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Research

The basolateral amygdala and nucleus accumbens
core mediate dissociable aspects of drug memory
reconsolidation

Florence R.M. Théberge,1 Amy L. Milton, David Belin,2 Jonathan L.C. Lee,3 and

Barry J. Everitt4

Department of Experimental Psychology, University of Cambridge, Cambridge CB2 3EB, United Kingdom

A distributed limbic-corticostriatal circuitry is implicated in cue-induced drug craving and relapse. Exposure to drug-paired

cues not only precipitates relapse, but also triggers the reactivation and reconsolidation of the cue-drug memory. However,

the limbic cortical-striatal circuitry underlying drug memory reconsolidation is unclear. The aim of this study was to inves-

tigate the involvement of the nucleus accumbens core and the basolateral amygdala in the reconsolidation of a cocaine-

conditioned stimulus-evoked memory. Antisense oligodeoxynucleotides (ASO) were infused into each structure to

knock down the expression of the immediate-early gene zif268, which is known to be required for memory reconsolidation.

Control infusions used missense oligodeoxynucleotides (MSO). The effects of zif268 knockdown were measured in two

complementary paradigms widely used to assess the impact of drug-paired CSs upon drug seeking: the acquisition of a

new instrumental response with conditioned reinforcement and conditioned place preference. The results show that

both intranucleus accumbens core and intrabasolateral amygdala zif268 ASO infusions at memory reactivation impaired

the reconsolidation of the memory underlying a cocaine-conditioned place preference. However, knockdown of zif268

in the nucleus accumbens at memory reactivation had no effect on the memory underlying the conditioned reinforcing

properties of the cocaine-paired CS measured subsequently, and this is in contrast to the marked impairment observed pre-

viously following intrabasolateral amygdala zif268 ASO infusions. These results suggest that both the basolateral amygdala

and nucleus accumbens core are key structures within limbic cortical-striatal circuitry where reconsolidation of a cue-drug

memory occurs. However reconsolidation of memory representations formed during Pavlovian conditioning are differen-

tially localized in each site.

[Supplemental material is available online at http://www.learnmem.org.]

Through Pavlovian association with the effects of addictive drugs,
a conditioned stimulus (CS) acquires both general motivational
and sensory-specific conditioned reinforcing properties (Everitt
et al. 2000). These associations contribute to the high likelihood
of relapse in addicted individuals, yet the extinction of drug CSs
by nonreinforced exposure has proved to be of limited therapeu-
tic utility (Conklin and Tiffany 2002). In abstinent humans, drug
CSs evoke salient and persistent memories of drug-taking experi-
ences, inducing craving and relapse (Childress et al. 1988;
O’Brien et al. 1992), while in animals they also precipitate relapse
to, or reinstatement of, drug-seeking behavior (de Wit and Stewart
1981; Meil and See 1996; Fuchs et al. 1998; Weiss 2000). Thus, dis-
rupting drug-related memories might significantly diminish
relapse propensity on subsequent exposure to drug-paired CSs,
and thereby promote abstinence.

Exposure to a drug-associated CS also triggers a process
of memory reconsolidation, which restabilizes the reactivated
and labile memory (Nader 2003). While reconsolidation may

adaptively update memories (Dudai 2006; Hupbach et al. 2007;
Rossato et al. 2007; Lee 2009), its disruption may reduce the
impact of intrusive or aberrant memories on behavior subse-
quently (Lee et al. 2005, 2006; Brunet et al. 2008; Kindt et al.
2009; Taubenfeld et al. 2009). The reconsolidation of CS–cocaine
memories has been shown to depend upon protein synthesis and
expression of the plasticity-associated immediate-early gene,
zif268, in the basolateral amygdala (BLA), since zif268 knock-
down at memory reactivation disrupted the acquired conditioned
reinforcing properties of the CS measured in drug-seeking tasks
days or weeks later (Lee et al. 2005, 2006).

Although the BLA has an established role in CS-drug memory
reconsolidation, it remains unclear whether other sites within
limbic cortical-ventral striatal circuitry participate in this process.
The nucleus accumbens core (AcbC) is a primary candidate, as
zif268 is up-regulated in the AcbC as well as in the BLA following
exposure to cocaine CSs (Thomas et al. 2003). Furthermore, the
AcbC, which is strongly implicated in Pavlovian influences on
drug seeking and relapse (Cardinal et al. 2002; Kalivas and
McFarland 2003), has been shown to be a site where the recon-
solidation of a drug conditioned place preference (CPP) memory
can be disrupted (Miller and Marshall 2005).

Given the evidence of increased zif268 expression in the
AcbC following CS-drug memory reactivation, we investigated
its requirement in the reconsolidation of cocaine-associated
memories. To address this issue, we employed two different
but complementary paradigms widely used to measure the
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conditioned effects of CSs associated with drugs of abuse: the
acquisition of a new instrumental response with conditioned rein-
forcement (ANR) and CPP. These procedures have been used
successfully to investigate the mechanisms underlying the recon-
solidation of appetitive Pavlovian memories, but it is likely that
they depend upon different associative mechanisms (Everitt
et al. 1991; White and McDonald 1993) that in turn depend
upon different neural loci within limbic cortical-striatal circuitry
(Cardinal et al. 2002). Therefore, to enable a full comparison
with the functional involvement of the BLA, we investigated the
necessity for BLA zif268 expression in drug memory reconsolida-
tion as assessed in the CPP paradigm.

