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Relapse to drug abuse is often caused by exposure to drug-associated cues that evoke craving. Therefore, disruption of the cue–drug
memory can prevent relapse. Memories destabilize and become temporarily labile upon their retrieval, and re-stabilize in a process termed
reconsolidation. Pharmacological disruption of reconsolidation prevents relapse in animal models, yet may evoke side effects. Therefore,
behavioral procedures capable of preventing cue-induced craving and relapse are extremely valuable. Aversion therapies, in which drug-
paired cues are re-associated (counterconditioned) with aversive consequences, have limited success, because the previous cue–drug
memory may recover, triggering relapse. Here, we prevented the memory recovery and relapse to cocaine seeking by applying aversive
counterconditioning during memory reconsolidation. Mice were trained to seek cocaine in a conditioned place preference procedure. The
cocaine-associated compartment was then counterconditioned with lithium chloride (LiCl)-induced malaise, preceded by a brief exposure
to the compartment (memory retrieval). Relapse was assessed in a reinstatement test. We found that aversive counterconditioning
conducted shortly after memory retrieval (during reconsolidation) induced a long-lasting prevention of relapse to cocaine seeking.
However, mice relapsed when counterconditioned without, before, or long after memory retrieval, or when receiving LiCl without place
counterconditioning. Our findings suggest that post-retrieval aversive counterconditioning leads to relapse prevention, possibly by replacing
the cue–drug with a cue–aversion memory, thereby the cue ceases to evoke craving. Moreover, we found that a similar memory
replacement procedure prevented relapse of conditioned place aversion. Hence, this novel procedure can also prevent relapse of aversive
memories, providing a safe approach to alter various maladaptive behaviors.
Neuropsychopharmacology (2017) 42, 716–726; doi:10.1038/npp.2016.140; published online 31 August 2016
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INTRODUCTION

Drug addiction has been extensively described as a disorder
of learning and memory (Stewart et al, 1984; Wise, 1987;
Hyman, 2005; Milton and Everitt, 2012). In addicts, the
reinforcing effects of the drug become strongly associated
with environmental cues and objects used for drug
consumption during repeated drug intake (Hyman et al,
2006; O'Brien et al, 1992; Wikler, 1973). Consequently, the
mere exposure to drug-paired cues elicits strong craving and
relapse even after protracted abstinence (O'Brien et al, 1992).
Therefore, disruption of the cue–drug association is expected
to reduce or prevent cue-induced relapse.
Aversion therapies have been used to attenuate relapse of

persistent unwanted memories such as cue-induced drug
craving (Cannon et al, 1981; Frawley and Smith, 1990). In this
therapeutic approach, a cue, previously associated with the
reinforcing effects of a drug, is re-associated (countercondi-
tioned) with an aversive outcome, such as a mild electrical
shock or induction of nausea (Cannon et al, 1981; Frawley and

Smith, 1990). Aversive counterconditioning was shown to be
more potent than extinction in suppressing relapse in animal
models and humans (Van Gucht et al, 2010; Tunstall et al,
2012). However, this suppressive effect is temporary, and
aversion therapies have limited success across time, since the
cue–drug association can later recover, leading to cue-induced
craving and relapse. This recovery of the original memory
suggests that aversive counterconditioning leads to the
formation of a new cue–aversion association that competes
with the cue–drug associative memory trace for behavioral
expression (Bouton and Peck, 1992; Brooks et al, 1995), rather
than changing or disrupting the cue–drug memory.
In recent years an alternative approach for memory

disruption has been suggested, via interference with memory
reconsolidation (Nader and Hardt, 2009). Specifically, it is
increasingly accepted that memories destabilize upon their
retrieval, after which they re-stabilize in order to persist, in a
process of reconsolidation (Nader and Hardt, 2009; Dudai,
2012; Merlo et al, 2015). Therefore, the retrieved memory
becomes labile for a short period of time termed the
‘reconsolidation window’, during which it can be strength-
ened, updated, or even erased (Nader and Hardt, 2009;
Dudai, 2012; Reichelt and Lee, 2013; Tronson and Taylor,
2013). Reconsolidation of drug-associated memories is
disrupted by inhibition of protein synthesis in animal
models, resulting in a reduced cue-induced reinstatement
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of drug-seeking behavior (eg, von der Goltz et al, 2009; Barak
et al, 2013; Tronson and Taylor, 2013). However, most
pharmacological treatments used to disrupt memory recon-
solidation may cause serious side effects. Thus, behavioral
procedures capable of disrupting drug memory reconsolida-
tion and preventing cue-induced craving and relapse are of
extreme translational value.
Here, we sought to prevent the recovery of the cue–drug

memory and the consequent cue-induced craving and relapse
by replacing the cue–drug with a cue–aversion memory.
Specifically, we tested whether aversive place countercondi-
tioning, conducted within the ‘reconsolidation window’, can
prevent relapse of cocaine-conditioned place preference (CPP)
in mice.

