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Brief Communication

D-cycloserine potentiates the reconsolidation
of cocaine-associated memories

Jonathan L.C. Lee,'? Richard |. Gardner, Victoria J. Butler, and Barry |. Everitt

Behavioural and Clinical Neuroscience Institute, Department of Experimental Psychology, University of Cambridge,

Cambridge CB2 3EB, United Kingdom

Conditioned cue-induced relapse to drug seeking is a major challenge to the treatment of drug addiction. It has been
proposed that p-cycloserine might be useful in the prevention of relapse by reducing the conditioned reinforcing
properties of drug-associated stimuli through facilitation of extinction. Here we show that intrabasolateral amygdala
infusions of p-cycloserine in fact potentiate the reconsolidation of stimulus—cocaine memories to increase cue-induced
relapse to drug seeking in rats with an extensive drug self-administration history. This elevation of cocaine seeking was
correlated with an increase in the expression of the reconsolidation-associated gene zif248.

Drug addiction is often described as a chronic relapsing disorder,
in which craving and relapse to drug seeking occur even after
prolonged abstinence (Gawin and Kleber 1986; Lu et al. 2004). A
major contributor to relapse is exposure to environmental stimuli
that have previously been associated regularly with the effects
of self-administered drugs of abuse. Such drug-associated stimuli
induce craving in abstinent addicts, and precipitate relapse to drug
seeking (Gawin and Kleber 1986; Ehrman et al. 1992; O’Brien et al.
1998; Childress et al. 1999). In experimental animals, a condi-
tioned stimulus (CS) paired repeatedly with self-administered
cocaine similarly induces relapse to drug seeking (de Wit and
Stewart 1981; Fuchs et al. 1998; Grimm et al. 2001).

The basolateral amygdala (BLA) is a primary locus of CS-US
(unconditioned stimulus) associations (LeDoux 2000; Everitt et al.
2003), and is critical for the control of goal-directed behavior by
conditioned reinforcers (Burns et al. 1993; Corbit and Balleine
2005). Furthermore, lesions of the BLA disrupt conditioned cue-
induced reinstatement of drug seeking (Meil and See 1997) and
the acquisition of drug seeking under a second-order schedule of
reinforcement (Whitelaw et al. 1996). The infusion of antisense
oligodeoxynucleotides targeting the immediate-early gene zif268
(also known as EGRI, Krox24, and NGFI-A) into the BLA impairs
the reconsolidation of CS-cocaine associations and thereby
reduces cue-induced cocaine seeking and relapse (Lee et al. 2005,
2006a). Memory reconsolidation is the process that is hypothe-
sized to restabilize memories following their reactivation through
stimulus re-exposure (Nader 2003), the disruption of which both
results in amnesia and has been proposed to be a potential treat-
ment strategy for neuropsychiatric disorders, such as post-traumatic
stress and drug addiction in which persistent maladaptive mem-
ories play an important role (Lee et al. 2005; Brunet et al. 2007).

An alternative therapeutic approach for such disorders is to
use cognitive enhancement strategies to potentiate the extinction
of the maladaptive memories (Ressler et al. 2004; Richardson et al.
2004). The partial N-methyl-D-aspartate (NMDA) receptor agonist
p-cycloserine (DCS) potentiates extinction in aversive and appe-
titive tasks when administered both systemically and directly into
the BLA (Walker et al. 2002; Ledgerwood et al. 2003; Botreau et al.
2006). However, under certain conditions intra-BLA DCS can
increase, rather than reduce, subsequent fear memory expression
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(Lee et al. 2006b). This finding is consistent with a potentiation of
fear memory reconsolidation, and predicts that DCS might also
enhance drug memories, which would be a potentially major
limitation in a therapeutic setting. Therefore, using conditions
that have been previously demonstrated to engage drug memory
reconsolidation in a translational model of cocaine seeking (Lee
etal. 2006a); we investigated whether or not DCS infusion into the
BLA would enhance memory reconsolidation to increase cocaine
seeking. Also investigated was the expression of zif268 in the
amygdala following DCS treatment and CS re-exposure since this
plasticity gene provides a cellular correlate of memory reconsoli-
dation (Lee et al. 2005).

