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D-Cycloserine Reduces the Context Specificity of Pavlovian
Extinction of Cocaine Cues through Actions in the Nucleus
Accumbens
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Extinction therapy has been proposed as a method to reduce the motivational impact of drug-associated cues to prevent relapse. Cue
extinction therapy, however, takes place in a novel context (e.g., treatment facility), and is unlikely to be effective due to the context
specificity of extinction. We tested the hypothesis that D-cycloserine (DCS), which enhances extinction in other procedures, would
enhance extinction of cocaine-associated cues in a novel context to reduce cue-induced reinstatement. Male Sprague Dawley rats were
trained to self-administer cocaine associated with a cue. The cue was later extinguished in the drug-taking context (context A) or a novel
context (context B) using a Pavlovian cue extinction procedure designed to mimic human cue exposure therapy. DCS was administered
systemically or into a specific brain region immediately following the cue extinction sessions to enhance the consolidation of extinction
learning. We demonstrate that DCS given postextinction session in context B reduces reinstatement in context A, indicating a reduction
in the context specificity of extinction learning. The effect of systemic DCS was recapitulated by administration of DCS into the nucleus
accumbens core, but not in the basolateral amygdala, dorsal hippocampus, infralimbic or prelimbic prefrontal cortex. DCS treatment
caused a reduction in cue-induced reinstatement only when it was given after cue extinction sessions, and not when given 1) in the
absence of extinction or 2) after a brief memory reactivation session. A pharmacological method that can render extinction context
independent may provide an innovative method to reduce cue-induced relapse in addicts and to study the neurobiology of addiction.

Introduction
Drug addiction is a chronic relapsing disorder, consisting of pe-
riods of abstinence followed by relapse to drug use, often initiated
by exposure to drug-associated cues (Shaham et al., 2003). Ex-
tinction of drug-associated cues has been proposed as a means of
reducing the motivational properties of cues to prevent relapse
(O’Brien et al., 1990; Taylor et al., 2009). Extinction is an active
process where an organism learns that a stimulus is no longer
predictive of reward, and therefore, future presentations of the
stimulus no longer produce behaviors to seek that reward. Ex-
tinction does not cause “forgetting” of the original stimulus–
reward relationship (Bouton, 2004). Extinction can reduce
responses to drug cues, but clinical studies using extinction ther-
apy have reported little success (Conklin and Tiffany, 2002). The
ineffectiveness of extinction therapy is likely due to the context
dependence of extinction (Bouton and King, 1983; Kearns and
Weiss, 2007), such that when extinction therapy is conducted in a
clinical setting, it is not likely to transfer to the drug-taking con-
text to prevent cue-induced relapse.

A pharmacological enhancement of the consolidation of ex-
tinction memory is one mechanism by which the context speci-

ficity of extinction might be reduced. The NMDA receptor partial
agonist D-cycloserine (DCS) has been used as an adjunct to ex-
posure therapy in phobic individuals where reductions in fear
were later observed in both the clinic and in the “real world”
suggesting that extinction can be enhanced pharmacologically
and made context independent, possibly to treat addiction
(Ressler et al., 2004). However, to date, no investigation has de-
termined whether DCS can reduce the context specificity of ex-
tinction of drug-associated cues. Notably, preclinical studies
using the conditioned place preference paradigm have demon-
strated that DCS can enhance extinction of a cocaine-associated
contextual memory when testing occurs in the same context
(Botreau et al., 2006; Paolone et al., 2009; Thanos et al., 2009). In
addition, DCS facilitates extinction of lever pressing for cocaine
in rats and inhibits reacquisition of cocaine self-administration in
rats and monkeys (Nic Dhonnchadha et al., 2010). Further,
D-serine (a more efficacious NMDAR agonist) facilitates extinc-
tion of lever pressing to reduce cocaine-primed reinstatement in
rats (Kelamangalath et al., 2009). Therefore, DCS may be useful
for enhancing extinction of drug-associated memories to prevent
relapse, but it is critical to determine whether DCS can reduce the
context dependency of extinction of drug memories (i.e., inhibit
renewal).