MATERIALS AND METHODS

For a detailed description of materials and apparatus, see
Supplementary Information.

Animals

C57BL/6J mice (bred at Tel-Aviv University Animal Facility,
Israel; 25–30 g) were housed 3–4/cage and kept under a 12-h
light–dark cycle (lights on at 0400 hours) with food and
water available ad libitum. All experimental protocols were
conformed to the guidelines of the Institutional Animal
Care and Use Committee of Tel Aviv University, Tel Aviv,
Israel. All efforts were made to minimize the number of
animals used.

Place Conditioning, Counterconditioning and
Reinstatement

All mice were habituated to daily i.p. saline administrations
5 days prior to the beginning of the procedure, which was
conducted in a two-compartment unbiased CPP apparatus
(see Supplementary Information). The compartments dif-
fered in wall patterns and floor texture, and were divided by
a sliding door.

Baseline Test (day 1). On the first day, the sliding door was
retracted and mice were allowed to explore the entire
apparatus freely for 30min. Animals that spent 470% of
time in either of the compartments were excluded from the
study (one mouse from Experiments 3a and 4). This allowed
the use of an unbiased design, in which the two compartments
are (a) equally preferred before conditioning as indicated by
the group average (unbiased apparatus); (b) pseudo-randomly
assigned to the experimental conditions (unbiased assignment
procedure) (Mucha et al, 1982).

Conditioning (days 2–7 in Experiments 1–3; days 2–9 in
Experiment 4). Training started 24 h after the Baseline Test
with one session per day over 6 or 8 days, with the sliding
door closed. On days 3, 5, 7 (and 9 in Experiment 4) mice
were administered with cocaine (15 mg/kg; i.p.) and
immediately confined to the paired compartment for
30 min (Experiments 1–3), or were administered with LiCl
(150 mg/kg; i.p.) and then confined to the paired compart-
ment for 45 min (Experiment 4). On the alternate days (days

2, 4, 6, and also 8 in Experiment 4), mice were administered
with vehicle and were confined to the unpaired compartment
for the same duration as on the drug-conditioning day.
Paired compartments were counterbalanced.

Place Preference Test 1 (day 8 in Experiments 1–3, day 10
in Experiment 4). Place preference test was identical to the
Baseline Test. In Experiments 1–3 this test served to index
cocaine-CPP (Mucha et al, 1982; Itzhak and Martin, 2002;
Cunningham et al, 2006), and in Experiment 4 it served to
index LiCl-conditioned place aversion (CPA) (Martin and
Itzhak, 2000; Parker and Mcdonald, 2000; Legastelois et al,
2015). Preference or avoidance was defined as an increase or
a decrease, respectively, in the percent of time spent in the
drug-paired compartment on the Place Preference Test 1,
compared with the Baseline Test.

Counterconditioning, coupled or not coupled with memory
retrieval (days 9–16 in Experiments 1a and 3; days 9–12 in
Experiment 1b; days 11–16 in Experiment 4). Training
began 24 h after Place Preference Test 1, with a session
per day over 8 days (4 days in Experiment 1b; 6 days in
Experiment 4), similar to the Conditioning stage. Specifi-
cally, on the paired days mice from the Retrieval group were
confined to the paired compartment for 4 min in order to
retrieve the drug-associated memories (thus initiating the
memory reconsolidation process). Mice from the control, No
Retrieval group were handled. Mice were then returned to
their home cages and held in a service room adjoined to the
experiment room. Counterconditioning was conducted after
(Experiments 1, 3a, 4) or before (Experiment 3b) the
memory retrieval. For aversive counterconditioning training,
mice were administered with LiCl (Experiments 1 and 3) and
were immediately confined to the paired compartment for
45 min (Retrieval group) or 49 min (control, No Retrieval
group). In Experiment 4, the Retrieval and No Retrieval
groups were administered with cocaine and confined to the
compartment for 26 and 30 min, respectively. See more
details in the Experimental Designs section.

Place Preference Test 2 (day 17; day 13 in Experiment
1b). This stage was identical to the previous test stages, and
confirmed that counterconditioning led to loss of cocaine-
CPP (Experiments 1 and 3) or LiCl-CPA (Experiment 4).

Reinstatement (relapse) Test (day 18; days 26 and 40 in
Experiment 1b). On this day, all mice received a prime
administration, half of the conditioning dose (Mueller and
Stewart, 2000) of cocaine (7.5 mg/kg, Experiments 1–3) or
LiCl (75 mg/kg, Experiment 4) immediately before a 30-min
test session with free access to both compartments. This test
is considered to model relapse to cocaine seeking (Mueller
and Stewart, 2000; Itzhak and Martin, 2002). A pilot
experiment indicated that cocaine-prime administration,
but not saline-prime administration, reinstates cocaine-CPP
48 h after aversive counterconditioning (Supplementary
Figure S1). Relapse to cocaine-CPP was defined as an
increase in the percentage of time spent in the drug-paired
compartment during the Reinstatement Test, as compared
with the Place Preference Test 2 (Experiments 1–3). In
Experiment 4, a decrease in the percentage of time spent in
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the drug-paired compartment indicated reinstatement of
avoidance from the LiCl-associated compartment (Parker
and Mcdonald, 2000).

