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D-cycloserine Deters Reacquisition of Cocaine

Self-Administration by Augmenting Extinction Learning
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Augmentation of cue exposure (extinction) therapy with cognitive-enhancing pharmacotherapy may offer an effective strategy to combat
cocaine relapse. To investigate this possibility at the preclinical level, rats and squirrel monkeys were trained to self-administer cocaine
paired with a brief visual cue. Lever pressing was subsequently extinguished by withholding cocaine injections while maintaining response-
contingent presentations of the cue. The glycine partial agonist D-cycloserine (DCS; 15 and 30 mg/kg in rats, 3 and 10 mg/kg in monkeys)
was evaluated for its effects on the rate of extinction and subsequent reacquisition of cocaine self-administration. Compared with vehicle,
pretreatment with 30 mg/kg DCS 0.5 h before extinction training reduced the number of responses and latency to reach the extinction
criterion in rats, but neither dose of DCS altered these measures in monkeys. In both species, pretreatment with the higher dose of DCS
before extinction training significantly attenuated reacquisition of cocaine self-administration compared with either extinction training in
the absence of DCS or DCS in the absence of explicit extinction. Furthermore, treatment with 30 mg/kg DCS accompanied by brief
handling (a stress induction) immediately after but not 6 h after extinction training attenuated reacquisition of cocaine self-administration
in rats. No adverse effects of 10 mg/kg DCS were evident in quantitative observational studies in monkeys. The results suggest that DCS
augmented consolidation of extinction learning to deter reacquisition of cocaine self-administration in rats and monkeys. The results
suggest that DCS combined with exposure therapy may constitute a rational strategy for the clinical management of cocaine relapse.

INTRODUCTION

Relapse to drug-seeking and drug-taking behaviors is a
common manifestation of cocaine addiction and perhaps
the most serious impediment to effective treatment
(O’Brien, 2003). Repeated pairings of cocaine use with
environmental cues (eg, drug paraphernalia and context of
drug administration) result in conditioning and memory
consolidation, such that later exposure to the cues alone
may induce craving and relapse (Lu et al, 2006). There are
as yet no approved medications to treat cocaine addiction,
although several forms of cognitive-behavioral therapy have
shown efficacy (Dutra et al, 2008). An additional strategy
that has promise is exposure therapy targeting conditioned
drug cues (O’Brien et al, 1990). Through an extinction
training process whereby cocaine cues are repeatedly
presented in the absence of cocaine, exposure therapy
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may promote new learning that counters the motivating
impact of cocaine-related cues (Havermans and Jansen,
2003). Exposure therapy has not been effective consistently
as a stand-alone treatment for cocaine relapse. This might
reflect the context-dependent nature of extinction therapy
(Conklin and Tiffany, 2002; Ressler et al, 2004) as well as
cocaine-induced dysfunction of memory systems critical for
effective extinction learning and consolidation (Franklin
et al, 2002; Makris et al, 2004; Quirk and Mueller, 2008). The
development of medications to augment exposure therapy
for substance abuse is therefore of high priority.
Extinction is an active learning process that encompasses
many of the neural substrates that subserve other forms of
learning and memory (Bouton, 2004). These processes
involve increased neurotransmission and plasticity at
central glutamatergic synapses (Kelley, 2004). Animal
studies have identified N-methyl-p-aspartate (NMDA)
receptors as key mediators of the acquisition and con-
solidation of cocaine-cue associations, as well as in its
extinction and reconsolidation (Feltenstein and See, 2007;
Milton et al, 2008; Zweifel et al, 2008). Thus, the potential of
an NMDA-based pharmacotherapy to enhance cocaine-cue
extinction learning and consolidation would constitute a
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significant advancement in the treatment of cocaine
addiction.

The cognitive-enhancing drug D-cycloserine (DCS) is
a partial agonist at the strychnine-insensitive glycine site
of NMDA receptors that enhances glutamate neuro-
transmission (Bowery, 1987; Hood et al, 1989). Recent
studies demonstrated the facilitatory effects of DCS on
the extinction of conditioned fear in laboratory animals
(Walker et al, 2002; Ledgerwood et al, 2003; Ledgerwood
et al, 2004) and specific forms of anxiety in humans (Ressler
et al, 2004; Hofmann et al, 2006; Otto et al, 2009b, in press
[b]). DCS also can facilitate extinction of behavior
controlled by cocaine cues as assessed in the conditioned
place preference paradigm in rodents (Botreau et al, 2006;
Paolone et al, 2009; Thanos et al, 2009).

