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Brief Communication

Reactivation-dependent amnesia for appetitive
memories is determined by the contingency

of stimulus presentation

Jonathan L.C. Lee' and Barry |. Everitt

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

Cambridge CB2 3EB, United Kingdom

Previously acquired aversive and appetitive memories are not stable and permanent. The reactivation of such
memories by re-exposure to training stimuli renders them vulnerable to disruption by amnestic agents such as the
noncompetitive N-methyl-D-aspartate receptor antagonist (+)-5-methyl-10,ll-dihydro-SH-dibenzo{a,d}cyclohepten-5,10-
imine maleate (MK-801). However, relatively little is known about the parameters that influence the reactivation
process. Here, we show that the method of stimulus presentation during memory reactivation is of great importance.
Male Lister Hooded rats were trained to acquire a lever press response that delivered a sucrose reward paired with a
light conditioned stimulus (CS). The CS-sucrose association was then reactivated through re-exposure to the CS,
either contingently upon the lever press response, or noncontingently in the absence of instrumental responding.
Systemic administration of MK-801 (0. mg/kg) at the time of memory reactivation resulted in amnesia, and hence a
reduction in subsequent sucrose seeking induced by, and dependent upon, presentation of the CS, only when the
memory was reactivated contingently. Therefore, stimuli may have to be presented in the same manner at memory
reactivation as during learning in order to render a previously acquired memory vulnerable to disruption. These
results have important implications for the potential translational use of glutamatergic treatments in conjunction

with targeted memory reactivation.

Memory reconsolidation is a process that is thought to occur
following the reactivation or retrieval of a memory in order to
re-stabilize that memory and enable its subsequent retrieval
(Nader 2003; Dudai 2004). Thus, amnesia is observed when an
amnestic agent is administered at the time of memory reactiva-
tion through re-exposure to salient training stimuli. Such reacti-
vation-dependent amnesia has been demonstrated across several
species and types of memory, and the mechanisms of the recon-
solidation process have been investigated intensively (Alberini
2005). The resultant understanding of memory reconsolidation
has led to the suggestion that disrupting the reconsolidation pro-
cess may be effective as a treatment strategy for neuropsychiatric
disorders in which persistent maladaptive memories play a
prominent role, such as post-traumatic stress disorder (PTSD) and
drug addiction (Lee et al. 2005; Debiec and Altemus 2006; Brunet
et al. 2007).

More recently, attention has also been paid to the factors
governing the initial reactivation of the memory. In particular,
understanding the manner of stimulus presentation that is nec-
essary to reactivate a consolidated memory successfully will be of
great importance in the translational application of any recon-
solidation-based treatment. It has been suggested that re-
exposure to directly relevant stimuli, rather than indirectly
linked cues, may be of critical importance to reactivate a given
memory (Debiec et al. 2006), and that at the pharmacological
level, memory reactivation or “induction of lability” may involve
signaling at NR2B-containing N-methyl-D-aspartate (NMDA) re-
ceptors (Ben Mamou et al. 2006). These studies employed an
aversive fear conditioning procedure that is often used as a model
of PTSD, in which rats are initially exposed passively to a previ-

1Corresponding author.
E-mail jicl2@cam.ac.uk; fax 44-1223-333564.
Article is online at http://www.learnmem.org/cgi/doi/10.1101/Im.976108.

15:390-393 © 2008 Cold Spring Harbor Laboratory Press
ISSN 1072-0502/08; www.learnmem.org

ously neutral stimulus paired with footshock, and the fear
memory is subsequently reactivated and tested by passive re-
exposure to the stimulus. However, in appetitive tasks, including
those used to model the compulsive drug seeking and taking
characteristic of addiction, stimuli are often presented contin-
gent upon an instrumental response during conditioning. There-
fore, an important issue to resolve is whether reactivation-
dependent amnesia can be effected when the stimuli are pre-
sented both noncontingently, as in Pavlovian fear memory, or
whether they must be presented contingent upon the instrumen-
tal response.