Experimental Designs

Experiment 1a. After completing a Baseline Test, mice
underwent cocaine-place conditioning, and expression of CPP
was confirmed by Place Preference Test 1. Mice were then
divided into two groups: a Retrieval group, which underwent
memory retrieval, and a control, No Retrieval group, which
received handling. One hour later, all mice underwent
counterconditioning with LiCl, and abolition of cocaine-CPP
was confirmed by Place Preference Test 2 on the following day.
The next day, all mice underwent a Reinstatement Test.

Experiment 1b. This experiment was similar to Experi-
ment 1a, except that mice underwent a Reinstatement Test
14 and 28 days after the last place counterconditioning
session (which translates to 19 and 33 days after the last
cocaine-conditioning session).

Experiment 2. This experiment was similar to Experiment
1a, except that in the second phase, mice were not placed in
the apparatus after LiCl/vehicle administration, but were
instead returned to their home cages.

Experiment 3a. This experiment was similar to Experi-
ment 1a, except that the counterconditioning sessions were
conducted 5 h after the memory retrieval session.

Experiment 3b. This experiment was similar to Experi-
ment 1a, except that the counterconditioning sessions were
conducted 1 h before (rather than after) the memory retrieval
session.

Experiment 4. This experiment was similar to Experiment
1a, except that mice first underwent LiCl-place conditioning,
and during the second phase of the experiment received
place counterconditioning with cocaine 1 h after memory
retrieval.

Statistical Analysis

Place preference was indexed by percentage of time spent in
the drug-associated compartment (time spent in the drug-
associated compartment × 100/total test time). Expression of
CPP (CPA in Experiment 4) was confirmed by paired t-test
comparing preference in the Baseline (pre-conditioning) and
Place Preference Test 1 (post-conditioning). Place preference
data after counterconditioning (LiCl treatment in Experi-
ment 2) were analyzed by a mixed-model ANOVA, with a
between-subject factor of Group (Retrieval, No Retrieval)
and a repeated measures factor of Test (Place Preference
Test 2, Reinstatement Test(s)). ANOVA was followed by
Student–Newman–Keuls test where indicated. Data from
mice that did not show place preference/aversion in Place
Preference Test 1 were excluded from the analysis (One
mouse in Experiment 1a, two mice in Experiments 2 and 3a;
three mice in Experiments 3b and 4).

RESULTS

Experiments 1a and 1b: Aversive Counterconditioning
During Memory Reconsolidation Leads to a Long-
Lasting Prevention of Relapse to Cocaine Seeking

Experiment 1a. First, we assessed the capacity of counter-
conditioning given after retrieval of cocaine-associated
memories (ie, during reconsolidation) to prevent relapse to
cocaine seeking, using the CPP paradigm. This paradigm has
been widely used to assess the rewarding properties of drugs
(Mucha et al, 1982; Itzhak and Martin, 2002; Cunningham
et al, 2006), and to model cue-induced craving and relapse
through reinstatement of cocaine-CPP (Mueller and Stewart,
2000; Itzhak and Martin, 2002). Our modified place
conditioning procedure consisted of two training phases: a
cocaine place conditioning phase followed by an aversive
place counterconditioning phase with LiCl, which is
commonly used to induce CPA (Martin and Itzhak, 2000;
Parker and Mcdonald, 2000). For more details, see Materials
and Methods.

As presented in Figure 1a (experimental timeline), follow-
ing a Baseline Test, all mice were first trained in a cocaine-
CPP procedure. On the next day place preference was tested,
and as expected, mice displayed CPP, as reflected by an
increased percentage of time spent in the cocaine-paired
compartment after place conditioning, compared with base-
line (Figures 1b; t(14)= 6.67; po0.0001). In the second phase,
mice underwent place counterconditioning with LiCl, 1 h after
memory retrieval (Retrieval 1 h group) or handling (control,
No Retrieval group). The 1-h interval was chosen in order for
the counterconditioning to be held within the ‘reconsolidation
window’ (Nader and Hardt, 2009; Sartor and Aston-Jones,
2014; Xue et al, 2012). We found in a second place preference
test that concluded the counterconditioning phase, that
aversive counterconditioning led to the loss of place
preference in both groups (Figure 1b). In addition, cocaine
and LiCl administration enhanced and suppressed locomotor
activity, respectively (Supplementary Figure S2).