Results

Experiment 1: zif268 knockdown in the nucleus accumbens

core impaired the reconsolidation of a cocaine-induced

conditioned place preference memory

Histological assessment

Rats included in the behavioral analysis had cannulae placed
bilaterally either within, or adjacent to the boundaries of, the
nucleus accumbens core (Fig. 1). For the reactivated group, after
conditioning, 22 of 40 rats had acquired a preference for the
cocaine-paired chamber, a necessary prerequisite for observing
reconsolidation deficits. After histological analysis, five animals
were excluded due to cannulae misplacement (Fig. 1A). In total,
17 animals were included in the statistical analysis, seven zif268
ASO-infused rats and 10 zif268 MSO-infused rats.

For the nonreactivated group, one of the 24 rats was excluded
from the analysis due to cannulae misplacement (Fig. 1B). Hence,
the overall statistical analysis was performed on 23 animals of
which 11 were ASO treated and 12 were MSO treated.

Behavioral results

Intra-AcbC zif268 ASO infusions at memory reactivation disrupted the performance

of a previously acquired cocaine-conditioned place preference, in a reactivation-

dependent manner. Rats underwent a single preconditioning session
prior to the 8 d of training to assess any intrinsic preference for
either of the chambers (see Fig. 2A,B for an overview of training,
memory reactivation, and testing). Prior to conditioning, there
was no difference in the time spent on each side of the condition-
ing apparatus between the experimental groups (Side: F(1,15) ¼

2.787, P ¼ 0.157; Treatment: F(1,15) ¼ 0.683, P ¼ 0.422; Side ×
Treatment: F(1,15) ¼ 0.536, P ¼ 0.476) (Fig. 2C). During the mem-
ory-reactivation session, in which rats were reexposed to the
CPP apparatus in the absence of drug, there was no difference
between the two groups, with both groups spending more time
on the cocaine-paired side than on the saline-paired side (Side:
F(1,15) ¼ 26.979, P , 0.001; Treatment: F(1,15) ¼ 0.033, P ¼ 0.859;
Treatment × Side: F(1,15) ¼ 0.079, P ¼ 0.783). Moreover, both ex-
perimental groups had acquired a place preference as evidenced
by a greater preference for the cocaine-paired side during reacti-
vation compared with the preconditioning session (Fig. 2D;
Test × Side: F(1,15) ¼ 46.577, P , 0.001, Test × Side × Treatment:
F(1,15) ¼ 0.918, P ¼ 0.353). Forty-eight hours after the last con-
ditioning session and 24 hours after memory reactivation, all ani-
mals were reexposed again to the CPP apparatus. During this
post-reactivation test, while zif268 MSO-infused rats still showed
a preference for the cocaine-paired side, the zif268 ASO-infused
rats did not (Fig. 2E). Compared with the previous robust prefer-
ence showed during memory reactivation, the knockdown of
zif268 in the AcbC prior to memory reactivation impaired the
subsequent expression of the cocaine-induced CPP (Test ×
Side × Treatment: F(1,15) ¼ 7.476, P , 0.05).

The deficit induced by zif268 ASO was reactivation depend-
ent because intra-AcbC zif268 ASO in the absence of reexposure
to the conditioning apparatus did not affect the subsequent

expression of a previously learned
cocaine-CPP (Fig. 2G). Twenty-four
hours following intra-AcbC zif268 ASO
in the absence of memory reactivation,
both the zif268 MSO- and ASO-infused
groups spent more time in the cocaine-
paired side than in the saline-paired
side during the post-conditioning
test (Side: F(1,21) ¼ 12.379, P , 0.01;
Treatment: F(1,21) ¼ 1.859, P ¼ 0.187;
Treatment × Side: F(1,21) ¼ 0.106, P ¼
0.748). The significant preference
observed was not attributable to an ini-
tial preference for one of the condition-
ing chambers as no bias was observed
during the preconditioning test (Fig. 2F;
Side × Treatment: F(1,21) ¼ 0.157, P ¼
0.696; Side: F(1,21) ¼ 0.067, P ¼ 0.799;
Treatment: F(1,21) ¼ 0.154, P ¼ 0.699).

Experiment 2: zif268 knockdown in

the basolateral amygdala impaired

the reconsolidation of a

cocaine-induced conditioned place

preference memory

Histological assessment

Animals included in the behavioral anal-
ysis had cannulae placed bilaterally
either within, or adjacent to the bounda-
ries of, the basolateral amygdala (Fig. 3).

Figure 1. Location of the injector tips within the AcbC for both reactivated (A) and nonreactivated (B)
groups. (Black circles) zif268 ASO-infused rats; (white circles) zif268 MSO-infused rats.
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In the reactivated group 24 of 39 rats acquired a cocaine CPP. After
histological assessments, nine animals were excluded from the
study due to cannulae misplacement (Fig. 3, left panel). A further
animal was excluded as an outlier following the behavioral analy-
sis (data point . 2 SDs from the group mean) (Cardinal and
Aitken 2006). In total, 15 animals were included in the statistical
analysis, four zif268 MSO-treated rats and 11 zif268 ASO-infused
animals.

In the nonreactivated group, 19 of 31 rats were included in
the statistical analysis while 11 were excluded due either to cannu-
lae misplacement or bilateral damage in the BLA and surrounding
areas (Fig. 3, right panel). An additional animal was considered as
an outlier. Among the 19 animals included in the analysis, eight

were treated with zif268 MSO, while 11
were infused with zif268 ASO.