Our previous studies with cocaine self-administering rats
suggest that the contingency of stimulus presentation at memory
reactivation is unimportant (Lee et al. 2005, 2006a). However,
these studies employed substantially different behavioral proce-
dures to one another. Here, we used a procedure in which su-
crose-seeking behavior depends on the conditioned reinforcing
properties of a sucrose-associated conditioned stimulus (CS). We
compared directly the efficacy of presenting a previously sucrose-
paired stimulus either contingent upon an instrumental lever
press response (as during training), or noncontingently in the
absence of instrumental responding, in inducing reactivation-
dependent amnesia.

Male Lister Hooded rats, weighing 250-300 g, were re-
stricted to 15 g food daily, and water was freely available
throughout the experiment. All procedures were carried out in 12
operant chambers (Med Associates) as described previously (Hel-
lemans et al. 2006), and were conducted in accordance with the
United Kingdom 1986 Animals (Scientific Procedures) Act
(Project License PPL 80/1767). During 10 d of training, the rats
were placed individually in the operant chambers for 30 min.
The sessions began with illumination of the house light and ex-
tension of two levers into the chamber. A response on the active
lever (left or right, counterbalanced) was reinforced by a 5-sec
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elevation of the liquid dipper (1.0 mL of 10% sucrose), accom-
panied by a 10-sec illumination of the CS light above the lever,
during which the house light was extinguished and both levers
were retracted. On the final 2 d of training, rats were also habitu-
ated to the intraperitoneal injection procedure using the saline
vehicle.

The CS-sucrose memory was reactivated on the third day
after the final instrumental training session. For contingent
memory reactivation, the rats were returned to the operant
chambers and received a presentation of the 10-sec CS alone,
following each active lever response, in a single 15-min session.
No sucrose was available. Rats were injected with (+)-5-methyl-
10,11-dihydro-SH-dibenzo{a,d}cyclohepten-5,10-imine maleate
(MK-801) hydrogen maleate (1 mL/kg; Sigma) or the saline ve-
hicle, either 30 min before the start of the reactivation session, or
immediately following its termination. The dose of MK-801 (0.1
mg/kg) has previously been shown to impair the reconsolidation
of both aversive and appetitive pavlovian memories (Lee et al.
2006b; Lee and Everitt 2008).

Administration of MK-801 prior to, but not following, re-
sponse contingent memory reactivation reduced subsequent cue-
induced sucrose seeking (Fig. 1A). To test the ability of the CS to
maintain and enhance responding in the absence of sucrose, the
two levers were extended into the chamber for a 60-min session
conducted 3 d after memory reactivation. Responding on the
active lever was reinforced by a 1-sec presentation of the CS, but
not sucrose, during which the house light was extinguished but
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Figure 1.
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MK-801 administered prior to, but not immediately after, memory reactivation impaired
subsequent cue-induced sucrose seeking. Active and inactive lever presses during the two 30-min bins
of the test session were compared for contingently reactivated (A), noncontingently reactivated (B),
and nonreactivated (C) conditions. MK-801 administered prior to contingent memory reactivation
resulted in a reactivation-dependent impairment in subsequent cue-induced sucrose seeking across
the whole session (ANOVA; Lever X Reactivation X Treatment: F, ,4 =4.78, P < 0.04;
Lever X Treatment: F< 1; Lever X Reactivation X Treatment X Bin: F< 1). In contrast, there was no
significant effect of MK-801 when administered either immediately after contingent memory reacti-
vation (Lever X Reactivation X Treatment: F, ,4 = 1.88, P> 0.18; Lever X Treatment: F<1;
Lever X Reactivation X Treatment X Bin: F< 1) or prior to noncontingent re-exposure to the CS
(Lever X Reactivation X Treatment: F, ,,,=1.38, P> 0.25; Lever X Treatment: F<1;
Lever X Reactivation X Treatment X Bin: F < 1). Data presented as mean + SEM.

the levers remained extended. Saline-injected rats responded at
high levels on the previously active lever during the relapse test,
whereas rats injected with MK-801 pre-trial responded at signifi-
cantly lower levels. MK-801 administered immediately following
reactivation resulted in intermediate levels of responding,
though importantly not different from saline-injected controls.
This failure of post-reactivation MK-801 administration to impair
appetitive memory reconsolidation is consistent with that ob-
served previously in the maintenance of an acquired instrumen-
tal response with conditioned reinforcement (Lee and Everitt
2008), and is indicative of a limited time period during which
NMDA receptor signaling is necessary for appetitive memory re-
consolidation.