The subjects were 45 adult male Lister hooded rats, weighing
280-350 g. They were housed in pairs prior to surgery, and singly
thereafter, in holding rooms maintained at 21°C on a reversed-
light cycle (12 h light:12 h dark; lights on at 19:00). After recovery
from surgery, food was restricted to 20 g/day. Water was freely
available throughout the experiment. All procedures were con-
ducted in accordance with the UK 1986 Animals (Scientific Proce-
dures) Act (Project License PPL 80/1767). Rats were implanted with
a single catheter in the right jugular vein, and also with bilateral
chronic indwelling guide cannulae targeting the BLA. The coordi-
nates for cannulae implantation were (relative to bregma): AP — 2.6;
ML * 4.5; DV — 5.6 (from dura). Details of the intravenous and
stereotaxic surgical procedures are described elsewhere (Di Ciano
and Everitt 2001). A minimum of 7 d was allowed before be-
havioral training and testing began.

All behavioral procedures were carried out in operant cham-
bers (Med Associates) as previously described (Di Ciano and Everitt
2001), and were based on previous experiments (Lee et al. 2006a).
Rats underwent 10 d of cocaine self-administration training under
a fixed-ratio-1 (FR1) schedule of reinforcement. At the start of each
self-administration session, two levers were inserted into the
operant chamber and the house light was illuminated. Each
response on the active lever (counterbalanced left or right) was
reinforced with a single infusion of i.v. cocaine (0.25 mgin 0.1 mL
over 5 s per infusion), accompanied by a 20-s illumination of the
CS light located above the active lever, during which both levers
were retracted and the house light was extinguished. Responses
on the other, inactive, lever had no programmed consequence.
To prevent accidental overdose, rats were limited to 30 infusions
per hour in the 3-h sessions. In the event of 30 infusions being
received, the levers were retracted and the house light extin-
guished until an hour had elapsed, after which the levers were
again extended and the house light illuminated.
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The memory for the CS—cocaine association was reactivated
in a single 30-min session through 30 noncontingent presenta-
tions of the CS light (20 s; 40-s ISI). No levers were present during
the reactivation session, which took place 3 d after the completion
of self-administration training, and 20 min following infusion of
DCS (Sigma, UK; 20 pg/pL; 0.5 wL/side; 0.25 pL/min) or phos-
phate buffered saline (PBS) into the BLA as described previously
(Lee et al. 2006b). The absence of the levers should decrease the
probability of substantial reactivation of the instrumental memory.
Nonreactivated groups were infused with DCS and then returned
immediately to the home cage without a behavioral test session.

Testing, which took place 6 d after self-administration train-
ing, involved the levers again being extended into the operant
chamber and assessed the impact of the CS upon instrumental
responding after 6-d abstinence as a model of cue-induced relapse.
A response on the active lever was reinforced by a 1-s presentation
of the CS light, during which the house light was extinguished,
and a response on the inactive lever again had no programmed
consequence. There were no cocaine infusions, and the number of
lever presses was recorded in a 60-min session. The rats were
subsequently retested on the following day.

After completion of behavioral testing, the rats were perfused
and their brains cut to produce 60 pm coronal sections, which
were stained with cresyl violet. Assessment was conducted under
light microscopy, and subjects were only included in the statistical
analysis if the injectors were located bilaterally within the BLA,
and there was no bilateral damage to the amygdala or any other
area of the brain (5 rats were excluded on this basis). Fourteen rats
were killed by carbon dioxide inhalation 2 h after memory
reactivation (or at the same time point following infusions and
nonreactivation). Their brains were extracted, the BLA micro-
dissected bilaterally, and the samples frozen on dry ice and stored
at —-80°C prior to the quantification of zif268 protein levels through
Western blot analysis as described previously (Lee et al. 2005).

All rats included in the behavioral analyses had cannulae
placed bilaterally in the BLA (Fig. 1). There was no difference bet-
ween any of the groups during cocaine self-administration train-
ing and on average rats received 505 pairings of the light CS with
an infusion of cocaine (data not shown; Condition X DCS: F< 1).

Infusion of DCS into the BLA before drug cue re-exposure
elevated subsequent active lever responding in a reactivation-
dependent manner (Fig. 2). For the first test, ANOVA revealed
a significant DCS X Reactivation X Lever interaction (F(j,22) = 8.62;
P <0.01), as well as a significant DCS X Reactivation interaction
(F1,22) = 4.71; P < 0.05). The effect was specific to the reactivated
condition, as DCS infusion had no impact upon the nonreacti-
vated condition (Fs < 1). This was confirmed by a significant DCS
X Lever interaction (F,13) = 13.12; P < 0.01) for the reactivated
condition, and a significant main effect of DCS (F(1,13) = 9.66; P <
0.01), but no effect of DCS on inactive lever presses (F < 1). The
DCS-induced elevation of responding was again observed 24 h
later in test 2 (DCS X Reactivation X Lever: F(1 22 = 4.44; P < 0.05),
indicating a persistent potentiation of responding, and an overall
analysis revealed no difference in the effect of DCS between tests 1
and 2 (DCS X Reactivation X Lever: Fy 13)=7.41; P < 0.02; DCS X
Reactivation X Lever X Test: F4 55y = 1.66; P > 0.21).