In this study, we investigated whether the combination of
DCS with extinction training could alter learned associa-
tions between cocaine and a cocaine-paired stimulus in rats
and monkeys with histories of persistent cocaine self-
administration. To assess the impact of DCS on cocaine cue
extinction learning and consolidation, DCS was adminis-
tered either 0.5h before, immediately after, or 6h after
extinction training. These time points were based on results
suggesting that DCS acts primarily during the acquisition
and consolidation phases of extinction learning (Davis et al,
2006). Previous studies demonstrated that DCS-facilitated
extinction of conditioned fear in rats when administered
immediately before or soon after extinction training
(Walker et al, 2002; Ledgerwood et al, 2003). In contrast,
DCS administered 4h after extinction training, which
surpasses the theoretical timeframe for NMDA-dependent
memory consolidation (Dash et al, 2004), had no effect on
extinction of conditioned fear (Ledgerwood et al, 2003). In
addition, previous studies have shown that arousal is
necessary for post-training memory consolidation, possibly
as a result of glucocorticoid release (McGaugh and
Roozendaal, 2009). Acute handling is a mild stressor that
induces release of corticosterone in rats (Roman et al,
2004). Thus, we evaluated if arousal in the form of brief
handling promoted DCS facilitation of cocaine-cue extinc-
tion consolidation in rats.

Consistent with the interpretation that DCS augments
consolidation of extinction learning, Ledgerwood et al
(2005) reported that DCS administered in the absence of
explicit extinction training does not alter conditioned fear.
We therefore also investigated the effects of DCS adminis-
tered before a cocaine self-administration session and
before a session during which levers were removed from
the experimental chamber and cocaine and cocaine cues
withheld, thus preventing explicit extinction of the condi-
tioned cocaine cue. Finally, adverse effects were monitored
in monkeys treated with DCS and assessed by measuring a
range of unconditioned behaviors predictive of potential
drug side effects.

MATERIALS AND METHODS
Subjects

Twenty-eight male rats (Crl(WI)BR; 275-300g) separated
into three cohorts and nine male squirrel monkeys (Saimiri
sciureus; 760-940 g) separated into two cohorts were used.
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Housing, animal care, surgical procedures, and experimen-
tal chambers were as described previously (Kantak et al,
2005; Platt et al, 2005; Supplementary Methods). Before
study initiation, rats were experimentally naive, whereas
monkeys had previous cocaine self-administration experi-
ence. Before surgery, rats were trained to lever press for
45mg food pellets. Rats and monkeys were maintained in
accordance with the Guide for Care and Use of Laboratory
Animals (Institute of Laboratory Animal Resources, Com-
mission on Life Sciences, National Research Council,
National Academy Press, Washington, DC, 2003) and with
the guidelines of the Committee on Animals of Harvard
Medical School. Research protocols were approved by the
Boston University and Harvard Medical School Institutional
Animal Care and Use Committees.

Drugs

Cocaine HCl (National Institute on Drug Abuse,
Bethesda, MD or Sigma-Aldrich, St Louis, MO) was
dissolved in sterile 0.9% saline for intravenous self-
administration. DCS base (Sigma-Aldrich) was dissolved
in sterile 0.9% saline (vehicle) and injected through
intraperitoneal (rats) or intramuscular (monkeys) routes
of administration in volumes <1 ml/kg of body weight.

Procedure

Experiment 1: effects of DCS administered before extinc-
tion training. Rats (n=7) were trained (2h sessions) to
press a lever to obtain 0.3 mg/kg intravenous injections of
cocaine and simultaneous activation of a distinctive visual
stimulus (2-s light change) under a fixed-ratio (FR)
reinforcement schedule for which each completion of five
responses produced an injection (Kantak et al, 2005). Rats
underwent several cycles of baseline self-administration
sessions followed by extinction and reacquisition test
sessions, to obtain within-subject dose-response data for
DCS (15 and 30 mg/kg) and vehicle pretreatment. Injections
were administered 0.5h before the extinction training
session. Lever pressing was extinguished by withholding
cocaine injections, while maintaining response-contingent
presentations of the cocaine-paired stimulus. Each extinc-
tion training session lasted until lever pressing declined to
<10% of the baseline response rate for 0.5h. The order of
DCS dose testing was different across rats in the three cycles
to minimize potential confounds of repeated testing. DCS
dose selection was based on previously published work in
rats (Walker et al, 2002; Ledgerwood et al, 2003; Woods and
Bouton, 2006). Four days after extinction training and
without further DCS treatment, rats underwent an extinc-
tion retention test session lasting 1.5h. During the four
intervening days, between extinction training and the
retention test, rats remained in their home environments.
One day after the retention test, reacquisition of cocaine
self-administration in the absence of DCS pretreatment was
evaluated. Reacquisition tests were conducted using condi-
tions identical to those in the cocaine self-administration
baseline phase, and no drug priming or other inducements
to initiate lever pressing were given. Between cycles, rats
self-administered cocaine for a minimum of 2 weeks (see
Supplementary Figure S1 for a schematic of Experiment 1).