The MK-801-induced impairment in sucrose seeking was
critically dependent upon the memory reactivation session, the
omission of which resulted in MK-801-treated rats responding at
levels no different from saline-administered controls (Fig. 1C). In
contrast, when the rats were re-exposed to the CS in a response
noncontingent manner, there was no effect of the same MK-801
injection upon subsequent cue-induced sucrose seeking (Fig. 1B).
Response noncontingent memory reactivation was conducted in
a single 16-min session, during which the 10-sec CS was pre-
sented passively to the rats 24 times (30-sec ISI) without the
presence of either the levers or sucrose.

When compared with a group trained and reactivated con-
tingently under saline treatment, but tested in the absence of the
CS (no CS), the control group administered with saline at the
time of contingent memory reactivation
responded at significantly higher levels
(F(1,14 = 14.52, P <0.01), thus demon-
strating the ability of the pavlovian CS
to maintain and enhance instrumental
responding in the absence of sucrose. In
contrast, there was only a trend toward
greater responding in the group injected
with MK-801 prior to contingent CS re-
exposure (F(q 14y =4.26, P =0.058).
Therefore, statistically there was no dif-
ference between the effects of MK-801
injected prior to contingent memory re-
activation and omission of the CS alto-
gether at the test. However, it remains
unclear whether the MK-801-induced
deficit reflects a complete blockade of
cue-induced sucrose seeking measured
several days after the reactivation treat-
ment session.

There were no differences between
the groups during training. All groups
acquired the active lever press response
for sucrose reinforcement, and received
similar total numbers of CS—sucrose pair-
ings (data not shown; ~250 pairings;
F < 1). Moreover, the number of CS ex-
posures received during the reactivation
session was not different between the
contingently reactivated groups (Fig. 2).

The present results indicate that the
memory for an appetitive CS-sucrose as-
sociation, when acquired instrumen-
tally, can be reactivated successfully
only if the CS is again presented contin-
gent upon the instrumental response in
order to induce the reconsolidation pro-
cess. A reactivation-dependent amnesia
was observed only when the NMDA re-

o
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Figure 2. Number of conditioned stimulus (CS) re-exposures during
the contingent memory reactivation session. All groups received similar
numbers of CS presentations (F ,g, = 2.18, P> 0.11). Moreover, none of
the groups tested in the presence of the CS (Saline, MK-801 pre-trial, and
MK-801 post-trial) differed significantly from the rats re-exposed noncon-
tingently to the CS 24 times (one-sample t-tests; t; o055 < 0.62,
Ps > 0.55). Data presented as mean + SEM.

ceptor antagonist MK-801 was injected prior to response contin-
gent re-exposure to the CS. NMDA receptor signaling has previ-
ously been demonstrated to be critically required for the recon-
solidation of both aversive and appetitive memories
(Przybyslawski and Sara 1997; Suzuki et al. 2004; Torras-Garcia et
al. 2005; Akirav and Maroun 2006; Lee et al. 2006b; Lee and
Everitt 2008). In all of these studies, the presentation of the CS
during memory reactivation took place in a manner similar to
that experienced during training. In fear conditioning and an
odor-reward associative procedure, the stimuli were presented
passively at all times (Suzuki et al. 2004; Torras-Garcia et al. 2005;
Lee et al. 2006b), and in both maze and object recognition tasks
the reactivation session was identical to the training sessions
(Przybyslawski and Sara 1997; Akirav and Maroun 2006). Finally,
in an acquisition of a new response with conditioned reinforce-
ment procedure, the CS was always delivered contingent upon
behavioral responding (Lee and Everitt 2008). Thus, the present
data are unique in using a procedure in which the response con-
tingency of CS presentation is different at reactivation to that
during training.