We then tested whether cocaine-CPP will be reinstated by a
prime administration of cocaine (7.5mg/kg), a well-
established measure of relapse to cocaine seeking (Mueller
and Stewart, 2000). We found that while the No Retrieval
group showed reinstatement of cocaine-CPP, the Retrieval 1 h
group did not reinstate the preference to the drug-paired
compartment. These results indicate that aversive counter-
conditioning applied after a cocaine memory retrieval
prevents the reinstatement of cocaine seeking (a mixed model
ANOVA: a main effect of Test (F(1,13)= 6.63, po0.05) and a
Group×Test interaction (F(1,13)= 5.09, po0.05), but no
main effect of Group (p40.05). Post hoc analysis: No Retrieval
group: Reinstatement vs Place Preference Test 2: po0.005; No
Retrieval vs Retrieval 1 h groups in the Reinstatement Test:
po0.05).

Experiment 1b. Next, we assessed whether the prevention
of relapse to cocaine seeking by aversive counterconditioning
performed within the ‘reconsolidation window’ is long
lasting. As shown in Figure 1c and d, following the cocaine
place conditioning phase mice expressed cocaine-CPP
(t(12)= 8.22; po0.0001), which was abolished by LiCl-
place counterconditioning, in both the Retrieval 1 h and
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No Retrieval groups. To assess the long-lasting effects of
counterconditioning conducted within the memory ‘recon-
solidation window’, we tested for reinstatement 14 and
28 days after the last counterconditioning session. In both
tests, we found that cocaine-CPP was reinstated in the
control, No Retrieval group, but not in the group that
underwent memory retrieval prior counterconditioning.
These results indicate that the relapse prevention
effect produced by counterconditioning within the ‘reconso-
lidation window’ is very long lasting (a mixed model 2 × (3)
ANOVA: a main effect of Group (F(1,11)= 5.58, po0.05)
and Test (F(2,22)= 8.57, po0.005), and a Group ×Test
interaction (F(2,22)= 6.73, po0.01). Post hoc analysis:
No Retrieval group: Reinstatement 14 or 28 days vs
Place Preference Test 2: p’so0.005; No Retrieval vs Retrieval
1 h groups in the Reinstatement 14 or 28 days tests:
p’so0.05).

Experiment 2: Administration of LiCl within the
‘Reconsolidation Window’ in the Absence of
Counterconditioning Fails to Prevent Relapse to Cocaine
Seeking

We next sought to verify that the effects we observed in
Experiment 1 were indeed due to the behavioral effects of
LiCl-counterconditioning and not a result of the pharmaco-
logical effects of LiCl per se. Therefore, we tested whether
CPP and its reinstatement would be affected by the mere
administration of LiCl.
As presented in Figure 2, cocaine-CPP was established as

described above, as mice spent more time in the cocaine-
paired compartment following cocaine place conditioning
(t(18)= 8.57; po0.0001). Next, mice underwent memory
retrieval every other day as described above (Retrieval
group), while the No Retrieval controls were briefly handled.
An hour later, all mice were administered with LiCl (vehicle
on alternate days) and immediately returned to the home
cages (Figure 2a, timeline). We found that following
this stage, cocaine place preference was reduced in the
group that underwent memory retrieval prior to LiCl
administration (t(9)= 3.82; po0.005). However, 24 h later,
both groups exhibited cocaine-CPP after a cocaine prime
administration, indicating that LiCl administration per se,
given after memory retrieval, does not prevent relapse to
cocaine CPP. These findings suggest that LiCl on its own
does not disrupt memory reconsolidation (a mixed-model
ANOVA: a main effect of Test (F(1,17)= 5.77, po0.05), but
no significant main effect of Group and no interaction,
p’s40.05).
Our results raised the possibility that LiCl given 1 h

after a brief memory retrieval disrupted the expression
(but not the reinstatement) of cocaine-CPP. Therefore,
we next tested whether LiCl can produce trace place
conditioning, namely, that the presentation of the uncondi-
tioned stimulus (US; LiCl) 1 h after the 4-min exposure
to the conditioned stimulus (CS, paired-compartment)
would lead to CPA. As depicted in Supplementary
Figure S3, mice did not show preference to either compart-
ments, ruling out the possibility that the absence of CPP
expression in the Retrieval group in Experiment 2 was due to
trace conditioning.

Experiments 3a and 3b: Aversive Counterconditioning
Applied Outside the ‘Reconsolidation Window’ Fails to
Prevent Relapse to Cocaine Seeking

Experiment 3a. According to the memory reconsolidation
hypothesis, the ‘reconsolidation window’, during which
memories are labile for manipulations, lasts 5–6 h (Nader
and Hardt, 2009; Barak et al, 2013). Therefore, applying a
manipulation aimed at disrupting memory reconsolidation
after the ‘reconsolidation window’ closes would not affect the
target memory and its behavioral expression (Nader and
Hardt, 2009; Milton and Everitt, 2012). Thus, we tested
whether aversive counterconditioning conducted outside the
‘reconsolidation window’, that is, 5 h after the retrieval of
cocaine-associated memories (Barak et al, 2013), would fail
to reinstate cocaine-seeking behavior.