One rat died of an unrelated cause before testing with
15mg/kg DCS could be conducted.

Monkeys (n=>5) were trained (1-1.5h sessions) under a
second-order reinforcement schedule, in which completion
of 10 responses (FR unit) produced the 2-s visual stimulus,
and the first FR unit completed after the lapse of 5min
produced a cocaine injection (0.3 mg/kg intravenous)
paired with the 2-s visual stimulus (Platt et al, 2001). As
in rats, monkeys underwent several cycles of baseline
self-administration sessions followed by extinction and
reacquisition test sessions to obtain within-subject dose-
response data for DCS (3.0 and 10.0 mg/kg) and vehicle
pretreatment. Studies in monkeys used the same design as
specified above for rats. DCS dose selection was based in
part on previously published work in rhesus monkeys
(Rupniak et al, 1992; Matsuoka and Aigner, 1996; Schneider
et al, 2000). Pilot observational studies confirmed that 3.0
and 10.0 mg/kg DCS could be administered safely to squirrel
monkeys. Between cycles, monkeys self-administered co-
caine for a minimum of 2 weeks.

Experiment 2: effects of DCS administered before test
sessions without extinction training. To determine
whether reacquisition of cocaine self-administration was
altered when DCS was administered in the absence of
extinction training, the same cohort of monkeys used in
Experiment 1 was evaluated under a control condition in
which DCS (10 mg/kg) was injected 0.5h before a cocaine
self-administration session rather than an extinction
session. In a second control condition, a new cohort of
rats (n =7 per group) was trained to self-administer cocaine
for a minimum of 3 weeks and then injected with either DCS
(30mg/kg) or vehicle 0.5h before placement into the
chambers with the levers retracted and without presentation
of either the cocaine-paired stimulus or the delivery of
cocaine. The duration of this session was time-yoked to rats
used in Experiment 1, and subjects were matched as closely
as possible for baseline rates of responding. For both
control conditions, the equivalent of an extinction retention
session was conducted 4 days later, and the equivalent of
a reacquisition test was initiated on the following day
as described above (see Supplementary Figure S1 for a
schematic of Experiment 2).

Experiment 3: effects of DCS administered after extinction
training. The cohort of rats used in Experiment 2 was
examined further in two additional test cycles to evaluate
the effects of DCS administered after an extinction training
session. Each cycle consisted of a minimum of 2 weeks of
baseline cocaine self-administration followed by a session of
extinction training that lasted until lever pressing declined
to <10% of the baseline response rate for 0.5h. In the first
test cycle, either DCS (30 mg/kg) or vehicle was injected
immediately after extinction training, and rats (n=7 per
group; randomly selected from subjects used in the previous
cycle) were returned directly to their home cages. In the last
test cycle, either DCS (30 mg/kg) or vehicle again was
injected immediately after extinction training, but this time
the injections were administered in conjunction with 3 min
of gentle handling before returning the rats (n=7 per
group; randomly selected from subjects used in the previous
cycle) to their home cages.
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A final new cohort of rats was trained to self-administer
cocaine (n=6) and then injected in a counterbalanced
order with either DCS (30 mg/kg) or vehicle using two test
cycles. Injections were administered in conjunction with
3min of handling, 6 h after the extinction training session
ended. Rats remained in their home cages in the interim.
For each condition, the extinction retention and reacquisi-
tion tests were conducted as described above (see Supple-
mentary Figure S1 for a schematic of Experiment 3).