Behavioral results

Intra-BLA zif268 ASO infusions at memory reactiva-

tion disrupted the performance for a previously

acquired cocaine-conditioned place preference, in a

reactivation-dependent manner. To assess the
impact of intra-BLA zif268 knockdown,
rats were trained and tested exactly as in
the previous experiment (see Fig. 4A,B
for an overview of training, memory
reactivation, and testing). Prior to behav-
ioral conditioning, all reactivated ani-
mals showed no bias toward either side
of the CPP apparatus (Fig. 4C; Side:
F(1,13) ¼ 1.397, P ¼ 0.258; Treatment:
F(1,13) ¼ 0.004, P ¼ 0.953; Side ×
Treatment: F(1,13) ¼ 0.657, P ¼ 0.432).
Twenty-four hours after the last con-
ditioning session, rats received
intra-BLA zif268 ASO infusions and
were reexposed to the conditioning
apparatus in the absence of any drug
infusion in order to reactivate the mem-
ory. Both zif268 MSO- and ASO-infused
animals expressed a preference for the
cocaine-paired side as for both the
amount of time spent in this chamber
was higher than in the saline-paired
side (Side: F(1,13) ¼ 17.453, P ¼ 0.001;
Treatment: F(1,13) ¼ 0.494, P ¼ 0.495;
Treatment × Side: F(1,13) ¼ 0.698, P ¼
0.419) (Fig. 4D). Furthermore, for both
experimental groups, the time spent in
the cocaine-paired side was greater
during the reactivation session than
during the preconditioning session
(Test × Side: F(1,13) ¼ 27.479, P , 0.001;
Test × Side × Treatment: F(1,13) ¼ 0.190,
P ¼ 0.67), indicating that both groups
acquired a significant cocaine-CPP.
Forty-eight hours after the last con-
ditioning session, animals experienced
a second reexposure to the CPP appar-
atus, but this time without receiving
ASO or MSO infusions. During this post-
reactivation test, while zif268 MSO-
infused rats still showed a preference for
the cocaine-paired side, the zif268
ASO-infused rats did not (Fig. 4E),
thereby demonstrating that the knock-

down of zif268 in the BLA prior to memory reactivation impaired
the expression of a previously acquired cocaine-induced CPP
(Test × Side × Treatment: F(1,13) ¼ 5.975, P , 0.05).

The deficit induced by zif268 ASO was reactivation depend-
ent since intra-BLA zif268 ASO infusions in the absence of reexpo-
sure to the conditioning apparatus did not affect the expression
of the previously acquired cocaine-CPP (Fig. 4G). Twenty-four
hours following intra-BLA zif268 ASO infusions in the absence
of memory reactivation, both the zif268 MSO- and ASO-infused
groups spent more time in the cocaine-paired side than in the
saline-paired side during the post-conditioning test (Side:
F(1,17) ¼ 12.08, P , 0.01; Treatment: F(1,17) ¼ 0.282, P ¼ 0.068;
Treatment × Side: F(1,17) ¼ 0.274, P ¼ 0.608). This deficit was not

Figure 2. Cocaine-induced CPP is disrupted in a reactivation-dependent manner following
intra-AcbC zif268 ASO prior to memory reactivation. Time spent on the cocaine- (black bars) and saline-
paired (white bars) sides are shown for the reactivated (C–E; MSO ¼ 10, ASO ¼ 7) and nonreactivated
(F,G; MSO ¼ 12, ASO ¼ 11) groups. The timeline of the experimental procedures for the reactivated
and nonreactivated memory conditions are shown in A and B, respectively. (C) There was no difference
between the groups during the preconditioning test. (D) Both groups acquired a significant preference
for the cocaine-paired side as assessed in the memory-reactivation test. (E) The ASO group had a sig-
nificantly impaired preference for the cocaine-paired side during the post-reactivation test. (F) The non-
reactivated groups also did not differ during the preconditioning test. (G) Both groups showed a
significant preference for the cocaine-paired side during the post-treatment preference test. Data are
presented as mean+SEM.
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due to an initial preference for one of the conditioning chambers
by one of the experimental groups. Although the ASO-treated rats
spent more time in the center compartment than the MSO-treated
animals during the preconditioning test (Fig. 4F; Treatment:
F(1,17) ¼ 6.052, P ¼ 0.025), all animals spent on average the same
amount of time on each conditioning side (Fig. 4F; Side: F(1,17) ¼

0.368, P ¼ 0.552; Side × Treatment: F(1,17) ¼ 0.001, P ¼ 0.979).

Experiment 3: zif268 knockdown in the nucleus accumbens

core did not impair the reconsolidation of the

representation underlying the conditioned reinforcing

properties of a cocaine-paired CS

Histological assessment

Rats were implanted with chronic indwelling cannulae aimed at
the nucleus accumbens core, and animals included in the analysis
had injectors placed bilaterally either within, or adjacent to the
boundaries of, the nucleus accumbens core (Fig. 5). After histolog-
ical analysis, 12 of the 50 animals used in this experiment were
excluded due to cannulae misplacement. The final numbers of
animals per group were 16 for the contingent reactivation experi-
ment (ASO ¼ 9, MSO ¼ 7), and 22 for the noncontingent reactiva-
tion experiment (ASO ¼ 11, MSO ¼ 11).

Behavioral results

Self-administration training. The rats were first trained to nosepoke for
cocaine and a contingently presented CS light (see Fig. 6A for an
overview of training, memory reactivation, and testing). In both
the prospective designated response contingent and noncontin-
gent memory-reactivation groups, all animals showed similar lev-
els of nosepoke responding (data not shown; contingent: MSO ¼
47.3+12.2, ASO ¼ 54.5+14.4, Treatment: F(1,14) ¼ 0.209, P ¼
0.654; noncontingent: MSO ¼ 53.4+8.8, ASO ¼ 50.6+7.6,
Treatment: F(1,20) ¼ 0.059, P ¼ 0.811) and thus received similar
numbers of CS–cocaine pairings (data not shown; contingent:
MSO ¼ 22.6+2.6, ASO ¼ 23.8+2.5, Treatment: F(1,14) ¼ 0.218,
P ¼ 0.648; noncontingent: MSO ¼ 23.5+1.6, ASO ¼ 23.3+1.8,
Treatment: F(1,20) ¼ 0.008, P ¼ 0.932). Therefore, the level of con-
ditioning of the CS–cocaine association was equivalent across
experimental groups.