As shown in Figure 3a and b, mice first went through
cocaine place conditioning and displayed cocaine-CPP
(t(14)= 8.38; po0.0001). Next, mice received either a brief
memory retrieval (Retrieval 5 h group) or were handled
(control, No Retrieval group) as described above, and were
then returned for 5 h to their home cage before receiving the
LiCl-counterconditioning. Following the aversive training,
CPP was abolished in both groups (Figure 3b). However, the
next day we found that both groups showed reinstatement of
cocaine-CPP, indicating that aversive counterconditioning
applied after the closure of the ‘reconsolidation window’ fails
to block relapse to cocaine-seeking behavior (a mixed-model
ANOVA: a main effect of Test (F(1,13)= 21.22, po0.0005),
but no significant main effect of Group and no interaction,
p’s40.05).

Experiment 3b. Retrieval (reactivation) of the memory is
postulated to be the initiating first step of the memory
destabilization-reconsolidation process (Nader and Hardt,
2009; Everitt, 2014). Thus, the memory must be retrieved to
open the ‘reconsolidation window’, prior to any memory
attenuating manipulation. However, there is evidence that a
reversed protocol, in which the memory is retrieved shortly
after extinction training, may also attenuate the memories
and prevent the reinstatement of the target behavior (Baker
et al, 2013; Millan et al, 2013). Therefore, we tested whether
aversive counterconditioning followed (rather than pre-
ceded) by memory retrieval would affect the reinstatement
of cocaine-seeking behavior.

As depicted in Figure 3c and similar to the experiments
above, mice were first trained in a cocaine place conditioning
procedure and displayed CPP (t(17)= 6.40; po0.0001). Next,
mice first underwent LiCl-place counterconditioning, and
1 h later were either briefly exposed to the paired compart-
ment as described above (1 h Retrieval group) or were
handled (No Retrieval group). As in the experiments above,
aversive counterconditioning abolished cocaine-CPP in both
groups (Figure 3d). However, a prime injection of cocaine
24 h later reinstated cocaine-CPP in both groups (a mixed-
model ANOVA: a main effect of Test (F(1,16)= 14.81,
po0.005), but no significant main effect of Group and no
interaction, p’s40.05).

Taken together, results from Experiments 3a and 3b
indicate that counterconditioning applied outside the
‘reconsolidation window’ (ie, before or long after memory
retrieval) cannot prevent the reinstatement of cocaine
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Figure 1 (a, b) Aversive counterconditioning conducted 1 h after retrieval of cocaine-associated memories prevents reinstatement of cocaine-conditioned
place preference. (a) Schematic representation of the experimental procedure (LiCl, lithium chloride; CC, counterconditioning). Mice were first trained in a
cocaine (15 mg/kg) conditioned place preference (CPP) procedure, and then received place counterconditioning with LiCl (150 mg/kg), conducted 1 h
after a memory retrieval session consisting of a 4-min re-exposure to the drug-associated compartment (Retrieval 1 h group), or handling (control,
No Retrieval group). Place preference tests were conducted after completion of the place conditioning and counterconditioning stages. Reinstatement of
cocaine-CPP was tested 24 h after validation of CPP loss, following administration of a 7.5 mg/kg cocaine prime. (b) Place preference/aversion scores,
expressed as mean+SEM of the percent of time spent in the cocaine/LiCl-paired compartment; *po0.05; ** po0.01; n= 7–8 per group. (c, d) Aversive
counterconditioning conducted 1 h after retrieval of cocaine-associated memories induces long-lasting prevention of the reinstatement of cocaine-conditioned
place preference. (c) Mice were first trained in a cocaine CPP procedure, and then received place counterconditioning with LiCl, conducted 1 h after a
memory retrieval session (Retrieval 1 h group), or handling (control, No Retrieval group). Place preference tests were conducted after completion of the
place conditioning and counterconditioning stages. Reinstatement of cocaine-CPP was assessed 14 and 28 days after the last counterconditioning
session following administration of a cocaine prime. (d) Place preference/aversion scores, expressed as mean+SEM of the percent of time spent in the cocaine/
LiCl-paired compartment; *po0.05; ** po0.01; n= 6–7 per group.
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seeking, implying that the context-cocaine memory re-
mained intact, and was later recovered.