The present study was designed to determine whether DCS
could produce a context-independent enhancement of the con-
solidation of extinction learning using Pavlovian (noncontin-
gent) cue extinction as a new preclinical model of cue exposure
therapy. In addition, we determined the brain loci responsible for

Received May 17, 2010; revised June 28, 2010; accepted June 29, 2010.
This work was supported by US Public Health Service Grants DA022812 and DA0155222 and the Connecticut

Mental Health Center.
Correspondence should be addressed to Mary M. Torregrossa, Department of Psychiatry, Connecticut Mental

Health Center, 34 Park Street, New Haven, CT 06508. E-mail: mary.torregrossa@yale.edu.
DOI:10.1523/JNEUROSCI.2523-10.2010

Copyright © 2010 the authors 0270-6474/10/3010526-08$15.00/0

10526 • The Journal of Neuroscience, August 4, 2010 • 30(31):10526 –10533



the effect of DCS on cue extinction. Moreover, due to the poten-
tial ability of DCS to enhance reconsolidation of drug memories
(Lee et al., 2009), rather than extinction, we also determined the
effect of intranucleus accumbens DCS on reconsolidation of a
briefly reactivated cocaine cue memory.

Materials and Methods
Animals. Male Sprague Dawley rats weighing 250 –325 g upon delivery
(Charles River) were used for all experiments. A total of 201 rats were
obtained for these experiments, but 33 were excluded from analysis due
to death or illness from surgery, lack of acquisition of cocaine self-
administration, inability to extinguish lever pressing, or placement of
intracranial cannulae outside of the targeted brain region. Thus, a total of
168 rats were included in the data analysis for all experiments. Rats were
housed in a temperature- and humidity-controlled room on a 12:12 h
light-dark cycle with ad libitum access to food and water except for peri-
ods of food restriction described below. Animal procedures conformed
to the policies of the Yale University Institutional Animal Care and Use
Committee and the National Institutes of Health Guidelines on the Care
and Use of Laboratory Animals.

Drugs. Cocaine hydrochloride (provided by National Institute on
Drug Abuse, Research Triangle Park, NC) was dissolved in sterile 0.9%
saline and filtered for self-administration. D-Cycloserine (DCS; Sigma-
Aldrich) was prepared fresh daily in sterile 0.9% saline.

Surgical procedures. Rats were anesthetized with a combination of 87.5
mg/kg ketamine and 5 mg/kg xylazine. Rats were administered 5 ml of
lactated Ringers solution, and 5 mg/kg of the analgesic Rimadyl before
implantation with intracranial cannulae and/or indwelling jugular cath-
eters (CamCaths) as described previously (Torregrossa and Kalivas,
2008). In some animals, intracranial cannulae (22 gauge; Plastics One)
were implanted bilaterally dorsal to several brain regions using the fol-
lowing coordinates according to the atlas of Paxinos and Watson (2005)
given in millimeters with reference to bregma: nucleus accumbens core
(NAc), anteroposterior (AP): �1.6, mediolateral (ML): �1.5, dorsoven-
tral (DV): �6.0; dorsal hippocampus (DH), AP: �3.7, ML: �3.0, DV:
�1.6; lateral amygdala (including basolateral region) (LA), AP: �3.0,
ML: �5.3, DV: �7.9; infralimbic and prelimbic prefrontal cortex (IL or
PL PFC), AP: �2.7, ML: �0.5, DV: �1.4. Obturators were inserted in the
guide cannulae to maintain patency.

Drug infusions. In experiments involving brain-specific infusions, DCS
was given at a total dose of 10 �g/side in a volume of 0.3 �l for the IL and
PL PFC and 0.5 �l for the LA, NAc, and DH. The dose is based on a dose
that is reported to both facilitate extinction and reconsolidation of fear
when given in the LA (Lee et al., 2006). Infusions were given by removing
obturators and inserting injection cannulae (28 gauge; Plastics One) that
extended 1 mm beyond the guide cannulae for all regions except for the
PFC, where PL injectors extended 3.0 mm and IL injectors extended 4.0
mm beyond the guides to avoid cannulation damage to dorsal regions of
the PFC. The injectors were connected to Hamilton syringes controlled
by a syringe pump via polyethylene tubing. Infusions were given over 2
min and injectors were left in the cannulae for an additional 2 min to
allow for drug diffusion. Vehicle control groups received infusions of
sterile 0.9% saline.

Experimental design. Specific details of behavioral procedures are de-
scribed in separate sections below. In overview, rats were trained to self-
administer cocaine where each infusion was accompanied by a
compound cue (CS�, tone�light). After acquisition of stable self-
administration, animals went into the lever extinction phase of the ex-
periment, where the instrumental lever response produced neither the
cue nor a cocaine infusion. Lever extinction was conducted to reduce
lever responding so that we could later test cue-induced reinstatement of
lever pressing; however, extinction of levers is NOT the extinction that is
targeted for manipulation in these studies. Rather, we specifically extin-
guished the cue in separate sessions in a Pavlovian (noncontingent) man-
ner, akin to common forms of cue exposure therapy conducted in
humans that involves viewing cues without overt instrumental actions.
Cocaine self-administration and lever extinction were conducted in a

distinct context, heretofore referred to as context A, which represents the
drug-taking context (analogous to the “real world”).