Infusion of DCS into the BLA before drug cue re-exposure
potentiated the subsequent expression in the BLA of zif268 pro-
tein levels 2 h after the reactivation session as measured by
Western blotting analysis (Fig. 3). ANOVA revealed a significant
effect of DCS when infused prior to memory reactivation (F; 6, =
9.42; P < 0.03). However, there was no effect of DCS treatment
when infused in the absence of memory reactivation (F(; 4, = 1.41;
P>0.30).

The present results demonstrate that infusion of the partial
NMDA receptor agonist DCS into the BLA shortly before re-
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Figure 1.
tion of the brain at three rostro-caudal levels (—2.30, —2.56, and —2.80
mm from bregma). All rats included in the statistical analyses had injectors
placed bilaterally in the BLA (X = PBS reactivated; ® = DCS reactivated;
[J = PBS nonreactivated; A = DCS nonreactivated).

Location of injectors within the BLA. Schematic representa-

exposure to a cocaine-associated CS increased subsequent cocaine
seeking behavior maintained by that CS. Moreover, the expression
of the reconsolidation-associated gene zif268 in the amygdala was
also elevated by DCS infusion coupled with CS re-exposure. Both
of these effects were critically dependent upon rats being re-
exposed to the cocaine CS shortly after DCS infusion. We have
previously demonstrated both that paired presentations of CS and
reward are necessary for the acquisition of conditioned reinforcing
properties (Parkinson et al. 2005), and that re-exposure to con-
textual and other stimuli are insufficient to reactivate the CS-
cocaine memory (Lee et al. 2006a). Therefore, the present results
most likely reflect an effect of DCS to potentiate the reconsolida-
tion of the CS-cocaine memory, thereby enhancing the appetitive
properties of the CS and increasing cue-induced cocaine seeking.

DCS has been shown to potentiate a number of memory
plasticity processes, including initial memory acquisition/consol-
idation (Monahan et al. 1989; Land and Riccio 1999; Kalisch et al.
2008), memory extinction (Walker et al. 2002; Ledgerwood et al.
2003), and memory reconsolidation (Lee et al. 2006b). Moreover,
the effect of DCS here was memory reactivation dependent and
hence not a result of an acute effect upon behavior. Therefore, the
elevation of subsequent cue-induced cocaine seeking reflects an
enhancement of CS—cocaine memory expression. The delay of 3 d
between the end of self-administration training and DCS infusion
ensured that initial consolidation processes were complete, and
hence the effect of DCS is more likely be related to memory
extinction or reconsolidation, of which only a potentiation of
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Figure 2. Effect of prereactivation intra-BLA DCS on cocaine seeking.
The number of active and inactive lever presses during the 60-min tests
are presented for rats infused 3 d and tested 6 d after the end of self-
administration training (A) in both the reactivated (PBS n=8, DCS n=7)
and nonreactivated (PBS n = 6, DCS n = 5) conditions. DCS increased
subsequent active lever responding across both bins in a reactivation-
dependent manner, and the elevation was observed in a further test 24 h
later (B). Data presented as mean + SEM. An asterisk (*) represents
a significant DCS X Lever interaction, P < 0.05.

Lever Presses

memory reconsolidation can account for the present results.
Therefore, the behavioral evidence strongly indicates that DCS
infusion into the BLA can potentiate drug memory reconsolida-
tion to elevate subsequent drug seeking, at least under certain
circumstances.

The cellular data obtained in the
present study provides further evidence

reduction of zif268 expression in transgenic mice or through the
local intracerebral infusion of zif268 antisense oligodeoxynucleo-
tides impairs the reconsolidation of several types of memory
(Bozon et al. 2003; Lee et al. 2004, 2005, 2006a; Hellemans et al.
2006). Of special importance is the observation that zif268
expression in the BLA is correlated with, and necessary for, the
reconsolidation of CS—cocaine memories (Thomas et al. 2003; Lee
et al. 2005, 2006a), and hence zif268 protein levels in the BLA are
a cellular marker for drug memory reconsolidation. Here zif268
protein levels in the BLA were greatly increased by intra-BLA DCS
infusion in conjunction with memory reactivation, strongly
suggesting that DCS acts to enhance the cellular mechanisms of
drug memory reconsolidation, resulting in the observed elevation
of drug seeking behavior at a later test. Importantly, this potenti-
ation of zif268 expression was not observed when DCS was
infused in the absence of a memory reactivation session, thus
demonstrating that the impact of DCS conforms to the reactiva-
tion-dependent criterion of memory reconsolidation effects
(Lewis 1979; Dudai 2004).