Memory reactivation. The cue–cocaine associ-
ation was reactivated either response
contingently, or response noncontin-
gently. For response contingent memory
reactivation, nosepokes were reinforced
by the CS, but not cocaine. During this
15-min session, both MSO and ASO
groups performed similar numbers of
nosepoke responses (Supplemental Fig.
S1A; MSO ¼ 29.1+4.3, ASO ¼ 26.6+

3.4; t(14) ¼ 20.482, P ¼ 0.638) and
thereby received on average the same
number of nonreinforced CS presenta-
tions (Supplemental Fig. S1B; MSO ¼
14.1+1.4, ASO ¼ 14.4+1.6, t(14) ¼

0.137, P ¼ 0.893).

The rats which received response non-
contingent memory reactivation were
exposed to 15 passive CS presentations
across the 15 min of reactivation session
(nosepoke responses had no pro-
grammed consequence). In this con-
dition, both groups, MSO and ASO,
performed a similar number of nosepoke

responses (Fig. S2; MSO ¼ 26.4+5.2, ASO ¼ 23.4+4.2, t(20):
20.449, P ¼ 0.658) and therefore underwent the same level of
extinction of the primary nosepoke response that previously
delivered cocaine infusions.

Acquisition of a new response with conditioned reinforcement. The integrity of the
cue–cocaine association was assessed by measuring the drug cue’s
ability to reinforce the discriminated acquisition of a new active,
rather than inactive, lever press response over four sessions of test-
ing. In both response contingent and noncontingent memory-
reactivation conditions, intra-AcbC infusions of zif268 ASO
90 min prior to memory reactivation did not affect the sub-
sequent acquisition of a new instrumental response (Fig. 6B,C).
ANOVA did not reveal any significant Treatment × Lever ×
Session interaction (contingent: F(3,42) ¼ 0.832, P ¼ 0.484; non-
contingent: F(2.206,44.118) ¼ 0.600, P ¼ 0.569). Moreover, while
there was a main effect of Lever (contingent: F(1,14) ¼ 29.617,
P , 0.001; noncontingent: F(1,20) ¼ 27.079, P , 0.001), there
were no Treatment × Lever interactions (contingent: F(1,14) ¼

0.807, P ¼ 0.384; noncontingent: F(1,20) ¼ 0.032, P ¼ 0.859) dem-
onstrating that in both memory-reactivation conditions, MSO-
and ASO-treated animals distinguished between the two levers
to an equivalent extent during ANR testing. Further pairwise com-
parisons revealed that all groups showed a preference for the
active lever (CS producing) over the inactive lever during the
last two sessions of ANR testing indicating that intra-AcbC infu-
sions of zif268 ASO prior to memory reactivation (contingent
and noncontingent) did not disrupt the previously acquired con-
ditioned reinforcing properties of the CS (contingent group: ASO
day 3, P ¼ 0.014; ASO day 8; P ¼ 0.008; MSO day 3, P ¼ 0.049;
MSO day 8, P ¼ 0.01; noncontingent group: ASO day 3, P ¼
0.015; ASO day 8, P ¼ 0.000; MSO day 3, P ¼ 0.001; MSO day 8,
P ¼ 0.001).

Primary instrumental responding during ANR tests. In both, contingent and
noncontingent, reactivation conditions the knockdown of
zif268 in the AcbC prior to memory reactivation did not affect
the subsequent performance of the previously acquired instru-
mental nosepoke response for drug (Fig. 7A,B) (Treatment: contin-
gent: F(1,14) ¼ 0.336, P ¼ 0.555; noncontingent: F(1,20) ¼ 2.169,
P ¼ 0.156; Treatment × Session: contingent: F(1.9,27.2) ¼ 0.965,
P ¼ 0.391; noncontingent: F(3,60) ¼ 1.921, P ¼ 0.136).

Figure 3. Location of the injector tips within the BLA for both reactivated (A) and nonreactivated (B)
groups. (Black circles) zif268 ASO-infused rats; (white circles) zif268 MSO-infused rats.
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Discussion

The present study demonstrates that knockdown of zif268 by
intra-AcbC or intra-BLA zif268 ASO infusion at reactivation
impairs the reconsolidation of a cocaine-CPP memory. The mem-
ory impairment was reactivation-dependent because animals
infused with zif268 ASO in the absence of memory reactivation
continued to express a cocaine-CPP when tested 24 h later.
These findings are consistent with previous studies which
showed, using different manipulations of intracellular signaling
pathways, that both the BLA and AcbC are involved in CPP mem-
ory reconsolidation (Miller and Marshall 2005; Milekic et al.
2006). In contrast, the administration of zif268 ASO in the AcbC

at memory reactivation did not affect
the reconsolidation of the memory repre-
sentations underlying the conditioned
reinforcing properties of a cocaine-paired
CS. Following response contingent or
noncontingent memory reactivation,
zif268 ASO-treated rats readily acquired
a new lever pressing response solely rein-
forced by presentation of the cocaine-
paired CS. Given that under identical
experimental conditions, zif268 knock-
down in the BLA at memory reactivation
disrupted subsequent acquisition of a
new instrumental response with condi-
tioned reinforcement (Lee et al. 2005),
the lack of effect following zif268 knock-
down in the AcbC clearly does not reflect
a failure to reactivate the drug-associated
memory. Instead these data together
indicate that the increased expression of
zif268 in the AcbC following presenta-
tion of a cocaine-associated CS (Thomas
et al. 2003) is related to the reconsolida-
tion of the memory trace arising from
Pavlovian associations that underlie con-
ditioned place preference, but not condi-
tioned reinforcement.

