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Abstract

Relapse to alcohol abuse is often caused by exposure to potent alcohol-associated

cues. Therefore, disruption of the cue-alcohol memory can prevent relapse. It is

believed that memories destabilize and become prone for updating upon their reac-

tivation through retrieval and then restabilize within 6 h during a “reconsolidation”

process. We recently showed that relapse to cocaine seeking in a place-conditioning

paradigm could be prevented by counterconditioning the cocaine cues with aversive

outcomes following cocaine-memory retrieval. However, to better model addiction-

related behaviors, self-administration models are necessary. Here, we demonstrate

that relapse to alcohol seeking can be prevented by aversive counterconditioning

conducted during alcohol-memory reconsolidation, in the place conditioning and

operant self-administration paradigms, in mice and rats, respectively. We found that

the reinstatement of alcohol-conditioned place preference was abolished only when

aversive counterconditioning with water flooding was given shortly after alcohol-

memory retrieval. Furthermore, rats trained to lever press for alcohol showed

decreased context-induced renewal of alcohol-seeking responding when the lever

pressing was punished with foot-shocks, shortly, but not 6 h, after memory retrieval.

These results suggest that aversive counterconditioning can prevent relapse to alco-

hol seeking only when performed during alcohol-memory reconsolidation, presum-

ably by updating, or replacing, the alcohol memory with aversive information. Finally,

we found that aversive counterconditioning preceded by alcohol-memory retrieval

was characterized by the upregulation of brain-derived neurotrophic factor (Bdnf )

mRNA expression in the medial prefrontal cortex, suggesting that BDNF may play a

role in the memory updating process.
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1 | INTRODUCTION

Alcohol use disorder (AUD) is a relapsing disorder; even with success-

ful treatments, nearly 70% of patients relapse within the first year of

abstinence, with no available effective preventive treatment.1,2

Relapse to alcohol abuse is often caused by exposure to the

environmental cues that became associated with the reinforcing

effects of alcohol.2 Therefore, disruption of the cue-alcohol associa-

tion is expected to reduce or even prevent relapse.

Aversion therapies can attenuate cue-induced drug/alcohol crav-

ing and relapse.3,4 In this approach, a cue previously associated with

the reinforcing effects of alcohol is reassociated (counterconditioned)
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with aversive consequences.4 Counterconditioning was shown to be

more potent than extinction in suppressing relapse in animal models

and humans3,5 and to help AUD patients to stay sober for a longer

period.6 However, the suppressive effect is temporary.7–9 Sugges-

tively, aversive counterconditioning leads to formation of a new cue-

aversion association that competes with the cue-alcohol association

for behavioral expression.7,8 Thus, the persistent cue-alcohol memory

can recover, triggering craving and relapse.

Current memory conceptions suggest that drug memories can be

disrupted or updated while undergoing reconsolidation following their

reactivation via memory retrieval.10,11 Memory reconsolidation was

shown to be disrupted by pharmacological manipulations.12,13 How-

ever, the toxicity or side effects of most relevant pharmacological

amnesic agents (mainly protein synthesis inhibitors)10,11 facilitated the

development of behavioral manipulations to interfere with memory

reconsolidation.14–20

We recently showed that applying aversive counterconditioning

following the retrieval of cocaine-memories produced a long-lasting

prevention the reinstatement of cocaine seeking in a mouse place-

conditioning paradigm,16 suggesting that a cue-aversion memory rep-

laced the cue-drug memory trace, rather than formed a competing

memory. Similar application of aversion after memory retrieval was

also found to be feasible for craving suppression in hazardous alcohol

drinkers.17

In our previous cocaine study,16 we used place conditioning, in

which the drug is injected, rather than consumed voluntary. Here, we

sought to test whether the retrieval-counterconditioning approach is

effective to prevent relapse to alcohol seeking by incorporating aver-

sive information into the cue-alcohol memory, in both place condi-

tioning and operant self-administration paradigms, with the latter

serving as a better model for addiction-related behaviors.21–23 In the

operant alcohol self-administration procedure, we tested whether

punishing the alcohol-seeking lever pressing shortly after the retrieval

of alcohol memories could prevent the renewal of alcohol seeking. In

place conditioning, the alcohol context was reassociated with aversive

water flood shortly after memory retrieval to prevent reinstatement

of alcohol-conditioned place preference (CPP). We also investigated

the molecular correlates of retrieval-counterconditioning, by assessing

the expression of brain-derived-neurotrophic factor (Bdnf ) and zinc-

finger protein 268 (Zif268) genes previously implicated in memory

processing,24–26 in the brain regions associated with memory

reconsolidation.