After lever extinction training, rats were divided into several groups to
determine the ability of Pavlovian cue extinction alone, or in combina-
tion with DCS, to reduce later cue-induced reinstatement. The cue ex-
tinction sessions were conducted either in context A or in a novel context
(context B). Two groups experienced Pavlovian cue extinction in context
A followed immediately by a subcutaneous injection of vehicle or 15
mg/kg DCS, and are denoted as either “context A-Veh” (for the vehicle-
treated group) or “context A-DCS” (for the DCS-treated group). Like-
wise, two different groups of rats underwent Pavlovian extinction in
context B, and immediately following these sessions received either ve-
hicle or 15 mg/kg DCS. Finally, some animals had no Pavlovian extinc-
tion training to serve as a control for the effect of the extinction
procedure and are denoted as the “No Cue Ext-Veh” and “No Cue Ext-
DCS” groups. This group was placed in context B for the same amount of
time as the Pavlovian cue extinction groups, but no cues or other stimuli
were presented, thus, controlling for handling and time spent in the
operant chamber, but without extinction of the cues. Immediately fol-
lowing the 30 min session, this group received an injection of vehicle or
15 mg/kg DCS.

In the studies involving brain region-specific manipulations of DCS,
we conducted cue extinction in context B only, with postsession infu-
sions of DCS or vehicle. All groups were tested 24 h after the last cue
extinction session for cue-induced reinstatement in context A. We ex-
pected that Pavlovian cue extinction would reduce the motivational
value of the cue, such that cues would elicit less reinstatement of lever
pressing than in animals that had no cue extinction. In addition, we
expected that extinction of the cues in context B would not be sufficient
to reduce reinstatement in context A because of the context dependence
of extinction, but that pharmacological enhancement of extinction with
DCS in context B could reduce the context dependence of extinction.

Cocaine self-administration procedures. Rats were trained to self-
administer cocaine using standard procedures. Rats were maintained at
90% of their free-feeding body weight, receiving �20 g of chow per day,
and procedures were conducted in standard operant conditioning cham-
bers (Med-Associates). The chambers consisted of a metal grid floor, two
retractable levers located on one wall of the chamber, a tone-generator,
stimulus-light, and infusion pump. Rats were allowed to self-administer
0.5 mg/kg/infusion cocaine during daily sessions for 1 h or until 60 infu-
sions were obtained, whichever came first, on a fixed ratio 1 (FR1) sched-
ule of reinforcement with a 10 s timeout. Responding on the active lever
produced a cocaine infusion paired with a 10 s tone-light cue. Responses
on the other, inactive, lever were recorded but had no programmed
consequences. Rats were trained for at least 10 d and until they self-
administered at least 8 infusions/d over 2 consecutive days, which re-
quired 12 d of training in many rats (Fig. 1).

Lever extinction. Rats that successfully acquired self-administration
underwent instrumental lever extinction. Lever extinction consisted of
daily 1 h sessions where lever presses had no programmed consequences.
Lever extinction continued until the number of lever presses was reduced
to an average of �25 lever presses on the last two consecutive days of
extinction. For the majority of rats the lever extinction criteria was
reached in 8 d or less (as depicted in Fig. 1), but a few rats required up to
11 d of lever extinction to reach criteria (data not shown). Rats who did
not extinguish lever pressing to this level within 11 d were not included in
cue reinstatement analysis. Lever extinction was conducted to reduce
responding to a stable, low rate to later assess cue-induced reinstatement.
Critically, if lever responses are not extinguished, it is impossible to assess
cue-induced reinstatement, as reinstatement is defined as the resump-
tion of a previously extinguished behavior (Shaham et al., 2003). In ad-
dition, lever extinction reduces the role of the context and lever
presentation in motivating behavior to better isolate the role of the con-
ditioned cue in controlling reinstatement. Lever extinction does not af-
fect the primary goal of the experiment, which is to use Pavlovian
extinction to extinguish the conditioned cue in the same or a different
context.