The observed behavioral impair-
ments are most likely due to the effects
of zif268 knockdown in the targeted neu-
ral loci. Our previous studies using the
same dose and volume of zif268 ASO
resulted in a specific decrease in zif268
expression in the brain loci targeted by
the infusions (Lee et al. 2004, 2005;
Hellemans et al. 2006). The infusion
parameters used may have resulted in dif-
fusion from the BLA or AcbC into neigh-
boring areas such as the central nucleus
of the amygdala (CeN) or the nucleus
accumbens shell (AcbS), respectively.
However, there is no evidence to suggest
that the CeN or AcbS are functionally
engaged in the present tasks. In the
procedure we and others have used, CPP
is cue-dependent and not dependent on
spatial (“place”) or context processing
(Everitt et al. 1991; McDonald and
White 1993; Ito et al. 2006), hence
requiring the integrity of the AcbC and
not the AcbS (Ito et al. 2008). Second,
the reactivation of a cocaine-CPP has
been shown to induce the phospho-

rylation of the extracellular-regulated kinase (ERK) signaling
pathway (a kinase upstream to zif268 activation) specifically in
the AcbC (Miller and Marshall 2005). Moreover, the cocaine
CS-dependent increase in zif268 expression was observed selec-
tively in the BLA (Thomas et al. 2003), and not the CeN. Finally,
we have previously demonstrated that even though intra-BLA
zif268 ASO infusions do spread into the CeN, they selectively
knock down zif268 protein levels only in the BLA and not in the
CeN (Hellemans et al. 2006).

The lack of effect of intra-AcbC zif268 knockdown on the
reconsolidation of the conditioned reinforcing properties of a
cocaine-paired CS requires further consideration. First, the
increased zif268 expression in the AcbC following presentation

Figure 4. Intra-BLA zif268 ASO, prior to memory reactivation, impaired cocaine-induced CPP in a
reactivation-dependent manner. Time spent on the cocaine- (black bars) and saline-paired (white
bars) sides are shown for the reactivated (C–E; MSO ¼ 4, ASO ¼ 11) and nonreactivated (F,G;
MSO ¼ 8, ASO ¼ 11) groups. The timeline of the experimental procedures for the reactivated and non-
reactivated memory conditions are shown in A and B, respectively. (C) There was no difference between
the groups during the preconditioning test. (D) Both groups acquired a significant preference for the
cocaine-paired side as assessed in the memory-reactivation test. (E) The ASO group had a significantly
impaired preference for the cocaine-paired side during the post-reactivation test. (F) The nonreacti-
vated groups also did not differ during the preconditioning test. (G) Both groups showed a significant
preference for the cocaine-paired side during the post-treatment preference test. Data are presented as
mean+SEM.
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of a cocaine CS (Thomas et al. 2003) may reflect neuronal
activation rather than engagement of a zif268-dependent plasti-
city process. Indeed, activity-dependent plasticity in the visual
cortex is associated with increased zif268 expression, yet occurs
in the absence of zif268 in mutant mice (Mataga et al. 2001).
Therefore, even if up-regulated, zif268 does not appear to be
required for all types of synaptic plasticity in all brain regions
(Davis et al. 2003), and this leaves open the possibility that alter-
native or parallel molecular pathways in the AcbC are engaged
in the reconsolidation of associations underlying conditioned
reinforcement. Second, zif268 expression at memory reactivation
in the AcbC may be implicated in the reconsolidation of some, but
not all, of the different representations formed during Pavlovian
conditioning (Cardinal et al. 2002) indicating, therefore, that
the CPP and conditioned reinforcement procedures depend
upon dissociable representations and neural substrates. Thus,
through association with the effects of a reinforcer such as
cocaine, a CS acquires both general motivational and sensory-
specific properties (Killcross and Balleine 1996; Cardinal et al.
2002) that are activated by CS presentation. The associations
mediating both types of representation undergo reconsolidation
and can be disrupted by the administration of an amnestic agent
at memory reactivation (Lee et al. 2005; Blaiss and Janak 2006; Lee
and Everitt 2008). Conditioned Pavlovian approach and
Pavlovian-to-instrumental transfer (PIT) tasks, which measure
the general motivational properties of a CS, depend upon struc-
tures within limbic cortical-ventral striatal circuitry that can be
dissociated from those that mediate conditioned reinforcement
(Cador et al. 1989; Everitt et al. 1999; Hall et al. 2001; Balleine
2005). For example, the BLA, but not the CeN is required for con-
ditioned reinforcement, but not Pavlovian approach or general
PIT, whereas the AcbC, but not the AcbS is required for the latter
(Everitt et al. 1999; Cardinal et al. 2002; Balleine 2005). Thus,
the present results clearly indicate that although zif268

knockdown in the AcbC does not impair
reconsolidation of the memory for the
sensory-specific conditioned reinforcing
properties of a cocaine-paired CS, it may
impair the reconsolidation of the repre-
sentation in memory of its general moti-
vational attributes.