2 | MATERIALS AND METHODS

See Supporting Information for details on reagents and behavioral

apparatus

2.1 | Animals

Male and female C57BL/6 mice (25–30 g), housed three to four per

cage, and Wistar rats (250–450 g), housed two per cage, were bred at

Tel Aviv University Animal Facility (Israel) and kept under a 12-h

light–dark cycle (lights on at 7 AM) with food and water ad libitum. All

experimental protocols were approved by, and conformed to, the

guidelines of the IACUC of Tel Aviv University and to the guidelines

of the National Institutes of Health (A5010-01). All efforts were made

to minimize the number of animals used.

2.2 | Procedures

2.2.1 | Place-conditioning paradigm

Mice were habituated to daily i.p. saline injections for 5 days.

Baseline test (Day 1)

The sliding door was retracted, and mice were allowed to explore the

apparatus for 30 min. Animals that spent greater than 70% of time in

either of the compartments were excluded from the study to maintain

an unbiased design16,27 (two mice from Experiment 1). Each chamber

was assigned to one sex.

Alcohol place conditioning (Days 2–9)

On Days 3, 5, 7, and 9, mice were administered with alcohol (1.8 g/kg,

20% v/v)28 and immediately confined to the paired compartment for

5 min. On the alternate days (Days 2, 4, 6, and 8), mice received saline

and were confined to the unpaired compartment for 5 min. Paired

compartments were counterbalanced for the wall/floor pattern.

Place preference test 1 (Day 10)

Place preference test was identical to the Baseline test and served

to index alcohol-CPP.27 Preference was defined as an increase in

the percent of time spent in the alcohol-paired compartment. Data

of mice that did not show CPP (minimum of 5% change) were

excluded from the experiment (three from Experiment 1; four from

Experiment 2).

Memory retrieval and aversive counterconditioning (Days 11–14)

Mice were assigned to two groups matched for CPP scores and

sex. On Days 12 and 14, the Retrieval group was confined to the

alcohol-paired compartment for 3 min, whereas mice of the 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 sessions started 45 min later and lasted

15 min, with a water flood aversion, as we previously described.29

Thus, mice were placed in the alcohol-paired compartment, which

was then flooded with water (18ºC) to approximately 2 cm of

height. On Days 11 and 13, mice were exposed to the unpaired

compartment or handled and then were placed in the unpaired

compartment with no water.

Place preference test 2 (Day 15)

This stage was identical to the previous test stages and confirmed that

counterconditioning led to the loss of alcohol-CPP.
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Reinstatement test (Day 16)

On this day, all mice received an alcohol-prime injection, half of the

conditioning dose30 (0.9 g/kg; 10 ml/kg), immediately before a 30-min

test session. Reinstatement was defined as an increase in the percent-

age of time spent in the alcohol-paired compartment during the Rein-

statement test, as compared with the Place preference test 2.

2.2.2 | Operant alcohol self-administration
paradigm

Acquisition of operant alcohol self-administration

This procedure was previously described.12,31 Briefly, during the first

7 weeks, rats were given intermittent access to 20% alcohol in the

two-bottle choice paradigm.31 Operant alcohol self-administration

training in Context A started with 14-h overnight sessions on a fixed

ratio 1 (FR1) schedule of reinforcement (0.1 ml of alcohol solution fol-

lowing a single active lever press), given every other day over 2 weeks.

Rats were then trained in daily sessions given 5 days a week, first in

60-min FR1 sessions for 3 weeks (15 sessions), then in 60-min FR3

sessions (alcohol delivery following three active lever presses) for

2 weeks (10 sessions), and then in daily 30-min FR3 sessions for two

additional weeks (10 sessions). The number of presses on each lever

(active and inactive), as well as the number of reward deliveries, was

recorded. Data of rats that attained less than 10 alcohol deliveries in

average during the last six sessions were excluded from the experi-

ment (two from Experiment 3; one from Experiment 4). Each chamber

was assigned to one sex.

