatment (F(1, 16)¼ 5.894, po0.05). Intraper-
itoneal SR 141716A did not alter responding at the inactive
lever as compared with vehicle pretreatment
(F(1, 16)¼ 0.026, n.s.). Drug infusion placements in the
BLA are shown schematically in Figure 6.

Repeated Exposure to the S + Does Not Diminish the
Reinstatement of Drug-Seeking Behavior

To evaluate whether repeated S + exposure diminishes the
reinstatement of drug-seeking behavior, 15 animals were
given a second pretreatment-free evaluation of S + -induced

Figure 4 Schematic representations of the bilateral infusion cannula
placements within the prefrontal cortex (n¼ 8). Plate shown is 3.0 mm
anterior to bregma (adapted from Paxinos and Watson, 1998).

Figure 5 Effect of intra-BLA SR 141716A infusions on cue-induced reinstatement of heroin-seeking behavior (n¼ 9). Panel a shows lever pressing on the
drug-paired lever during the final 3 days of discrimination training. Data from both heroin self-administration and saline self-administration are shown.
Following extinction of lever pressing behavior the presentation of the heroin cue (S + ) induced a robust increase in nonreinforced heroin-seeking behavior
(panel b). This effect was unaltered by intra-BLA infusions of SR 141716A (n.s.). In contrast, cue-induced drug-seeking behavior in these animals was
significantly attenuated by intraperitoneally administered SR 141716A (po0.05; panel c). wwpo0.001 vs extinction or S� conditions. *po0.05 vs vehicle.
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reinstatement following completion of all tests with
intracranial and systemic SR 141716A. Thus in these
animals the reinstatement of extinguished drug-seeking
behavior was compared between the first S + exposure and
the seventh S + exposure (five S + exposures occurred within
the course of the intracranial and systemic SR 141716A
tests). In this grouping of animals the initial S + presenta-
tion elicited 15.73±2.52 responses on the drug-associated
lever, and the seventh S + presentation elicited 14.13±2.6
responses on the drug-associated lever. There was no
significant difference in S + -induced drug seeking between
these two tests (F(1, 28)¼ 0.194, n.s.). This indicates that
under the present conditions the relative response to
S + presentation did not diminish with repeated testing,
supporting the conclusion that the effects observed with SR
1417116A are not biased by a diminished motivational effect
of S + presentation from repeated exposure.

DISCUSSION

Our results demonstrate that local administration of the CB1

receptor antagonist SR 141716A into the NAC and PFC, but
not BLA, dose-dependently decreases cue-induced rein-
statement of heroin-seeking behavior. In general, these
findings suggest an involvement of cannabinoid CB1

receptors in the NAC and PFC in mediating cue-induced
relapse to drug-seeking behavior. In the present study,
systemic administration of SR 141716A reduced cue-
induced reinstatement of heroin-seeking behavior confirm-
ing previous observations suggesting a role for the CB1

receptor in the modulation of cue-induced heroin relapse
(De Vries et al, 2003). In addition, we observed that intra-
PFC infusions attenuate cue-induced reinstatement of
heroin-seeking behavior. These results are in agreement
with present knowledge suggesting the PFC as a neural
substrate underlying drug-seeking behavior. For example,
brain-imaging studies in humans have shown that cue-
induced cocaine craving is associated with activation of the
PFC (Childress et al, 1999; Kilts et al, 2001). Similar findings
have been observed in abstinent opioid-dependent subjects

when drug-related stimuli are presented (Daglish et al,
2001). Studies with animals further support a role for the
PFC in the mediation of relapse of drug seeking. For
example, cue-induced reinstatement of heroin-seeking but
not sucrose-seeking behavior is accompanied by enhanced
expression of immediate-early genes (IEG) associated with
gene transcription and neuronal signaling in the PFC (Koya
et al, 2006) suggesting that this brain region is specifically
activated in response to stimuli predicting the availability of
heroin.

Examination of the potential role of the PFC in relapse of
drug seeking has also revealed some of the neuropharma-
cological mechanisms through which conditioned stimuli
induce drug-seeking behavior. For example, inactivation of
PFC glutamate output neurons prevents both drug- and
stress-induced reinstatement of cocaine-seeking behavior
(McFarland et al, 2003, 2004; McLaughlin and See, 2003) by
preventing increased NAC glutamate levels associated with
both types of reinstatement (McFarland et al, 2003, 2004).
In addition, stimulation of GABAA receptors in the PFC
blocks the expression of conditioned hyperactivity in a
cocaine-paired environment (Franklin and Druhan, 2000).
More recently, Laviolette and Grace (2006) showed that the
PFC modulates associative learning in an olfactory-fear
conditioning task via an eCB mechanism. In the present
study, we show that blockade of PFC CB1 receptors reduces
cue-induced reinstatement of heroin-seeking behavior.
These findings suggest that cannabinoid signaling in the
PFC modulates the salience of discriminative stimuli (S + )
signaling heroin availability.