These results strongly suggest that
the reconsolidation of Pavlovian mem-
ory representations underlying condi-
tioned reinforcement and conditioned
place preference behavior depend upon
different neural sites within limbic
cortical-ventral striatal circuitry. The psy-
chological basis of conditioned place
preference is complex; choice of the pre-
ferred compartment may reflect any, or a
combination of, an automatic Pavlovian
approach response (Mead et al. 2005),
conditioned reinforcing properties of
the CSs in the environment supporting
instrumental choice (Everitt et al.
1991), or reward expectancy (Everitt
et al. 1991; White and McDonald 1993).
These various Pavlovian mechanisms dif-
ferentially depend upon subcompart-
ments of the amygdala and nucleus
accumbens (for review, see Cardinal
et al. 2002). Here we show that both the
BLA and AcbC are engaged during the
reconsolidation of a cocaine-induced
CPP memory. One explanation for the

involvement of both structures is that CPP is mediated by both
conditioned approach and conditioned reinforcement mecha-
nisms. Thus, the conditioned reinforcement element is encoded
by the BLA, while the AcbC is involved in the storage of the con-
ditioned approach response. This hypothesis is consistent with
Miller and Sweatt’s (2006) suggestion that different brain struc-
tures within a neural circuit may interact in the storage of different
components of the CPP memory trace. However, it is not clear
from this hypothesis why, when zif268 is knocked down in
only one of these structures, animals are unable subsequently
to express a preference for the cocaine-paired compartment.
Instead, the reconsolidation of the memory or memories underly-
ing CPP requires concurrent processing in both the BLA and AcbC,
indicating that the memory trace at retrieval is distributed across
both nodes of this amygdalo-striatal system.

The differential involvement of the BLA and AcbC in con-
ditioned reinforcement and CPP memories may stem from the dif-
ferent representations formed in these structures during
Pavlovian conditioning. Thus, while the BLA is critical for the
reconsolidation of the specific CS–US association (Lee et al.
2005, 2006; Milton et al. 2008), the AcbC is required for the
impact of a CS upon instrumental responding and may therefore
be critical for encoding the selection of the behavioral response to
the CS (i.e., [CS–US]-R; see Cardinal et al. [2002]). This view re-
sonates with the notion of a limbic–motor interface as a site
for the “translation” of motivation or emotion into action
(Mogenson et al. 1980). This hypothesis suggests that knockdown
of zif268 in the BLA at memory reactivation impairs reconsolida-
tion of the CS–US representation stored in this area. Accordingly,
the cocaine-induced CPP and the acquisition of a new response
with conditioned reinforcement, which both rely on the CS–US
association, will be disrupted in subsequent performance tests.
Knockdown of zif268 at memory reactivation in the AcbC may,
in contrast, disrupt the reconsolidation of the (CS–US)-R

Figure 5. Location of the injector tips within the AcbC for both contingent (A) and noncontingent (B)
reactivated groups. (Black circles) zif268 ASO-infused rats; (white circles) zif268 MSO-infused rats.
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association. Therefore, during CPP memory reactivation, the
influence of the CS–US association upon the behavioral approach
to the drug-paired compartment is reactivated and rendered
susceptible to disruption by intra-AcbC zif268 ASO. In contrast,
while CS exposure would be expected to reactivate any (CS–
US)-R representation within the AcbC, as observed through the
up-regulation of zif268 expression (Thomas et al. 2003), impor-
tantly that (CS–US)-R association is not critical for the subsequent
acquisition of a new response with conditioned reinforcement. A
key difference between the CPP and conditioned reinforcement

procedures is that, during self-
administration training, the CS–US
association is itself associated only with
the nosepoke cocaine self-administra-
tion response, and not the lever press in
the ANR task that assesses the condi-
tioned reinforcing properties of the CS.
Hence, the putative AcbC encoded (CS–
US)–lever press association is only
acquired during the ANR test and, since
it is not present during the reactivation
session, it cannot be disrupted following
intra-AcbC zif268 ASO infusion. The
hypothesis of a functional role for the
AcbC in encoding selection of the behav-
ioral response to the CS is supported by
the demonstration that reversible inacti-
vation of the AcbC impaired the expres-
sion of the appropriate behavioral
response (Di Ciano et al. 2008).

While the BLA appears to be critical
for the reconsolidation of CS–US associa-
tions, we show here that the AcbC
instead appears to be required for the
reconsolidation of the representations
linking a CS–US association with its
appropriate behavioral response. A clear
test of the hypothesized functional role
of the AcbC in the reconsolidation of
Pavlovian influences upon instrumental
responding would be to use a “relapse/
reinstatement” task. If valid, this
hypothesis would predict that the knock-
down of zif268 in the AcbC at cocaine–
CS memory reactivation may disrupt
the ability of the CS subsequently to rein-
state cocaine-seeking behavior, a process
known to depend upon glutamatergic
afferents to the AcbC (Cornish et al.
1999; Kalivas and McFarland 2003;

McFarland et al. 2003). Taken together, the results of the present
study demonstrate that the BLA and the AcbC are two structures
importantly involved in the reconsolidation of a cocaine–CS
memory. The results extend those from other studies investigat-
ing the functional role of different brain loci in memory reconso-
lidation. The originality of the present work lies in the
demonstration that, depending on the psychological processes
involved, different neural substrates within limbic cortical-ventral
striatal circuitry are required for the reconsolidation of a Pavlovian
memory.