Memory retrieval and punishment

Before this stage, rats were given 10 days of abstinence from alcohol

intake and were kept undisturbed in the animal facility. Then, rats

were assigned to two groups, matched for the number of active lever

presses and sex. For memory retrieval, an empty bottle with 0.2 ml of

20% alcohol applied on its tip was given in the home cage for 10 min,

as we previously described.12 No Retrieval controls received a bottle

containing water. Forty-five minutes later (Experiment 3), or 6 h later

(Experiment 4), rats from both groups were placed in the Context B

operant chambers that differed from context A in olfactory and visual

features. At the beginning of each session, rats were allowed to con-

sume a nonpharmacologically active alcohol prime (0.2 ml) from the

receptacle in order to facilitate operant response on the levers pres-

ented into the chamber. Each third press on the active lever (FR3)

resulted in the delivery of a mild foot-shock (0.25 mA; 0.5 sec), rather

than alcohol reward. The maximum number of foot-shocks per session

was limited to six to avoid high variability between rats. Upon meeting

the criterion, or 30 min after the beginning of the session, rats were

returned to the home cages. Lever presses on the inactive lever were

not reinforced. Four punishment sessions were given over 4 days to

both the Retrieval and no Retrieval groups.

Reinstatement tests

Alcohol seeking was assessed in Context A and in Context B, 24 and

48 h after the last punishment session. Rats were placed in the

operant chambers for a 30-min session, similarly to the acquisition

sessions, except that no alcohol was delivered after lever presses. An

alcohol prime (0.2 ml) was noncontingently presented at the beginning

of the session as an odor–taste cue.

2.3 | Quantitative reverse transcriptase
polymerase chain reaction

Brain tissues were snap-frozen in liquid nitrogen and stored at −80�C.

Frozen tissues were mechanically homogenized in TRIzol reagent, and

total RNA was isolated from each sample according to the manufac-

turer's protocol. mRNA was reverse transcribed to cDNA with Reverse

Transcription System and RevertAid kit. Plates of 96 wells were pre-

pared for the SYBR Green cDNA analysis using Fast SYBR Master Mix.

Samples were analyzed in triplicate/duplicate with a real-time polymer-

ase chain reaction (PCR) System (StepOnePlus; Applied Biosystems)

and quantified against an internal control gene, Gapdh. Reaction

primers: Egr1(Zif268) forward, 50-TGAGCACCTGACCACAGAGTC-30;

reverse, 50-TAACTCGTCTCCACCATCGC-30; Bdnf IV forward, 50-

GCAGCTGCCTTGATGTTTAC-30; reverse, 50-CCGTGGACGTTTACTTCTTTC-

30; Gapdh forward, 50-CCAGAACATCATCCCTGC-30; reverse, 50-

GGAAGGCCATGCCAGTGAGC-30. Thermal cycling was initiated

with incubation at 95�C for 20 s, followed by 40 cycles of PCR:

heating at 95�C for 3 s and then 30 s at 60�C. Relative quantification

was calculated using the ΔΔCt method.

2.4 | Experimental design and statistical analysis

Sex distributed approximately equally across the experiments and was

initially analyzed as a factor; however, all analyzes did not yield a main

effect of sex or any interaction with other factors (p's > 0.05). There-

fore, data were collapsed across this factor.

2.4.1 | Experiment 1

Place preference was indexed by percentage of time spent in the

alcohol-paired compartment (time spent in the alcohol-paired com-

partment × 100/total test time). Expression of alcohol-CPP following

conditioning was analyzed by a paired t-test (Baseline test vs. Place

preference test 1). Place preference in the tests conducted after aver-

sive counterconditioning was analyzed by a mixed-model ANOVA,

with a between-subjects factor of Group (Retrieval, No Retrieval) and

a repeated measures factor of Test (Place preference test 2, Reinstate-

ment test). Significant ANOVA was followed by a Student–Newman–

Keuls (SNK) post hoc test.

2.4.2 | Experiment 2

Target gene mRNA levels were normalized to Gapdh,32,33 followed by

normalization to the control condition (No Retrieval + No Counter-

conditioning). Levels of Bdnf and Zif268 mRNA expression per each
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brain region were analyzed using a factorial MANOVA, with between-

subjects' factors of Group (Retrieval, No Retrieval) and Training

(Counterconditioning, No Counterconditioning). A significant MAN-

OVA was followed by an SNK post hoc test per gene. Data from one

mouse were excluded from the analysis due to RNA degradation.