Experiment 4: effects of DCS on unconditioned behavior.
Using quantitative observational techniques (Platt et al,
2000), the behavioral effects of DCS were assessed in
squirrel monkeys under the conditions that promote a
repertoire of behaviors that is sensitive to potential side
effects of drug treatments. A new cohort of monkeys (n=4)
initially was habituated to an observation arena and then
tested in a counterbalanced order with 10 mg/kg DCS and
vehicle; tests were separated by >2 weeks. The scoring
system included 10 behavioral categories (Supplementary
Table S1), which were scored by recording the presence or
absence of each behavior in 15s intervals during 5min
sampling periods (Platt et al, 2000). In addition, during the
6th, 18th, and 30th min of each session, the monkey was
removed from the observational arena by a trained handler
and evaluated for ataxia (defined as the inability to balance
on and/or grasp a stainless steel pole (56 cm in length; 1 cm
in diameter) held horizontally) and muscle resistance
(defined as a change in resistance to hindlimb extension).
For ataxia, a score of 0 indicated that the monkey was able
to balance normally, a score of 1 indicated inability to
balance effectively, and a score of 2 indicated that the
monkey could neither balance on nor grasp the pole. For
muscle resistance, a score of 0 indicated no change in
resistance to hindlimb extension, a score of +1 indicated
increased resistance to extension and/or clinging to the grid
floor, and a score of —1 indicated decreased resistance to
extension and/or flaccidity.

Data Analyses

Data were analyzed separately for rats and monkeys. The
last five cocaine self-administration sessions were used
to establish the baseline rate of responding on the active
lever for each cycle. As there was a 15-fold range in base-
line response rates during cocaine self-administration
sessions in individual monkeys (0.13-2.0 responses/s) and
an 8.5-fold range in individual rats (0.02-0.17 responses/s),
responding during extinction retention and reacquisition
tests were expressed as percent of baseline response rates
for each cycle.

For analysis of the extinction training session, measures
used were total responses on the active lever and the latency
to attain the extinction criterion. Mixed-model ANOVA
was performed for each experiment. Treatment differences
were determined by post hoc Dunnett’s t-test for multiple
comparisons, regardless of the outcome of the overall
F-value (Winer 1971). Where appropriate, Student’s t-test
for dependent or independent samples was used.
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RESULTS

Experiment 1: Effects of DCS Administered Before
Extinction Training

This experiment was conducted to determine if DCS
administered before extinction training could augment
extinction learning and deter reacquisition of cocaine self-
administration in rats and monkeys. Within each species,
baseline rates of cocaine-maintained responding were
statistically similar across the treatment cycles (Figure 1,
top panels). Treatment with DCS before extinction training
altered significantly the number of extinction responses
(F2,12)=7.7; p<0.007) and the latency to the extinction
criterion (F(;,12)=7.9; p<0.007) in rats (Figure 1, left
middle panels) but not in monkeys (Figure 1, right middle
panels). Dunnett’s t-test revealed that rats treated with
30mg/kg DCS showed significantly fewer responses
(p<0.01) and exhibited a significantly shorter latency to
reach the extinction criterion (p<0.01) relative to the
vehicle control. Extinction training response curves, on the
basis of sequential 10-min bins, are shown in Supplemen-
tary Figure S2 for individual rats and monkey. During the
extinction retention session conducted 4 days later,
responding was statistically similar across all three pre-
treatment conditions in both species (Figure 1, bottom
panels).

Treatment with DCS before extinction training attenuated
significantly reacquisition of cocaine self-administration in
both rats and monkeys (Figure 2, top and bottom panels).
Subjects treated with vehicle or the lower dose of DCS
(15 mg/kg in rats; 3 mg/kg in monkeys) reacquired baseline
rates of cocaine-maintained responding on session 1 or 2,
whereas subjects treated with the higher dose of DCS
(30 mg/kg in rats; 10 mg/kg in monkeys) reacquired baseline
rates of cocaine-maintained responding after session 3.
Thus, reacquisition responses were analyzed over the first
three sessions. ANOVA indicated that dose was not a
significant factor for either rats or monkeys. On the basis of
Dunnett’s t-test, earlier treatment with the highest dose of
DCS (30 mg/kg in rats; 10 mg/kg in monkeys) significantly
reduced responding compared with the vehicle control for
reacquisition sessions 1, 2, and 3 in rats and reacquisition
sessions 1 and 3 in monkeys (p<0.05).