Materials and Methods

Subjects
The animals used were Lister Hooded rats
(N ¼ 184) (Charles River, UK) weighing
280–300 g at the time of surgery.
Subjects were housed in pairs from their
arrival until surgical procedures were car-
ried out. Thereafter, rats were singly
housed and kept in a room maintained
at constant temperature (218C) and
humidity levels under a reversed dark/
light cycle (12-h-dark, 12-h-light with
lights on at 19:00). One week after
arrival, animals were placed on a
restricted diet of 20 g of Purina lab

Figure 7. The knockdown of zif268 in the AcbC prior to both response contingent (A) and noncon-
tingent (B) memory reactivation did not affect the performance of the previously drug-reinforced instru-
mental behavior, nosepoke responding (n ¼ 7–9 per group in contingent reactivation; 11 per group in
noncontingent reactivation). Data are presented as mean+SEM.

Figure 6. Prereactivation intra-AcbC zif268 ASO had no effect on subsequent acquisition of a new
instrumental response with conditioned reinforcement. (A) Timeline of the experimental procedures.
(B) The number of active (reinforced by CS presentations) and inactive (nonreinforced) lever presses
was compared over four testing sessions after treatment given to rats submitted to a response contin-
gent memory reactivation (n ¼ 7–9 per group). (C) The number of active (reinforced by CS presenta-
tions) and inactive (nonreinforced) lever presses was compared over four testing sessions after
treatment given to rats submitted to a response noncontingent memory reactivation (n ¼ 11 per
group). Data are presented as mean+SEM.
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chow a day, sufficient to maintain body weight and growth. Water
was available ad libitum except during behavioral testing. All pro-
cedures were conducted in accordance with the United Kingdom
1986 Animals (Scientific Procedures) Act (Project License PPL 80/
1767 Personal License PIL 80/9268).

Surgery
For experiments 1 and 2, subjects were implanted bilaterally with
cannulae targeting the AcbC or the BLA. For experiment 3, ani-
mals were implanted with chronic indwelling bilateral cannulae
targeting the AcbC and with an indwelling, intravenous catheter
in the right jugular vein. The coordinates for cannula implanta-
tion were (mm, from Bregma): AcbC: AP +1.2 ML+1.8 DV
24.6 and BLA: AP 22.6 ML+4.5 DV 25.6 (from dura). Details
of the intravenous catheterization and intracerebral cannulation
procedures have been described previously (Di Ciano and Everitt
2004; Lee et al. 2005). A minimum of 7 d was allowed between sur-
gery and behavioral testing.

Infusions
The infusions of zif268 antisense (ASO)/missense (MSO) oligo-
deoxynucleotides were performed as previously described (Lee
et al. 2005) using a syringe pump and 5-mL Hamilton syringes
linked to the injectors (28 gauge stainless steel) by Silastic tubing.
The injectors for the AcbC infusions extended 2.5 mm below
the guide cannulae (AP +1.2 ML+1.8 DV –7.2). For the BLA infu-
sions, injectors extended 2 mm below the guide cannulae (AP –2.6
ML+4.5 DV –7.6). The oligodeoxynucleotides (ODN) were PAGE-
purified phosphorothioate end-capped 18 mer sequences and were
resuspended in sterile PBS to a concentration of 2 nmol/mL (1.0mL/
side; 0.125mL/min): zif268 ASO: 5′-GGTAGTTGTCCATGGTGG-3′,
zif268 MSO: 5′-GTGTTCGGTAGGGTGTCA-3′ (see Lee et al. 2005
for full details). The dose and volume of ODN infused has previ-
ously been shown to knock down zif268 expression, to be restricted
to the amygdala under the employed infusion parameters, and
to disrupt the reconsolidation of both aversive and appetitive
memories when infused into the amygdala (Lee et al. 2005;
Hellemans et al. 2006) or hippocampus (Lee et al. 2004). Rats
were habituated to the infusion procedure with prior training
infusions of the vehicle solution (0.125mL/min) twice during the
conditioning phase.

Injections
For CPP conditioning, cocaine and saline were administered via
intraperitoneal injection on alternate days. No previous habitua-
tion sessions were given. A dose of 10 mg/kg (10 mg/mL, 1 mL/
kg) cocaine hydrochloride was used for the conditioning sessions.
This dose has been previously shown to induce a significant place
preference in rats (Sellings et al. 2006). Rats were weighed every 2 d
in order to maintain appropriate doses according to body weight.
The volume of saline (0.9%) injected was identical to the volume
of cocaine for each subject.

Behavioral procedures

Acquisition of a new instrumental response with conditioned reinforcement

Rats were tested in operant chambers (Med Associates) described
previously (Di Ciano and Everitt 2004) and were based on pre-
vious experiments (Lee et al. 2005). Animals underwent 9 d of
cocaine self-administration training under a fixed-ratio schedule
of reinforcement. No levers were present during training. Each
head-entry (nosepoke) was recorded and resulted in extinction
of the houselight and contingent presentation of the CS light
above one of the retracted levers (20 sec; counterbalanced left
and right) with a single intravenous cocaine infusion (0.25 mg/
0.1 mL infused over 5.46 sec) delivered under a fixed-ratio 1 sched-
ule. During this 20-sec “time-out,” further nosepokes were re-
corded but had no programmed consequences. Following this
20-sec period, the houselight was illuminated again and the CS
light was switched off. No “priming” infusions of cocaine were

given at any time. The animals were allowed 30 infusions in total
per session or a maximum session length of 60 min, whichever
occurred first.