Pavlovian cue extinction. Pavlovian cue extinction occurred over 2 d
following the last lever extinction day. During Pavlovian extinction, an-
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imals were either placed into the operant
conditioning chamber used for self-admini-
stration and lever extinction (context A) or in
novel operant conditioning chambers that
were different in size, flooring texture, shape,
and smell (context B). Contexts A and B were
the same for all subjects because the self-
administration equipment was only available
in one type of operant chamber that had to
serve as context A in all experiments for all sub-
jects. In both contexts, there was no opportu-
nity for instrumental responding during
Pavlovian extinction, i.e., the levers were re-
tracted. The Pavlovian extinction sessions were
identical in each context and consisted of 30
min sessions where the 10 s tone-light cue was
presented 2�/min for a total of 60 cue presen-
tations/d. Immediately following both cue ex-
tinction sessions, 15 mg/kg DCS or vehicle was injected subcutaneously,
or 10�g/side DCS intracranially to specifically enhance consolidation
of extinction and avoid effects on acquisition of extinction or other
state-dependent learning effects that could occur with presession ad-
ministration. In some pilot studies not presented here, we found that
60 or fewer cue presentations did not produce sufficient extinction to
reduce cue-induced reinstatement when extinction and testing oc-
curred in the same context. Moreover, �120 cue presentations did
not produce a further reduction in cue-induced reinstatement, indi-
cating a possible floor effect after the amount of extinction training
given in these studies, though only if testing occurred in the same
context.

Memory reactivation. To determine whether the effects of DCS on
extinction memory consolidation were specific to extinction learning, as
opposed to an effect of DCS on memory reconsolidation or other non-
specific motivational processes, we also determined the effect of DCS
when given after a brief memory reactivation. This group of rats under-
went a single memory reactivation session in context B, where the
cocaine-associated cue was presented for 10 s, 3 times, with each presen-
tation separated by 1 min. Immediately following the reactivation ses-
sion, vehicle or DCS was infused into the NAc. Three presentations of the
cue has been shown by previous studies in our laboratory to reactivate the
cocaine cue memory such that the memory is then reconsolidated in an
amygdalar PKA-dependent manner, without producing extinction
(Sanchez et al., 2010).

Cue-induced reinstatement. Cue-induced reinstatement in context A
is the primary measure of the effectiveness of Pavlovian cue extinction
to reduce relapse-like behavior (context A extinguished groups) and
to determine whether DCS can enhance extinction in a “treatment
context” so it transfers to the drug-taking context (context B extin-
guished groups). The day after the last Pavlovian cue extinction ses-
sion (or no extinction or reactivation session), cue-induced
reinstatement was assessed during a 1 h session in context A. In this
session, lever presses produced the cocaine-associated cue on an FR1
schedule, but no other reinforcement.

Histological analysis. After the completion of experiments, animals
with intracranial cannulae were anesthetized, and thionin dye was in-
fused into the brain region at the same volume used experimentally. Rats
were then killed by decapitation and their brains were dissected and
placed into 10% formalin for at least 3 d. Brains were then transferred to
30% sucrose for at least 3 d. Brains were then frozen and sectioned
through the targeted brain region on a cryostat. Sections were taken at 40
�m and placed on slides for visualization of infusion placements. Ani-
mals with infusions outside of the specified region were discarded from
analysis.

Statistical analysis. Data were analyzed using GraphPad Prism version
4.00 for Windows. Reinstatement tests were analyzed by two-way
ANOVA with repeated measures with the within-subjects factor being
responding on the last day of lever extinction versus reinstatement re-
sponding and the between-subjects factor being the cue extinction treat-

ment. Significant effects were further analyzed by Bonferroni’s post hoc t
tests, with significance set at p � 0.05.

Results
Figure 1 illustrates the acquisition and lever extinction train-
ing data collapsed across all of the experiments for the average
number of days required for the majority of rats to meet ac-
quisition and lever extinction criteria. All experimental
groups were matched based on their acquisition and lever
extinction behavior, such that there were no statistically sig-
nificant differences between comparison groups on any of
these measures before experimental manipulation.