Experiment 2: Effects of DCS Administered Before Test
Sessions Without Extinction Training

This experiment was conducted to determine whether
effective doses of DCS (30mg/kg in rats; 10 mg/kg in
monkeys) could alter reacquisition of cocaine self-admin-
istration if DCS injection was not combined with explicit
extinction training. The first control condition, in which
DCS was administered before a cocaine self-administration
session rather than an extinction session, was evaluated in
monkeys. At baseline, the average response rate maintained
by self-administration of cocaine was 0.38 = 0.07 responses/s.
The 10 mg/kg dose of DCS did not significantly alter the
rate of responding when administered before a self-
administration session (94 £ 28% of baseline). During the
retention session conducted 4 days later, the rate of respon-
ding was 30 £ 7% of baseline, which is similar to the level of
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Figure 1 Effects of DCS and vehicle (Veh) administered before
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panels). Values are the mean + SEM response rates during cocaine self-
administration baseline sessions (top panels), lever responses during
extinction training sessions and the latency to reach the extinction criterion
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retention sessions (bottom panels). No statistically significant differences
between conditions were found during self-administration baseline or
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(p<0.01).

responding in vehicle-treated monkeys undergoing extinc-
tion training (30 £ 19% of baseline). Analysis of the lever
pressing during the first three reacquisition sessions
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(Figure 3, left panel) revealed that responding for the
cocaine self-administration control condition was emitted
at approximately baseline levels and was significantly
greater than responding when the same dose of DCS was
administered before extinction training in Experiment 1
(p<0.05 by Student’s t-test for dependent samples).

The control condition under which the levers were
retracted and neither cocaine nor the cocaine-paired
stimulus was presented (no-extinction session) was eval-
uated in rats. At baseline, the average response rate
maintained by self-administration of cocaine was identical
under both conditions (0.04 £0.01 responses/s). During
the retention session, which was conducted 4 days later,
administration of 30 mg/kg DCS before the no-extinction
session resulted in a rate of responding (99+13% of
baseline) that was similar to the rate engendered by
administration of vehicle before the no-extinction session
(94 £ 19% of baseline). During reacquisition, the vehicle and
30 mg/kg treatment groups reacquired baseline rates of
cocaine self-administration within 2 sessions. Analysis of
the averaged values for the first three reacquisition sessions
(Figure 3, right panel) revealed that responding by the rats
that received 30 mg/kg DCS but no extinction training was
emitted at approximately baseline levels and was signifi-
cantly greater than responding when the same dose of DCS
administered before extinction training in Experiment 1
(p<0.05 by Student’s t-test for independent samples). Thus,
for both species DCS was effective in deterring reacquisition
of cocaine self-administration only when combined with
explicit extinction training.

Experiment 3: Effects of DCS Administered after
Extinction Training

This experiment determined if effective doses of DCS
altered reacquisition of cocaine self-administration when
DCS was administered after rather than before extinction
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training in rats. Baseline rates of cocaine self-administration
(Figure 4, top left panel) as well as the number of responses
and latency to attain the extinction criterion (Figure 4, right
panels) did not differ significantly between groups under
the three experimental conditions. During the extinction
retention session conducted 4 days following extinction
training, responding also was statistically similar compared
across the vehicle and 30 mg/kg DCS treatments under the
three experimental conditions (Figure 4, bottom left panel).

Injection of 30 mg/kg DCS immediately after extinction
training with brief handling attenuated significantly the
reacquisition of cocaine self-administration (Figure 5, top
panel). Rats treated with vehicle immediately after extinc-
tion training reacquired baseline rates of responding during
the first reacquisition session, whereas rats treated with
30 mg/kg DCS did not consistently reacquire baseline rates
of responding until after session 5. Thus, reacquisition
responses were analyzed over the first five sessions. ANOVA
revealed that dose was a significant factor (F( 15 =6.4,
p<0.027). On the basis of Dunnett’s t-test, administration
of 30 mg/kg DCS produced significant reductions in the rate
of responding during reacquisition sessions 1, 4, and 5
relative to vehicle administration (p<0.01 or p<0.05).

In contrast, 30 mg/kg DCS administered either immedi-
ately after extinction training without brief handling or 6h
after extinction training with brief handling did not affect
reacquisition of cocaine self-administration (Figure 5,

Neuropsychopharmacology

middle and bottom panels). ANOVA over the first five
reacquisition sessions in each experiment did not reach
statistical significance. Dunnett’s t-test confirmed that the
effects of DCS and vehicle treatments did not differ
significantly under either experimental condition.