Experiment 4: Appetitive Counterconditioning Applied
within the ‘Reconsolidation Window’ Prevents the
Reinstatement of Place Aversion

Next, we sought to show that the effect of post-retrieval
counterconditioning does not depend on the nature of
motivational reinforcements. More specifically, in the
experiments above we first trained mice with an appetitive
place conditioning (cocaine), and then counterconditioned
the same place with an aversive outcome, within or outside
the ‘reconsolidation window’. Here, we determined whether
reconsolidation of aversive memories could be disrupted by
appetitive counterconditioning. For this end we first trained
the mice to avoid one of the compartments with a LiCl-CPA
procedure (eg, Martin and Itzhak, 2000; Parker and
Mcdonald, 2000; Legastelois et al, 2015), and then tested if
counterconditioning by appetitive cocaine-CPP, with or
without a prior memory retrieval, can abolish the relapse
of avoidance behavior. Thus, the experiment was performed
to provide a proof of concept for the post-retrieval counter-
conditioning paradigm, and was designed in a reversed order
compared with the experiments above.
As expected, we found that following LiCl place condition-

ing, the percentage of time spent in the paired compartment
significantly decreased compared with baseline (Figure 4;
(t(13)= 5.62; po0.0001)), indicating expression of CPA. In

the second phase, mice underwent place counterconditioning
with cocaine 1 h after memory retrieval (Retrieval group) or
handling (control, No Retrieval group). We found that
following cocaine place counterconditioning, both groups
showed preference for the drug-paired compartment, suggest-
ing that appetitive counterconditioning effectively abolished
LiCl-CPA and produced cocaine-CPP. We then tested
whether administration of a prime dose of LiCl would lead
to the reinstatement of place aversion. We found that in
control mice, which received cocaine-counterconditioning
without prior retrieval, LiCl prime led to the loss of preference
for the drug-paired compartment, suggesting a partial
reinstatement of CPA (Figure 4b). However, mice that
received the cocaine-counterconditioning training after mem-
ory retrieval (ie, during memory reconsolidation) persisted in
showing preference for the drug-paired compartment. This
finding indicates that conducting appetitive countercondition-
ing within the ‘reconsolidation window’ prevents relapse of
the aversive memory (a mixed-model ANOVA: a Group×
Test interaction (F(1,12)= 7.82, po0.02); no significant main
effects (p’s40.05). Post hoc analysis: No Retrieval: Reinstate-
ment vs Place preference Test 2: po0.01; No Retrieval vs
Retrieval 1 h groups in the Reinstatement Test: po0.05).
Taken together, these results show that retrieval of the

memory before a counterconditioning session can prevent
the relapse of the original memory, regardless of the
motivational properties of the memory (appetitive or
aversive).
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Figure 2 Administration of LiCl 1 h after retrieval of cocaine-associated memories without counterconditioning training does not prevent reinstatement of
cocaine-conditioned place preference. (a) Experimental design and timeline (LiCl, lithium chloride; CC, counterconditioning). Mice were first trained in a
cocaine (15 mg/kg) conditioned place preference (CPP) procedure, and then place preference was tested. In the next stage, mice from the Retrieval group
received a 4-min re-exposure to the drug-associated compartment (memory retrieval), and after 1 h were administered with LiCl (150 mg/kg), and returned
to their home cages. No Retrieval controls received the LiCl treatment 1 h after brief handling. A second place preference test was conducted after the
completion of this stage. Reinstatement of cocaine-CPP was tested following administration of a 7.5 mg/kg cocaine prime. (b) Place preference/aversion scores,
expressed as mean+SEM of the percent of time spent in the cocaine/LiCl-paired compartment; *po0.05; **po0.01; n= 9–10 per group.
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Figure 3 Aversive counterconditioning applied outside the ‘reconsolidation window’ does not prevent reinstatement of cocaine-conditioned place
preference. (a, b) Aversive counterconditioning conducted 5 h after retrieval of cocaine-associated memories. (a) Experimental design and timeline (LiCl,
lithium chloride; CC, counterconditioning). Mice were first trained in a cocaine (15 mg/kg) conditioned place preference (CPP) procedure, and then received
place counterconditioning with LiCl (150 mg/kg), conducted 5 h after a memory retrieval session consisting of a 4-min re-exposure to the drug-associated
compartment (Retrieval 5 h group) or handling (control, No Retrieval group). Place preference tests were conducted after completion of the CPP and
counterconditioning stages. Reinstatement of cocaine-CPP was tested following administration of a 7.5 mg/kg cocaine prime. (b) Place preference/aversion
scores, expressed as mean+SEM of the percent of time spent in the cocaine/LiCl-paired compartment; **po0.01; n= 7–8 per group. (c, d). Aversive
counterconditioning conducted 1 h prior to cocaine-associated memory retrieval. (c) Experimental design and timeline. Mice were first trained in a cocaine
(15 mg/kg) CPP procedure, and then received place counterconditioning with LiCl (150 mg/kg). After 1 h, mice from the 1 h Retrieval group received a 4-min
re-exposure to the drug-associated compartment (memory retrieval). Control group (No Retrieval) was handled. (d) Place preference/aversion scores,
expressed as mean+SEM of the percent of time spent in the cocaine/LiCl-paired compartment; **po0.01; n= 9 per group.
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DISCUSSION