Although the neurochemical mechanisms through which
PFC CB1 receptors regulate relapse of heroin-seeking
behavior were not evaluated in the present study, it is
possible that CB1 receptors modulate the response of PFC
output neurons through an inhibitory control over GABA
release, as observed in the hippocampus (Katona et al,
1999). In tandem, it has been reported that GABA
manipulations in the PFC modify relapse of drug-seeking
behavior (McFarland et al, 2003, 2004; McLaughlin and See,
2003). Thus, it is possible that intra-PFC administration of
SR 141716A reduces cue-induced excitation of PFC
pyramidal cells through its action on CB1 receptors located
on local GABAergic interneurons. This mechanism is
further supported by data showing that CB1 receptor
agonists increase PFC pyramidal cell activity (Pistis et al,
2001). Alternatively, a dopamine-dependent mechanism for
the actions of SR 141716A on cue-induced heroin reinstate-
ment is also possible based on the observation that
administration of SR 141716A selectively increases dopa-
mine release in the PFC (Tzavara et al, 2003) and
dopaminergic activation of GABAergic interneurons ap-
pears to mediate inhibition of pyramidal cells in the PFC
(Pirot et al, 1992; Sesack and Bunney, 1989; Sesack et al,
1995a, b; Gioanni et al, 1998). However, it is unknown
whether this dopaminergic effect is modulated by CB1

receptors in the PFC or elsewhere. It is worth noting that
many of the studies cited above have evaluated mechanisms
throughout the infralimbic and more dorsal prelimbic
divisions of the PFC, while the injector in the present study
terminated predominantly in the infralimbic cortex. Further
experiments are required to evaluate potential differences in
CB1-mediated effects between the infralimbic and prelimbic

Figure 6 Schematic representations of the bilateral infusion cannula
placements within the basolateral amygdala (n¼ 9). Plate shown is 2.56 mm
posterior to bregma (adapted from Paxinos and Watson, 1998).
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cortices and to determine the neurochemical mechanisms
through which CB1 receptors in the PFC modulate cue-
induce reinstatement of heroin-seeking behavior.

With regard to the NAC, it has been demonstrated that
this brain region is involved in the control of goal-directed
behaviors such as Pavlovian appetitive conditioning (Par-
kinson et al, 1999; Di Ciano et al, 2001). In the context of
drug addiction, the NAC core plays a similar role mediating
the expression of motor behaviors in response to drug-
predictive stimuli presumably encoded by the PFC
(Di Ciano and Everitt, 2001). In agreement, a distinct pattern
of firing is observed in NAC cells during presentation of
conditioned stimuli (Carelli, 2000; Ghitza et al, 2003; Nicola
et al, 2004; Yun et al, 2004), an effect that persists after an
extended period of cocaine abstinence (Hollander and
Carelli, 2007). Pharmacological inactivation of the NAC core
blocks both cocaine-induced reinstatement of drug seeking
(Cornish and Kalivas, 2000) and acquisition of a second-
order schedule of heroin reinforcement, consistent with
impairments in drug-seeking behavior (Hutcheson et al,
2001). Cue-induced reinstatement of heroin-seeking beha-
vior is accompanied by alterations in the expression of
synaptic plasticity-related (Lee et al, 2004) and intracellular
signaling-related (Yao et al, 2005) genes in NAC cells
suggesting this brain region might be also involved in the
development of heroin-seeking behavior. Recent evidence
demonstrates that intra-NAC administration of the CB1

receptor antagonist AM251 inhibits cocaine-induced
reinstatement (Xi et al, 2006). We show that both systemic
and intra-NAC SR 141716A infusions reduce cue-induced
reinstatement of heroin-seeking behavior. Our results are in
agreement with previous studies describing a role for the
NAC in drug-seeking behavior and provide further evidence
for an eCB modulation within the NAC on cue-induced
reinstatement of drug seeking. Although further studies are
required to elucidate the neurochemical mechanisms
through which NAC CB1 receptors modulate reinstatement
of heroin-seeking behavior, it is possible that SR 141716A
administration decreases cue-induced reinstatement of
heroin-seeking behavior by preventing CB1-mediated
inhibition of local GABAergic interneurons. This is based
on evidence showing that CB1 receptor activation decreases
GABA release in the NAC (Hoffman and Lupica, 2001;
Manzoni and Bockaert, 2001). In addition, it is possible that
CB1 receptors modulate reinstatement of heroin-seeking
behavior through regulation of glutamate release in the
NAC since CB1 receptors are also located on glutamatergic
afferents in the NAC (Mailleux and Vanderhaeghen, 1992)
and CB1 receptor blockade has been shown to attenuate
cocaine-primed relapse behavior through a glutamatergic
mechanism in the NAC (Xi et al, 2006).