Experiment 4: Effects of DCS on Unconditioned
Behavior

Examination of the effects of DCS under conditions that
promote a varied repertoire of behavior in squirrel monkeys
show that, compared with vehicle, 10 mg/kg DCS produced a
decrease in scratching that was not significant relative to
vehicle control and had no appreciable effect on any other
behavioral measure (Table 1). Thus, the effect of DCS on
extinction and subsequent reacquisition of cocaine self-
administration did not appear to be secondary to drug-
induced impairment of motor function or the emergence of
behavioral side effects that could interfere with lever pressing.

DISCUSSION

Effects of DCS on Extinction Learning: Acquisition vs
Consolidation

The principal finding of this study is that administration of
DCS in conjunction with extinction training deterred
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Figure 5 Effects of DCS (30 mg/kg) and vehicle (Veh) administered after
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reacquisition of cocaine self-administration in rats and
monkeys. The within-subject design used in our studies is
similar to designs used in many human laboratory studies
on drug abuse (eg, Haney and Spealman 2008) and is advan-
tageous because it requires fewer subjects than conventional
group designs to draw meaningful conclusions. Although
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Table I Absence of Effects of 10mg/kg DCS on Observable
Behaviors in Squirrel Monkeys

Behavior Modified frequency score
Vehicle DCS
Locomotion 93%1.7 8917
Object manipulation 52+06 6.1 13
Foraging 02+0.1 03+0.1
Grooming 1.8+0.38 1.2+02
Scratching 26+0.8 03+02
Vocalization 2015 1.8%1.3
Sleep posture 0 0
Static posture 0 0
Procumbent 0 0
Visual scan 193£06 183%1.0
Ataxia 0 0
Muscle resistance 0 0

the use of within-subject designs in extinction-related
studies may lead to interpretative constraints, we mini-
mized such constraints in the current study by randomizing
to the extent possible the order in which doses were
tested across animals, limiting the number and frequency of
extinction tests, and providing sufficient time between tests
to fully re-establish stable self-administration. Further-
more, the use of an FR schedule in rats and a second-order
schedule in monkeys permitted evaluation of the generality
of the effects of DCS combined with cocaine-cue extinc-
tion training in different species with different behavioral
histories of cocaine self-administration. The complimentary
findings using these two species, schedules of reinforcement
and methods for pairing the visual stimulus with cocaine
(intermittent vs. non-intermittent), suggest that adminis-
tration of DCS combined with extinction training promoted
new learning that countered the impact of the previously
conditioned cocaine cue rather than the reinforcing effect of
cocaine per se.

Consistent with this interpretation, pretreatment with
DCS before a self-administration control session rather than
an extinction training session in monkeys did not reduce
cocaine self-administration during the session or alter
subsequent reacquisition after 4 days of cocaine abstinence.
In addition, the effects of DCS administered before extinc-
tion training on reacquisition cannot be attributed to
general behavioral disruption, as DCS did not induce
impairment of motor function or induce significant side
effects in monkeys. An additional control experiment in rats
further showed that DCS did not alter reacquisition of
cocaine self-administration when DCS was administered
before a session in which the levers were retracted and
cocaine and cocaine cues were withheld (ie, in the absence
of explicit extinction training. Collectively, the results of our
control experiment in rats and monkeys are consistent with
the well-documented finding that DCS reduces conditioned
fear only when administered in the context of explicit
extinction training (Walker et al, 2002; Ledgerwood et al,
2003; Ledgerwood et al, 2005).
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In this study, several cycles of testing were used and DCS
was shown to be effective, regardless of the cycle in which it
was injected. Recently, Langton and Richardson (2008)
reported that DCS was not effective in augmenting extinc-
tion of fear conditioning when the drug was administered
before a second cycle of extinction training. However, only
5 days separated the first and second cycles of extinction
training, and there was only a single reconditioning (shock
+cues) session between the two cycles. In our study,
repeated cycles of testing were separated by at least 2 weeks
of stable cocaine self-administration and the sequential
tests for individual subjects were randomized to the
extent possible. Under these conditions, we saw no obvious
indication of diminished extinction or reacquisition as a
function of sequential tests, suggesting that the repeated-
measures design we used afforded relatively independent
assessments of the effects of DCS and vehicle across the
testing cycles.