Reactivation of the CS-drug memory occurred 24 h after the
final training session and consisted of a single 15-min session.
Animals were randomly assigned to two experimental groups:
ASO and MSO. zif268 ODN infusions were given 90 min prior to
the start of the reactivation session, since this has been shown
in our earlier work to result in significant attenuation of zif268
up-regulation (Lee et al. 2005; Hellemans et al. 2006). Two condi-
tions of memory reactivation were used: (1) response-contingent
and (2) response noncontingent. In the response-contingent reac-
tivation condition, the parameters of the reactivation session
were identical to the training phase except that the syringe
pump contained heparinized saline instead of cocaine. Hence,
animals received a presentation of the 20-sec light stimulus asso-
ciated with an infusion of heparinized saline following each nose-
poke. As in the training session, the houselight was switched off
during the 20-sec CS presentation and switched back on at the
end of the time out period. For the response noncontingent reac-
tivation, CS light presentations were delivered independently of
the animal’s behavior. Each nosepoke still resulted in a single
saline infusion during which the houselight was switched off.
A total of 15 CS light presentations were made during the
15-min reactivation session (CS duration ¼ 20 sec; interstimulus
interval ¼ 40 sec).

The acquisition of a new instrumental response (ANR) test
occurred 24 h after the memory-reactivation session. Animals
were placed back in the same operant chambers used for training
and reactivation with the exception that two levers were now
extended into the chamber. A response on the active lever resulted
in a 1-sec presentation of the previously drug-associated CS under
a variable ratio (VR) 1–3 schedule during which the houselight
was extinguished. Depression of the inactive lever, located on
the same side as the drug-paired cue to avoid confounding effects
with Pavlovian approach (Di Ciano and Everitt 2004), had no pro-
grammed consequences. Nosepoke responses were also recorded
but had no programmed consequences. Although the animals
were connected to the intravenous line, the pumps were never
activated during the 30-min session. Test sessions were conducted
on days 1, 2, 3, and 8 following reactivation.

Cocaine-conditioned place preference

All behavioral training and testing took place in a Y-maze appara-
tus (Med Associates) described elsewhere (Ito et al. 2006). The CPP
apparatus comprised two main chambers which were distin-
guished by specific physical features and separated by a smaller
central compartment by manually operated guillotine doors.

TheCPPprotocolconsistedof threedifferentphases:precondi-
tioning (day 1), conditioning (days 2–9), and post-conditioning
tests (reactivation on day 10, post-reactivation long-term memory
on day 11). During the preconditioning test, baseline preferences
were assessed by placing rats in the central compartment of the
place preference apparatus and allowing free access to all com-
partments for 15 min. The time spent in each compartment was
recorded. An animal was considered to have acquired CPP if the
time spent in the cocaine-paired sideat post-conditioning/reactiva-
tion test minus the time spent in the cocaine-unpaired side at post-
conditioning/reactivation test was greater than zero and the differ-
ence between post-conditioning (paired-unpaired) minus precon-
ditioning (paired-unpaired) was also greater than zero.

During the subsequent 8 d, the conditioning phase was
conducted using a procedure in which the side and the order of
injections were counterbalanced across rats. Hence, in each exper-
imental group (ASO and MSO), half of the animals received
cocaine injections in their less preferred compartment while the
other half received cocaine injections in their preferred compart-
ment, and, in each subgroup, half were given cocaine injections
(10 mg/kg) prior to placement in the drug-paired compartment
on the first day, and half received saline (same volume as the
cocaine injection) prior to placement in the unpaired compart-
ment. This counterbalanced procedure resulted in the mean
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time of each experimental group being approximately equal both
in the paired and unpaired compartments during precondition-
ing. At the beginning of the conditioning session, animals were
placed in the center compartment. The animal only had access
to one of the main compartments, to which it was confined for
15 min following entry.

Twenty-four hours after the last conditioning session, a
post-conditioning memory-reactivation test was performed.
Infusions of zif268 ODN were given 90 min prior to the start of
the post-conditioning test. Between infusions and the mem-
ory-reactivation test, animals were returned to their home cage.
The post-conditioning test was similar to the preconditioning
phase as animals were placed in the center compartment and
were given free access to all compartments for 15 min. The time
spent on each side was recorded. Because one of the aims of this
study was to determine whether the reactivation of a CPP memory
causes this memory again to become labile and susceptible to dis-
ruption by amnestic agents, a nonreactivated control group was
included in the study for each experimental group (AcbC and
BLA cannulated rats). For the nonreactivated group, the CPP con-
ditioning procedure was similar to that described above. However,
the nonreactivated animals were never reexposed to the condi-
tioning apparatus on the day of the infusions. These rats received
the infusion treatment in a control environment which was never
experienced during the training period and were returned to their
home cage upon completion of the treatment.

Twenty-four hours after the memory-reactivation test, an-
other post-conditioning test (post-reactivation long-term
memory, PR-LTM) was performed and the time spent in each
compartment was recorded.

Histological assessment of cannula placements

At the end of behavioral testing, animals were perfused and their
brains sectioned coronally at 60mm and stained with Cresyl
Violet. The cannulae placements were analyzed using light micro-
scopy and recorded on standardized sections of the rat brain
(Paxinos and Watson 2004). Animals were only included in the
statistical analysis if the guide cannula tracks were just dorsal to
the brain area targeted and there was evidence of the tip of the
injector being placed within the brain area studied. Any animal
with bilateral damage or extensive lesions was excluded from
the analysis.

Statistical analysis

All data are presented as means+SEM and were analyzed using
SPSS 11.5 for Windows.

Three-way repeated-measures ANOVA were performed on the
data with between-subject factor Treatment (two levels, ASO ver-
sus MSO), and within-subject factors Session, Levers, Test, and
Side as appropriate. Main effects and significant interactions
were followed by pairwise comparisons (multiple t-test) with
Bonferroni adjustments. Violations of the sphericity assumption
underwent the Huynh-Feldt correction. A significance level of
P , 0.05 was selected for all analyses.
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