Previous studies have demonstrated that treatment with DCS
in conjunction with nonreinforced CS re-exposure results in a sub-
sequent decrease in drug-related behavior, consistent with an
enhancement of drug memory extinction, leading to the suggestion
that DCS might be used in conjunction with cue exposure therapy
as a treatment strategy for addiction (Botreau et al. 2006; Kelley et al.
2007). However, these studies used a drug conditioned place
preference procedure, involving only four experimenter-administered
intraperitoneal injections of cocaine. The present study uses
a more translationally relevant model of chronic cocaine self-
administration with hundreds of pairings of the CS with intrave-
nous cocaine. Therefore, the effect of DCS to increase subsequent
cue-induced cocaine seeking may reflect more accurately the likely
outcome of a DCS-based treatment strategy, given the chronic
nature of drug exposure characteristic of addiction. Moreover, it
may be the case that DCS combined with cue exposure may not be
effective in prolonging abstinence and preventing relapse, as this
approach may, in fact, further strengthen the detrimental impact
of exposure to drug-associated stimuli, making relapse more likely.

The different levels of drug memory strength between the
conditioned place preference and self-administration studies can
explain the contrasting outcomes observed with DCS. The
strength of conditioning is an important factor in determining
whether memory-modulating treatments impact upon reconsoli-
dation or extinction, with stronger training biasing toward mem-
ory reconsolidation (Eisenberg et al. 2003). Therefore, it is not
surprising that DCS enhanced drug memory reconsolidation here,

that DCS elevation of NMDA receptor- A B

mediated glutamate transmission enhances T i o A S S T — — —

cocaine seeking through the potentiation LI L = 0 w U W 8

of drug memory reconsolidation. The ex- 400 - 400 - OPBS

pression of the immediate-early gene 150 | 350 - mDCS

zif268 has been shown in several settings 200 | 300 -

to be a critical and causal mechanism in 250 250 -

memory reconsolidation. The expression ﬁ 200 | ﬁ i

of zif268 at both the mRNA and protein S = o]

levels is upregulated by stimulus re-expo- 100 4 100 -

sure that induces the reconsolidation of - -

aversive contextual fear (Hall et al. 2001;

Lee et al. 2004), discrete cue fear (Hall et al. 0 o ) S ] .
Figure 3. Effect of prereactivation intra-BLA DCS on zif268 protein levels in the BLA. The images of

2001), and conditioned withdrawal mem-
ories (Hellemans et al. 2006), as well as
appetitive CS-cocaine associations
(Thomas et al. 2003). Moreover, functional
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the gels were quantified and normalized to give a measure of zif268 protein relative to control PBS-
infused rats. DCS increased the levels of zif268 protein 2 h after memory reactivation [(A); n = 4 per
group], but not at the equivalent time point in the nonreactivated condition [(B); n= 3 per group]. Data
presented as mean + SEM.
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while potentiating extinction in the more weakly conditioned
place preference studies, especially given that we have previously
shown DCS to have bidirectional mnemonic effects in a fear
conditioning procedure (Lee et al. 2006b). Future studies will be
required to clarify parametrically the impact of memory strength
and also the extent of cue exposure upon the effects of DCS. In
addition, while the present study focused upon the Pavlovian
conditioned reinforcing effects of drug-associated stimuli, due to
their importance in relapse, the effect of DCS upon instrumental
responding is also of interest. Any impact of DCS upon instru-
mental memories is likely to be mediated by neural loci beyond
the amygdala, and so it will be important to establish how
systemic, rather than localized intracerebral, injections of DCS
affect the many drug-related memories that contribute to drug
seeking behavior. The present results do not invalidate the
potential application of DCS in the future treatment of drug
addiction. However, they demonstrate clearly that its use must
be carefully controlled, as there is the distinct likelihood that
memory reconsolidation, rather than extinction, processes will be
potentiated, leading to the deleterious consequence of promoting
the conditioned elicitation of drug seeking behavior and relapse.
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