Here, we developed a novel memory replacement procedure,
indicating that aversive counterconditioning conducted 1 h
after a brief retrieval of cocaine-associated memories
produces a long-lasting prevention of the reinstatement of
cocaine-seeking behavior in a CPP paradigm. Our findings
suggest that under such conditions the recovery of the cue-
cocaine memory is prevented, possibly due to replacement
by a cue–aversion memory (Figure 5). Importantly, aversive
counterconditioning prevents relapse only when conducted
shortly after retrieval (during reconsolidation), but not when
conducted before or long after retrieval (outside the
‘reconsolidation window’). Furthermore, we also show that
aversive, LiCl-associated memories can be countered by
cocaine memories via post-retrieval appetitive countercon-
ditioning, which prevents relapse of avoidance behavior.
Thus, our findings indicate that the memory replacement
procedure introduced here can be applied to replace
appetitive with aversive memories and vice versa, and can
be used to change unwanted maladaptive behaviors into
desirable, adaptive behaviors.
Recently, it has been demonstrated in several addiction-

related procedures that conducting extinction training
following a brief memory retrieval session prevents relapse
to drugs seeking (Luo et al, 2015; Ma et al, 2012; Millan et al,
2013; Sartor and Aston-Jones, 2014; Xue et al, 2012). Based
on previous similar studies in fear conditioning procedures
(eg, Liu et al, 2014; Monfils et al, 2009), it has been
postulated that extinction training performed within the
‘reconsolidation window’ leads to incorporation of the new

information (cue–nothing association) into the original cue-
reinforcement memory trace (eg, cue–drug) (Millan et al,
2013; Monfils et al, 2009; Sartor and Aston-Jones, 2014; Xue
et al, 2012), rather than creating a competing memory as in
regular extinction (Bouton, 2002; Milton and Everitt, 2012).
However, several studies on fear memories showed that post-
retrieval extinction did not always prevent reinstatement of
fear behavior (Chan et al, 2010; Costanzi et al, 2011; Ishii
et al, 2015; Soeter and Kindt, 2011), and studies on drug
relapse showed attenuation, but not always prevention of
relapse to drug seeking (Luo et al, 2015; Xue et al, 2012).
Comparative studies have indicated that counterconditioning
may have a stronger suppressive effect on relapse of
memories, compared with extinction (Tunstall et al, 2012;
Van Gucht et al, 2010). Yet, similar to extinction, this relapse
suppressing effect is temporary, and reinstatement of the
target memories often occurs (Bouton and Peck, 1992;
Brooks et al, 1995; Tunstall et al, 2012). Here, we suggest that
conducting counterconditioning during memory reconsoli-
dation may provide a very potent approach of behavioral
intervention aimed at preventing the recovery of drug
memories. Moreover, our findings support the possibility
that rather than forming a new memory trace as in the
regular counterconditioning procedure, counterconditioning
administered during reconsolidation led to incorporation of
the aversive information into the original memory trace, so
that the retrieved cue–cocaine memory was reconsolidated as
a cue–aversion memory, and therefore the reinstatement of
cocaine-seeking behavior was prevented. Nonetheless, the
notion that the memory was replaced is yet to be shown
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Figure 4 Appetitive counterconditioning conducted 1 h after retrieval of aversive LiCl-associated memories prevents reinstatement of place avoidance
behavior. (a) Experimental design and timeline (LiCl, lithium chloride; Coc, cocaine; CC, counterconditioning). Mice were first trained in a LiCl (150 mg/kg)
conditioned place aversion (CPA) procedure, and then received place counterconditioning with cocaine (15 mg/kg), conducted 1 h after a memory retrieval
session consisting of a 4-min re-exposure to the drug-associated compartment (Retrieval 1 h group) or after handling (control, No Retrieval group). Place
preference tests were conducted after completion of the CPA and counterconditioning stages. Reinstatement of LiCl-CPA was tested following administration
of a 75 mg/kg LiCl prime. (b) Place preference/aversion scores expressed as mean+SEM of the percent of time spent in the LiCl/cocaine-paired compartment;
*po0.05; **po0.01 n= 7 per group.
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directly in the future using ensemble/engram procedures
(Cruz et al, 2013; Pfarr et al, 2015).
Interestingly, several studies have recently shown that

flipping the order of events in the retrieval–extinction
procedure, that is, retrieving the memory after, rather
than before extinction training, can prevent relapse in a
similar manner to post-retrieval extinction (Baker et al, 2013;
Millan et al, 2013), suggesting that the mechanisms
underlying this procedure are not necessarily reconsolidation
mechanisms. In the present study, however, flipping the
order of the events, by retrieving the memory after,
rather than before the counterconditioning training,
did not block the reinstatement of cocaine seeking (Experi-
ment 3b), further supporting our notion that the results we
observed are mediated by memory reconsolidation
mechanisms.
We found that LiCl on its own does not disrupt memory