It is possible that the observed lack of amnesia following
noncontingent CS presentation relates not to effects of response
contingency, but simply to the removal of the levers during the
reactivation session. This might alter the experimental context
sufficiently that CS presentation, no matter how it is achieved,
does not effectively reactivate the memory. However, such con-
textual influences have not been observed in other paradigms.
For example, re-exposure to the conditioned odor in the home
cage was sufficient to induce NMDA receptor-dependent recon-
solidation in another reward-related task (Torras-Garcia et al.
2005).

Neurotransmission events related to stimulus exposure pre-
viously have been shown to be influenced by the manner of CS
presentation (Ito et al. 2000, 2002). A cocaine-associated CS elic-
ited dopamine release in the nucleus accumbens core only when
presented noncontingently (Ito et al. 2000), and in the dorsal
striatum only when delivered contingent upon drug seeking (Ito
et al. 2002). Therefore, it is conceivable that such differential
responses are related to the specific ability of contingent CS pre-
sentation to reactivate previously acquired memories.

The present results are somewhat inconsistent with our pre-
vious data using a relapse to cocaine seeking procedure, in which
noncontingent presentations of a cocaine-associated CS were ef-
fective in reactivating the drug memory, rendering it vulnerable
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to disruption through the intracerebral infusion of antisense oli-
godeoxynucleotides targeting the immediate-early gene Zif268
(Lee et al. 2006a). Thus, with CS-cocaine memories, the contin-
gency of stimulus presentation did not appear to be an important
variable (Lee et al. 2005, 2006a). However, it must be noted that
the cocaine CS was presented 30 times noncontingently (Lee et
al. 2006a), compared with the 24 presentations of the sucrose CS
in the present study, and so it remains possible that a greater
number of noncontingent CS presentations would have been
sufficient to reactivate the sucrose memory. Nevertheless, it re-
mains the case that CS presentation was more effective in reac-
tivating the memory when it occurred response-contingently. It
is also possible that the well-learned drug-associated memory,
arising from hundreds of pairings of the CS with self-
administered intravenous infusions of cocaine (Lee et al. 2006a),
is more easily reactivated than the less intensively trained natural
reward-related memory here, and that this contributes to the
persistent maladaptive effects of drug memories on addictive be-
havior. This may, in part, explain the inconsistent findings from
studies employing a conditioned place preference procedure, in
which there are limited numbers of CS-drug pairings, and differ-
ent reactivation requirements have been reported in order to
observe reconsolidation impairments (Miller and Marshall 2005;
Valjent et al. 2006; Yim et al. 2006).

An alternative explanation for the different effects of su-
crose versus cocaine memory reactivation is that the response
contingency-dependence observed here is specifically related to
the use of NMDA receptor antagonism as the amnestic treatment.
It has been shown that the blockade of NR2B-containing NMDA
receptors in the amygdala prevents the reactivation of a condi-
tioned fear memory, thereby protecting it from the amnestic ef-
fects of protein synthesis inhibition (Ben Mamou et al. 2006).
Therefore, it is possible that MK-801 administration in fact pre-
vented the reactivation of the CS-sucrose memory by noncon-
tingent CS presentation. Thus, glutamatergic signaling at NMDA
receptors may be necessary to reactivate a CS-sucrose memory,
but only when the CS is presented passively. This hypothesis
would predict that in the noncontingent condition, MK-801
would protect an acquired CS-sucrose memory from reactiva-
tion-dependent amnesia effected by some other amnestic agent.

While we have discussed the potential contingency- and
NMDA receptor-dependence of memory “reactivation,” it is per-
haps more accurate to term the process memory “destabiliza-
tion.” Amnestic agents such as MK-801 and protein synthesis
inhibitors impair memory not directly, but rather through the
disruption of the neurobiological processes that are necessary to
stabilize or re-stabilize a memory. Thus, by implication, it is the
reactivation process itself that actively destabilizes the memory.
This reactivation or destabilization process is clearly an impor-
tant focus of future research, especially in relation to the poten-
tial clinical targeting of reconsolidation in therapeutic settings
(Ben Mamou et al. 2006). The present data indicate that the man-
ner in which salient memory-evoking stimuli are presented is an
important consideration when attempting to induce reactiva-
tion-dependent amnesia.
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