There are two main pieces of evidence to suggest that DCS
may attenuate reacquisition of cocaine self-administration
by augmenting consolidation of extinction learning rather
than by facilitating the rapidity of extinction. First, although
the effects of DCS during extinction training in rats are in
accordance with the underlying assumption that DCS may
facilitate acquisition of extinction learning (Walker et al,
2002; Ledgerwood et al, 2003), it was evident in this study
that attenuated responding during subsequent reacquisi-
tion tests did not depend exclusively on the rapidity of
extinction as the latter measure was not significantly
affected by DCS administration in monkeys. Although this
finding could reflect differences in the way that DCS affects
learning processes in rodents compared with primates, DCS
pretreatment has been shown previously to have cognitive-
enhancing effects on recognition and spatial memory in
monkeys (Matsuoka and Aigner 1996; Schneider et al,
2000). Alternatively, as the extinction criterion typically was
reached more rapidly in monkeys than in rats during
vehicle control tests (Figure 1, middle panels), facilitation of
extinction learning by DCS may have been obscured in the
study with monkeys. However, in fear conditioning studies
in rats, DCS has not been shown to facilitate within-session
extinction as found in this study (Ledgerwood et al, 2003;
Woods and Bouton, 2006; Bouton et al, 2008). Facilitation of
within-session extinction by DCS in Experiment 1 may have
resulted from the lengthy extinction training session
coupled with a larger number of conditioned stimulus
presentations.

A second piece of evidence suggesting that DCS may have
attenuated reacquisition of cocaine self-administration by
augmenting consolidation of extinction learning comes
from experiments in which DCS was administered after
extinction training. Post-training manipulations have pro-
ven to be a useful procedure for assessing drug effects on
memory consolidation (McGaugh and Roozendaal, 2009).
In our experiments, administration of DCS with brief
handling immediately after extinction training resulted in
a significant attenuation of cocaine self-administration
reacquisition, whereas DCS administered in the same way
6h after extinction training had no systematic effect on
reacquisition. These results are consistent with findings
from the fear conditioning literature showing that post-
training administration of DCS significantly augments
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extinction of conditioned fear only if given within a
critical window of time (Ledgerwood et al, 2003, 2004).
Administration of DCS 4h after extinction training, for
example, failed to enhance extinction of conditioned fear
(Ledgerwood et al, 2003), and similar results have recently
been reported for extinction of cocaine-conditioned place
preference (Botreau et al, 2006; Paolone et al, 2009).

Role of Arousal in the Effects of DCS on Consolidation
of Extinction Learning

Converging evidence suggests that arousal and accompany-
ing release of endogenous glucocorticoids is critical for
post-training memory consolidation (McGaugh and
Roozendaal, 2009), and elevated levels of glucocorticoids
at the end of extinction training may be an important factor
for observing augmented consolidation of extinction learn-
ing by post-training administration of DCS (Yang et al,
2007). In tests of fear conditioning in rats, for example,
plasma corticosterone levels are significantly elevated for
over 45 min after the extinction training session ends, which
likely provides sufficient arousal to promote augmented
consolidation of fear extinction learning by either pre- or
post-training DCS administration (Guijarro et al, 2007). In
contrast, in rats with a history of cocaine self-administra-
tion, plasma corticosterone levels are elevated primarily
during the early stage of extinction training and then return
to basal levels as the session progresses (Goeders and
Clampitt, 2002). Thus, the ability of DCS administered
before extinction training to augment consolidation of
cocaine-cue extinction learning may be assisted by the
increased level of arousal and glucocorticoid release during
the early portion of the extinction training sessions.
However, enhanced consolidation of cocaine-cue extinction
learning by DCS administered after the session would be
difficult to achieve unless critical arousing stimulation is
provided post-training. Brief handling in rats is a mild
stressor that increases plasma corticosterone levels (Roman
et al, 2004) and augments consolidation of fear extinction
learning (Hui et al, 2006). Although rats in this study were
handled daily during each experiment, the additional 3 min
of handling following extinction training was novel, and as
such, an unfamiliar procedure that likely induced mild
arousal. It is clear from the literature that intense arousal
and high levels of corticosterone are disruptive to memory
consolidation (McGaugh and Roozendaal, 2009). In future
studies it might, therefore, be informative to exploit other
models of stress and arousal (eg, tail pinch or bodily
restraint) to assess the generality of our finding with post-
session handling.