Experiment 1: effects of systemic DCS on Pavlovian
extinction in different contexts
After cocaine self-administration, lever extinction, and Pavlovian
extinction training, rats were tested for cue-reinstatement in con-
text A (Fig. 2A, represented schematically). There was no signif-
icant difference between the groups in the number of active or
inactive lever presses during acquisition, cocaine infusions
acquired, nor in the number of responses made during lever
extinction. The results of the cue-induced reinstatement test
demonstrate a significant effect of reinstatement on active le-
ver responding compared with the last day of lever extinction
(F(1,47) � 91.62, p � 0.0001), a significant effect of extinction
condition (F(5,47) � 3.02, p � 0.019), and a significant inter-
action (F(5,47) � 3.04, p � 0.019). Post hoc analysis revealed that
there was no significant cue-induced reinstatement, as indicated
by a difference in responding on the reinstatement test day com-
pared with responding on the last day of lever extinction, in
the context A extinguished rats. Reinstatement responding in the
context B-DCS group was not significantly different from the
context A groups and was significantly less than the context
B-Veh group ( p � 0.05), suggesting that DCS reduced the con-
text specificity of cue extinction to attenuate cue reinstatement
responding (Fig. 2B). Both of the no cue extinction (No Cue Ext)
groups showed significant cue-induced reinstatement respond-
ing with no effect of DCS, indicating that DCS is only effective in
reducing reinstatement when it is given in conjunction with ex-
tinction learning, and is not nonspecifically altering behavior in
the reinstatement test. There were no statistically significant dif-
ferences between groups on inactive lever responding (data not
shown).

Experiment 2: determination of the brain loci mediating the
systemic effect of DCS
Experiment 2 was conducted to determine which brain region or
regions are responsible for the ability of DCS to reduce the con-

Figure 1. Cocaine self-administration and lever extinction training data averaged across all experiments. A, Cocaine self-
administration training in context A, representing average infusions, active, and inactive lever presses across experiments. B, Lever
extinction training in context A, representing average active and inactive lever presses across experiments (n � 168).
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text dependency of cocaine-cue extinction. The LA, medial PFC
subregions, and the NAc have all been implicated in extinction
and/or reconsolidation of drug-associated stimuli (Miller and
Marshall, 2005; Peters et al., 2008; Lee et al., 2009; Malvaez et al.,
2010) and the hippocampus has been implicated in mediating
the context specificity of fear extinction (Corcoran et al.,
2005). Therefore, we examined the ability of DCS adminis-
tered selectively into each of these brain regions to reduce the
context specificity of cue extinction. Rats underwent cocaine self-
administration and lever extinction as in experiment 1, and all
groups were matched for performance such that there were no
significant differences in number of infusions acquired across
training or in the number of active lever presses on the last day of
lever extinction.

Immediately following each Pavlovian cue extinction session
in context B, rats received an infusion of vehicle or DCS into a
specific brain region. The next day animals were tested for cue-
induced reinstatement in context A. The results for each brain
region were analyzed independently as these were all separate

experiments conducted at different times. There was no signifi-
cant effect of DCS treatment or interaction in the LA, IL PFC, PL
PFC, or DH ( p � 0.05 for all), while there was a significant effect
of reinstatement for all of these regions (Fig. 3). This indicates
that while there was a significant effect of the cues to reinstate
lever pressing over extinction levels, DCS had no significant ef-
fect. On the other hand, in the NAc, there was a significant effect
of test day (F(1,25) � 3.98, p � 0.001), and a significant interaction
between treatment and test day (F(1,25) � 4.88, p � 0.037). Post
hoc analysis revealed that the DCS-treated group showed signifi-
cantly less cue-induced reinstatement than the vehicle group
( p � 0.01), with no difference between groups in their prior
responding during lever extinction (Fig. 3). There were no statis-
tically significant differences between groups on inactive lever
responding (data not shown). Therefore, it appears that DCS
acting in the NAc, but not in the LA, IL or PL PFC, or DH, is
capable of reducing the context specificity of extinction. The ef-
fect of DCS administered to each of these brain regions after
Pavlovian extinction in context A was not assessed, as the goal of
these studies was to determine which region is responsible for
reducing the context specificity of extinction.

Figure 2. DCS produces a context-independent Pavlovian extinction of a cocaine-associated
cue. A, Diagram representing the experimental paradigm. B, Cue-induced reinstatement in
context A. Cue-induced reinstatement responding is compared with the average responding on
the last day of lever extinction (before treatment) for each respective cue extinction treatment
group. Both context A extinguished groups showed significantly less cue-induced reinstate-
ment than the No Cue Ext and context B-Veh groups, while the context B-DCS group reinstated
significantly less than the context B-Veh group, indicating that DCS produced a context-
independent cue extinction to reduce reinstatement. DCS had no effect when it was given in the
absence of extinction learning in context B (No Cue Ext-DCS). *p � 0.05 comparing reinstate-
ment between context B groups; #p � 0.05 compared with the No Ext groups and groups
marked with the # are not significantly different from each other. The number of subjects per
group is listed within the gray bars (the effect of DCS was verified in a replicate group that is
included in the overall analysis).