An important role for the BLA in drug-seeking behavior
has been established in studies showing that electrical
stimulation of the BLA reinstates lever pressing for cocaine
after extinction (Hayes et al, 2003) and that excitotoxic
lesion (Meil and See, 1997; Yun and Fields, 2003) and
reversible inactivation (Grimm and See, 2000) of this brain
region attenuates cue-induced reinstatement of cocaine-
seeking behavior. Evidence also suggests that alterations in
the BLA dopamine system are associated with the expres-
sion of cocaine-seeking behavior. For example, cue-induced
relapse of cocaine-seeking behavior is associated with

increased dopamine release in the BLA (Weiss et al, 2000)
and is attenuated by blockade of dopamine but not
glutamate receptors in the BLA (See et al, 2001; Di Ciano
and Everitt, 2004). These results are further supported by
observations that intra-BLA infusions of a nonspecific
dopamine agonist potentiate cocaine-seeking behavior
(Ledford et al, 2003) and that intra-BLA administration of
D1 dopamine receptor antagonists reverses cue-induced
cocaine relapse and the corresponding increase in c-fos
expression, a marker for neural activation (Ciccocioppo
et al, 2001b). Although limited, there is also evidence
suggesting that the integrity of the BLA is necessary for cue-
induced reinstatement of heroin-seeking behavior (Fuchs
and See, 2002).

We expected to observe a reduction in cue-induced
reinstatement by blocking CB1 receptors in the BLA since
these receptors are highly expressed by CCK-positive
GABAergic interneurons in the BLA (Katona et al, 2001)
that control the excitation of BLA output neurons (Collins
and Pare, 1999). It was anticipated that CB1 receptor
blockade would serve to maintain inhibitory GABAergic
tone (Hoffman and Lupica, 2001; Manzoni and Bockaert,
2001) thereby decreasing the excitability of BLA neurons
involved in the expression of drug-stimuli associations
evoking relapse of heroin seeking. However, our results
show that SR 141716A administration in the BLA does not
affect cue-induced reinstatement of heroin-seeking beha-
vior, even though intraperitoneal SR 141716A injection in
this group of rats blocked cue-induced reinstatement. The
lack of effect of intra-BLA SR 141716A on cue-induced
heroin-seeking behavior does not necessarily preclude an
involvement of BLA CB1 receptors in the modulation of cue-
induced reinstatement of heroin seeking. It is possible that
CB1 receptor signaling in the BLA does not participate in
the expression of cue-induced reinstatement of heroin
seeking, but rather is involved in the formation of
associations between cues and drug availability. This
rationale is based on evidence that the BLA performs initial
encoding of stimulus associations, which are then trans-
ferred to the PFC for long-term storage. For example, single
neurons in the PFC that receive orthodromic inputs from
the BLA require an active input from the BLA in order to
encode emotional memories (Laviolette et al, 2005). Once
emotional associative learning has occurred at the level of
the single PFC neuron, inactivation of the BLA has no effect
on the expression of this learning (Laviolette and Grace,
2006). Thus, it is possible that after the initial encoding of
emotional associations have taken place within the BLA,
this information is then transferred to the PFC for long-
term storage. Based on this construct, it is conceivable that
CB1 receptors in the BLA participate in the initial encoding
of stimulus-reward associations, but not in the subsequent
expression of cue-induced drug seeking.

Overall, little is known regarding to the role of CB1

receptors in the PFC, NAC, and BLA in the modulation of
drug-seeking behavior. Xi et al (2006) showed that intra-
NAC perfusion of the CB1 receptor antagonist AM251
inhibits cocaine-primed reinstatement of cocaine-seeking
behavior and cocaine-induced increases in NAC glutamate.
In addition, SR 141716A infusions into the NAC shell, BLA,
and PFC dose-dependently reduce nicotine-seeking beha-
vior (Kodas et al, 2007) suggesting that BLA CB1 receptors
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may be involved in the relapse behavior associated with
other drugs of abuse and that other brain subregions such
as the NAC may also be involved in cue-induced reinstate-
ment. Thus, we cannot rule out the possibility that our
results have involved the diffusion of SR 141716A to other
relevant brain subregions such as the NAC shell. Recent
evidence demonstrates that heroin self-administration in
rats is accompanied by increases in CB1 receptor binding
and/or functionality in brain regions such as the PFC, NAC,
and amygdala (Fattore et al, 2007). In this study,
simultaneous increases in CB1 receptor density and
agonist-induced GTPgS binding were observed in the
amygdala suggesting that voluntary heroin intake is
associated with adaptive changes in CB1 receptor expression
in a brain region associated with the formation of
associative learning. It is unknown, however, whether
similar changes in CB1 receptor expression and function
are present several weeks after heroin exposure, and
whether such functional changes play a role in the induction
of drug-seeking behavior.

In conclusion, the present study provides pharmacologi-
cal evidence that CB1 receptors in the NAC, PFC, but not
BLA are involved in mediating cue-induced reinstatement
of heroin-seeking behavior. Further experiments are
required to determine the neurochemical mechanisms
through which CB1 receptors in the PFC and NAC modulate
cue-induced reinstatement of heroin-seeking behavior and
to clarify the potential role of CB1 receptors in the BLA in
the establishment of drug-stimulus associations that con-
tribute to relapse behavior.
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