Effects of DCS on Extinction Retention

As DCS administration before extinction training is thought
to facilitate new learning that counters the motivating
impact of conditioned stimuli (Davis et al, 2006), we expec-
ted that the magnitude of responding during the extinction
retention sessions would be decreased by earlier adminis-
tration of DCS in conjunction with extinction training.
This expectation was not met, however, as the rate of res-
ponding during the extinction retention session was similar
after DCS and vehicle treatment under all experimental



conditions in both species. One possible explanation for this
finding is that responding during the extinction retention
session may reflect the criterion used during the extinction
training session; ie, extinction training continued until the
individual subject’s response rate was <10% of the baseline
response rate for 0.5h, regardless of pretreatment (DCS or
vehicle). With all subjects receiving functionally equivalent
levels of extinction training, it may have been difficult to
detect DCS-facilitated extinction learning during the reten-
tion session.

A second possible explanation may relate to differences in
the way DCS influences extinction of responses controlled
by a fear cue vs responses controlled by a cocaine cue. In
fear conditioning studies, DCS administration before
extinction training consistently resulted in greater extinc-
tion retention during post-extinction tests in which the fear-
provoking conditioned stimulus also was presented (Walker
et al, 2002; Ledgerwood et al, 2003). In contrast, Paolone
et al (2009) reported that extinction retention was not
systematically affected by earlier DCS or vehicle treatment
administered during extinction training in which rats were
confined to cocaine- and saline-paired compartments.
Interestingly, despite equivalent levels of extinction reten-
tion in that experiment, reinstatement of a conditioned
preference following a cocaine priming injection was
attenuated in rats that had received DCS during extinction
training. These findings correspond remarkably with those
of the present study in which rats and monkeys were
pretreated with DCS before extinction training and later
showed attenuated responding during the reacquisition test
but not the extinction retention test.

Reasons for the apparently different effects of DCS on
extinction retention for fear vs cocaine cues are not entirely
clear, but may be related to context specificity of extinction
learning. For example, Woods and Bouton (2006) demon-
strated that DCS-facilitated extinction when tests took place
in the same environmental context as extinction but not in
the original conditioning environment, leading to the idea
that extinction of fear is highly context-specific. In the
conditioned place preference procedure used by Paolone
et al (2009) and the present experiment, all phases of the
study (conditioning, extinction, and testing) were con-
ducted in the same environmental context. A potentially
important clinical implication of our results is that DCS
combined with cue exposure therapy might not be effective
in reducing cue reactivity in addicts if therapy only is
provided in an environment that is distinct from (ie, in a
clinic or laboratory) the environment where drugs are
typically self-administered. This may be an important
consideration when designing clinical treatment strategies.
It should be noted, however, that it may not be necessary to
extinguish all discrete cues that are predictive of drug as it
was demonstrated that DCS facilitation of extinction to one
discrete conditioned stimulus generalized to facilitation of
extinction to another discrete conditioned stimulus that was
never paired with DCS (Ledgerwood et al, 2005).

CONCLUSIONS

Our findings show that a single injection of DCS combined
with extinction training deters subsequent reacquisition of
cocaine self-administration in rats and squirrel monkeys.
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DCS treatment in conjunction with extinction training is
more enduring for attenuating reacquisition compared with
either extinction training in the absence of DCS or DCS in
the absence of extinction training. Consistent with the view
that memory consolidation is time-dependent and requires
arousal (McGaugh and Roozendaal, 2009), the benefit of
DCS was evident when the drug was administered either
before extinction training or immediately after extinction
training in conjunction with brief handling. In addition to
the timing of DCS and arousal, the duration of cocaine-cue
exposure may be critical for DCS facilitation of extinction
consolidation. Recently, DCS administration following a
single brief (30 min) episode of cocaine-cue exposure was
shown to enhance subsequent cocaine-seeking by augment-
ing reconsolidation of cocaine-cue memory (Lee et al,
2009). Furthermore, it is possible that multiple extinction
training sessions combined with DCS treatment might
produce even greater cocaine-cue extinction consolidation.
For example, clinical studies administering DCS in combi-
nation with two or three spaced sessions of exposure
therapy have demonstrated long-term benefits of this
combined treatment approach for reducing anxiety dis-
orders (Norberg et al, 2008). This combined approach may
be aided by arousal and glucocorticoid activity during
treatment (Otto et al, 2009, in press [a]). Collectively, the
results provide a potential framework for implementing
human studies to evaluate the efficacy of exposure therapy
combined with DCS pharmacotherapy for the clinical
management of cocaine relapse.
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