Figure 3. DCS administration to the NAc produces a context-independent Pavlovian extinc-
tion of a cocaine-associated cue. A, Diagram representing the experimental paradigm. B, Cue-
induced reinstatement in context A is significantly reduced in rats given intra-NAc injections of
DCS after Pavlovian extinction sessions in context B. **p � 0.01, ***p � 0.001 comparing
reinstatement vs lever extinction, ##p � 0.01 comparing reinstatement between treatment
groups. C–F, DCS administered directly into the LA (C), the DH (D), the IL PFC (E), and the PL PFC
(F ) had no effect on the context dependence of Pavlovian extinction. ***p � 0.001 comparing
responding during lever extinction to cue-induced reinstatement responding. The results indi-
cate that all treatment groups showed significant reinstatement that was not altered by DCS.
The number of subjects per group is shown inside each of the gray bars (the NAc is a combination
of 2 experiments, where the effects were found to be the same in each replicate).
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Experiment 3: determination of the necessity of extinction
learning for the intra-NAc DCS-induced reduction in
cue-induced reinstatement
Finally, to determine whether the effect of DCS administered
specifically in the NAc is dependent on a modulation of extinc-
tion learning, and is not due to general changes in glutamatergic
signaling in the NAc, inhibition of reconsolidation, motoric, or
motivational effects; two control experiments were performed. In
the first, DCS was administered into the NAc immediately fol-
lowing each of 2 sessions, where the animals were placed in con-
text B for 30 min without cue presentation (i.e., a no extinction
control). On the following day, rats were tested for cue-induced
reinstatement in context A, and while there was a significant
effect of reinstatement (F(1,10) � 16.52, p � 0.002), there was no
effect of treatment or interaction, indicating that DCS does not
affect cue-induced reinstatement in the absence of extinction
learning (Fig. 4B), as was shown in experiment 1 when DCS was
given systemically. In the second experiment, we determined
whether DCS administered to the NAc reduced reinstatement
behavior because of an effect on memory reconsolidation. DCS
or vehicle was infused into the NAc immediately following a
single memory reactivation session in context B. The following
day, cue-induced reinstatement was tested in context A. Again,
there was a significant effect of test (F(1,10) � 45.74, p � 0.001),
such that there was a significant cue-induced reinstatement of
lever pressing, but there was no effect of treatment or interaction

(Fig. 4C). There were no statistically significant differences be-
tween groups on inactive lever responding in either experiment
(data not shown). Therefore, when given into the NAc, DCS has
no apparent effect on memory reconsolidation, and this experi-
ment provides further evidence that the effect of DCS was specific
to cue extinction learning.

Histological analysis
Figure 5 illustrates the intracranial injection sites for all of the
experiments listed above. Animals with apparent infusions out-
side of the specified brain region were discarded from analysis.

Discussion
The present results demonstrate that a Pavlovian cue extinc-
tion procedure can reduce cue-motivated behavior, but only
when cue extinction is conducted in the same context as test-
ing. Second, postextinction DCS in context B selectively atten-
uated cue-induced reinstatement in context A, indicating that
a pharmacological manipulation can reduce the context de-
pendence of cue extinction. Third, the systemic effect of DCS
could be recapitulated by DCS administration into the NAc, but
not into the LA, IL PFC, PL PFC, or DH. Finally, the ability of
intra-NAc DCS to reduce cue-induced reinstatement was spe-
cific to cue extinction learning, and did not occur in the absence
of extinction, or in a memory reactivation/reconsolidation
paradigm.

The Pavlovian cue extinction procedure
To our knowledge, no previous study of cocaine cue-related behav-
ior has determined whether Pavlovian cue extinction can reduce
responding for that cue in a test of cue-induced reinstatement, as is
shown here, because current models use forms of instrumental
extinction. Pavlovian extinction is extinction that occurs in the
absence of an instrumental response, and is how extinction of
conditioned fear is conducted but is rarely assessed in the drug
addiction field. Our findings provide evidence that an animal
model of Pavlovian cue extinction is an effective method for re-
ducing drug-cue motivated behavior. Our paradigm may be crit-
ical for neurobiological studies of reinstatement/extinction, as we
believe it most closely mirrors human cue extinction, or exposure
therapy, procedures relevant to addiction.