reconsolidation, and that counterconditioning training is
required to prevent reinstatement of cocaine-CPP. Interest-
ingly, it was recently shown that administration of LiCl
immediately after memory retrieval abolished the expression
of cocaine-CPP (Wu et al, 2011). The authors suggested that
LiCl disrupted the reconsolidation of cocaine-associated
memories via its pharmacological properties, namely,
inhibition of glycogen synthase kinase 3β (GSK3β) (Wu
et al, 2011), which is implicated in synaptic plasticity,
learning, and memory formation (Dewachter et al, 2009).
However, we show here that the mere administration of LiCl
after memory retrieval without a counterconditioning indeed
decreases the expression of cocaine-CPP, but it does not
prevent the reinstatement of CPP triggered by a cocaine
prime (Experiment 2), implying that memory reconsolida-
tion is not affected by LiCl per se in the absence of the
behavioral, aversive counterconditioning. Thus, our results
suggest that the pharmacological effects of LiCl, for example,
GSK3β inhibition, can potentially facilitate extinction (see
Echeverria and Iarkov, 2014), yet are insufficient to disrupt
the reconsolidation of cocaine-associated memories and to
prevent relapse. Therefore, the long-lasting prevention of
relapse observed in our study is likely due to the behavioral
training, that is, re-associating the cues with LiCl-induced
malaise during memory reconsolidation.
Mice developed place aversion to a compartment paired

with the administration of 150 mg/kg LiCl (Experiment 4), in
line with previous findings (Martin and Itzhak, 2000).
Interestingly, in this experiment we observed an inversion
in the conditioned response, whereby the mice, which
showed LiCl-CPA after the first conditioning phase, showed
cocaine-CPP following the second, counterconditioning
phase. Notably, in the experiments where mice were first
trained to show cocaine CPP, counterconditioning with LiCl
led to the abolition of cocaine-induced place preference, yet
no place aversion was displayed, that is, mice showed no
preference to either compartments. We assume that the
strong reinforcing properties of cocaine countered the
aversive effects of LiCl with higher efficacy than vice versa.
This strong counterconditioning effect of cocaine was also
reflected in the reinstatement phase of Experiment 4, in
which a LiCl prime led to the loss of place preference but not
to place aversion in controls (No Retrieval group), probably
due to a remnant effect of the strong cocaine place (counter)
conditioning. It is plausible, however, that a stronger LiCl-

counterconditioning (eg, with higher doses of LiCl or
additional/longer counterconditioning sessions) would have
led to the explicit expression of place aversion.
After establishing the capacity of the post-retrieval

counterconditioning procedure to counter, or replace the
appetitive with an aversive memory, we also demonstrate
that an aversive memory, as manifested by LiCl-CPA, can be
replaced with a new appetitive memory of a cue–cocaine
association, via appetitive counterconditioning during the
‘reconsolidation window’ (Experiment 4). Thus, our results
indicate that via counterconditioning during reconsolidation,
it is possible to change an appetitive memory into an aversive
memory and vice versa. In other words, the paradigm is
effective regardless of the direction of change in motivational
or affective valence. Maladaptive associative memories are
involved in the pathology of several psychiatric disorders
besides addiction, such as phobias (Mineka and Ohman,
2002), post-traumatic stress disorder (Desmedt et al, 2015),
and obsessive-compulsive disorder (Gillan et al, 2011).
Therefore, utilizing the retrieval-counterconditioning proce-
dure to replace these unwanted memories with adaptive
memories is a potentially novel behavioral therapeutic
approach for these neuropsychiatric disorders. Indeed, Das
et al (2015) recently demonstrated that human hazardous
drinkers expressed less attention bias towards alcohol-related
stimuli after exposure to aversive taste or pictures during
reconsolidation, further pointing to the translational value of
the present approach to reduce cue-induced craving and
relapse in drug addicts.
Taken together, our findings indicate that the novel post-

retrieval counterconditioning paradigm presented here is a
promising behavioral approach for replacing maladaptive,
unwanted memories with adaptive ones, by shifting the
emotional valence of the conditioned stimulus during
reconsolidation. In particular, our findings hold promise
for prevention of relapse to drug abuse by countering the
valence of the drug paraphernalia. As such, the paradigm
provides a novel potential therapeutic approach based on
behavioral training and without pharmacological side effects,
and can be applied to a range of psychiatric disorders
involving maladaptive, pathogenic memories.
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Figure 5 A model illustrating the memory replacement paradigm. A cue–
drug memory is destabilized upon retrieval by exposure to the cue, and
subsequently enters the reconsolidation phase. Pairing of the cue with an
aversive consequence within the ‘reconsolidation window’ leads to
incorporation of aversive information into the original memory trace, so
that the retrieved cue–drug memory is reconsolidated as a cue–aversion
memory; therefore, the cue ceases to evoke craving and relapse.
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