Testing the context specificity of extinction learning
In addition, we believe that it is essential to test whether manipula-
tions that enhance extinction can do so in a context-independent
manner, as this is highly likely to influence the success of any ther-
apy. To date, only a few preclinical studies have attempted to
determine whether behavioral manipulations can influence the
context dependency of extinction for drug-associated stimuli.
For example, Chaudhri et al. (2008) extinguished a discrimina-
tive stimulus associated with ethanol in a Pavlovian manner in
multiple contexts and attenuated the renewal of ethanol port
entries. Additionally, Kearns and Weiss (2007) attenuated renewal
of cocaine seeking by associating a cocaine-associated discriminative
stimulus with a food reinforcer (counterconditioning). However,
no studies have found a pharmacological agent that can selec-
tively reduce the context dependency of extinction for a drug cue
as is shown here with DCS and also identify the brain region
involved.

Nonetheless, many studies have demonstrated that DCS can
enhance extinction learning when testing occurs in the same con-
text (Walker et al., 2002; Ledgerwood et al., 2003; Botreau et al.,
2006; Lee et al., 2006; Gabriele and Packard, 2007). Indeed, sev-

Figure 4. Intra-NAc DCS does not alter cue-induced reinstatement when given in the ab-
sence of extinction training and does not affect cocaine-cue memory reconsolidation. A, Dia-
gram representing the experimental paradigm. B, Rats were placed in context B for 2 d, but did
not receive any extinction training. DCS given after these “No Cue Extinction” sessions had no
effect on cue-induced reinstatement in context A. C, Rats had the cocaine-cue memory briefly
reactivated by presenting the cue 3 times in context B. DCS given after this “Reactivation”
session had no effect on cue-induced reinstatement in context A. **p � 0.01, ***p � 0.001
when comparing responding during lever extinction to cue-induced reinstatement responding.
All groups showed significant reinstatement, but no effect of DCS treatment. The number of
subjects per group is shown inside each of the gray bars.
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eral studies have reported that DCS can facilitate extinction of
instrumental responding for drugs and drug-associated contex-
tual cues (Botreau et al., 2006; Paolone et al., 2009; Nic
Dhonnchadha et al., 2010); however, no studies have shown that
DCS can attenuate cue-induced reinstatement by a reduction in
the context dependency of extinction in animal models. In fact,
one study found that DCS does not alter the context dependency
of extinction of a conditioned emotional fear response (Woods
and Bouton, 2006). Therefore, the ability of DCS to reduce the

context dependency of extinction ob-
served here might be specific to cocaine-
associated stimuli (but see Ressler et al.,
2004).

Possible mechanism of action of DCS
DCS may reduce the context dependency
of extinction through enhancement of ex-
tinction learning or through a disruption
in the contextual encoding of extinction.
However, if it was simply an enhancement
of extinction learning we would have ex-
pected to see similar effects when DCS was
infused in the LA/BLA and/or IL PFC as
these regions are known to at least encode
either retrieval or acquisition of extinc-
tion of instrumental responding for co-
caine (Fuchs et al., 2006; Peters et al.,
2008); and extinction of food-associated
cues (McLaughlin and Floresco, 2007).
However, we have only tested one dose
of DCS in these brain regions, so it is
possible that other doses would have
been effective. The fact that the effect of
systemic DCS was recapitulated by di-
rect administration to the NAc indicates
that both extinction learning and context
encoding processes may be interacting be-
cause the NAc receives inputs from the
BLA and PFC that might encode extinc-
tion learning, and from the DH, which
might encode the contextual information
(Groenewegen et al., 1999). However, the
circuitry mediating Pavlovian extinction
of drug-associated cues has not been de-
termined so it may be that the NAc is crit-
ical for this form of extinction. Indeed, the
NA shell has been shown to undergo im-
portant changes in glutamatergic plastic-
ity after extinction learning that was
specific to extinction of responding for
cocaine and not sucrose (Sutton et al.,
2003). While this study found effects in
the shell and not core, we cannot presently
say whether the effects of DCS we ob-
served are core specific. It is possible that
DCS-mediated actions at NMDA recep-
tors during extinction learning alter
glutamate receptor trafficking and/or glu-
tamatergic tone in the accumbens that fa-
cilitates control over cocaine seeking. The
generalization of extinction learning
across contexts may require disruption of
the interaction between circuits encoding

extinction and contextual information, and further mechanistic
studies should examine this possibility.

Other considerations
While DCS did reduce the context specificity of cue extinction, it
is also important to note that no effect was observed in the ab-
sence of extinction, or during memory reactivation. These results
indicate that extinction learning is necessary for the reported
effect of DCS on reinstatement behavior, and that DCS does not
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Figure 5. Histological representation of infusion sites for experiments 2 and 3. A, Approximate sites of infusions for individual
rats in the NAc for experiment 2. B, NAc infusion sites for experiment 3. C, Basolateral and lateral amygdala. D, Dorsal hippocampus.
E, Infralimbic prefrontal cortex. F, Prelimbic prefrontal cortex. Infusion sites are represented as open squares.
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have some nonspecific effect, such as a long-lasting reduction in
locomotor activity. In addition, the ability of DCS to reduce the
context specificity of extinction cannot be interpreted as a disrup-
tion of memory reconsolidation. We have previously shown that
the memory reactivation paradigm used here is sufficient to in-
duce reconsolidation of cocaine-cue memories in a manner that
is dependent on protein kinase A (PKA) activity in the amygdala
(Sanchez et al., 2010). Importantly, postmemory reactivation ad-
ministration of DCS in the NAc did not affect cue-induced rein-
statement, indicating that under these conditions DCS does not
affect memory reconsolidation. Interestingly, using a similar self-
administration protocol as described here, DCS administered to
the BLA after 30 presentations of a cocaine-associated cue has
been reported to increase later cue motivated behavior, indicat-
ing an enhancement of memory reconsolidation (Lee et al.,
2009). The results of our study suggest that the ability of DCS to
enhance reconsolidation of cocaine-cue memories may be spe-
cific to the BLA, as we did not observe any such effect in the NAc.
It is important to note, however, that in the Lee et al. study DCS
enhanced reconsolidation after 30 cue presentations, which
might be considered a sufficient number to produce some extinc-
tion. Therefore, it may be critical to give a large number of cue
presentations to initiate extinction learning. In our study, we
never found that DCS enhanced cue-induced reinstatement
when given after 120 cue presentations, indicating that there is
not an enhancement in reconsolidation if sufficient cue presen-
tations are given. However, in pilot studies where extinction
training and testing occurred in context A, systemic DCS had no
effect on cue-induced reinstatement when the cue was presented
60 or fewer times, potentially indicating competition between
reconsolidation and extinction effects. Consequently, caution
should be taken if DCS is administered as a treatment for addic-
tion to ensure that sufficient extinction training has been given so
as not to unintentionally actually increase the likelihood of re-
lapse. Indeed, in a pilot clinical study, DCS administered before
extinction therapy in cocaine addicts did not enhance extinction
and may have stimulated craving (Price et al., 2009). It is possible
that the number of cue presentations given in this study was not
sufficient to induce extinction learning, and/or preextinction ses-
sion DCS is not as effective as postsession administration, as was
done in our experiments.

Relation of Pavlovian cue extinction to other procedures
In related studies of context-induced reinstatement of drug-
seeking, instrumental extinction is conducted in an alternate
context, and then lever responding is assessed in the original
drug-taking context. Generally, the goal of these procedures is to
isolate the role of context in motivating drug-seeking behavior
(Crombag et al., 2008). To date critical brain regions and neuro-
transmitter systems involved in context-induced reinstatement
have been identified, but these studies have yet to attempt en-
hancing extinction learning in the alternate context as we report
here (e.g., Crombag et al., 2002; Bossert et al., 2004; Fuchs et al.,
2005; Xie et al., 2010). Moreover, our Pavlovian extinction pro-
cedure is designed to isolate the role of discrete conditioned cues
in controlling reinstatement of drug-seeking from other factors,
such as the context, by extinguishing these other factors during
the lever extinction phase of the experiment. We believe this
targeted Pavlovian cue extinction paradigm is important for neu-
robehavioral studies of addiction, as it provides an animal model
that more closely mirrors human cue extinction procedures,
which are most often conducted in the absence of an instrumen-
tal response; particularly in imaging studies (Conklin and

Tiffany, 2002). Human cue extinction also occurs in a context
different from the drug-taking context, so it is critical to deter-
mine whether pharmacological manipulations aimed at enhanc-
ing extinction of drug-related cues can also reduce the context
dependency of extinction.

Summary
Together, these data provide support for the hypothesis that the
consolidation of cue extinction learning can be modified by ad-
junct pharmacotherapies such as DCS to reduce context specific-
ity, and that the effect may critically depend on selective actions
in the NAc that rely on experience dependent plasticity. Future
studies should examine the persistence of Pavlovian cue extinc-
tion, identify the molecular mechanisms of cue extinction, and
determine the efficacy of other agents that have been reported to
enhance extinction learning.
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