2.4.3 | Experiments 3 and 4

Active and inactive lever presses during tests were analyzed by a

mixed-model ANOVA, with a between-subjects factor of Group

(Retrieval, No Retrieval) and a repeated measures factor of Test

(Test A, Test B). A significant ANOVA was followed by an SNK post

hoc test. The number of active and inactive lever presses during the

last six alcohol-training sessions was analyzed with a mixed-model

ANOVA, with a between-subjects factor of Lever (Active, Inactive)

and a repeated measures factor of Day (Days 1–6). The number of

active lever presses and foot-shocks during the punishment stage

were analyzed by a mixed-model ANOVA, with a between-subjects

factor of Group (Retrieval, No Retrieval) and a repeated measures fac-

tor of Day (Days 1–4).

3 | RESULTS

3.1 | Experiment 1: Aversive counterconditioning
following alcohol-memory retrieval prevents relapse to
alcohol seeking in a place-conditioning paradigm

First, we tested whether aversive counterconditioning performed

shortly after the retrieval of alcohol-associated memories could pre-

vent the reinstatement of alcohol seeking in a place-conditioning par-

adigm. This behavioral paradigm has been widely used to study the

reinforcing properties of drugs and alcohol27 and to explore mecha-

nisms of relapse to alcohol seeking and its prevention.30 The place-

conditioning paradigm can be used to induce both appetitive CPP and

F IGURE 1 Aversive counterconditioning conducted shortly after retrieval of alcohol-associated memories prevents reinstatement of alcohol-
conditioned place preference in mice. A, Schematic representation of the experimental procedure (CC, counterconditioning; Ret, retrieval). Mice
were first trained for alcohol-conditioned place preference (CPP) and then received water-flood conditioned place aversion (CPA) training,

conducted 45 min after a memory retrieval session consisting of a 3-min re-exposure to the alcohol-associated compartment (Retrieval group) or
handling (control, No Retrieval group). Place preference tests were conducted after completion of the place conditioning and counterconditioning
stages. Reinstatement of alcohol-CPP was assessed in a prime-induced test 24 h after validation of CPP loss. B and C, Place preference/aversion
scores, expressed as mean + SEM of the percent of time spent in the alcohol/water-paired compartment. B, Place preference/aversion scores
during the entire tests sessions (30 min). C, Place preference/aversion scores during the Reinstatement test at 5-min temporal resolution. D,
Representative heat maps depict the location of mice from No Retrieval versus Retrieval groups during the Reinstatement test. Heat map scale
bar represents the normalized time spent at each of the XY coordinates during the tests. *p < 0.05; **p < 0.01; n = 10 per group
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aversive conditioned place aversion (CPA).34 Recently, we developed

a two-phase procedure in which CPP was induced by cocaine and was

then counteracted in a lithium chloride (LiCl) CPA procedure.16 Here,

we applied a nonpharmacological aversive stimulus (water flood29) as

an alternative to LiCl, implicated in memory processing.16,35

As presented in Figure 1A (experimental timeline), following a

baseline test, mice were trained in an alcohol-CPP procedure and then

tested in Place preference test 1. As expected, mice displayed

alcohol-CPP, as reflected by an increased percentage of time spent in

the alcohol-paired compartment during Place preference test 1, com-

pared with Baseline (Figure 1B; t(19) = 8.14; p < 0.0001). In the sec-

ond phase, mice underwent place counterconditioning with water

flood, 45 min after memory retrieval by a brief re-exposure to the

alcohol-paired compartment (Retrieval group) or handling (control, No

Retrieval group). The 45-min interval was chosen for the countercon-

ditioning to be held within the “reconsolidation window,”10,14 as we

previously demonstrated in a similar procedure.16 Place preference

test 2 confirmed that aversive counterconditioning led to the loss of

place preference in both groups (Figure 1B).

Next, we tested whether alcohol-CPP would be reinstated by

alcohol prime (0.9 g/kg), an established measure of relapse to alcohol

seeking.22,30 We found that while the No Retrieval group showed

reinstatement of alcohol-CPP, the Retrieval group did not reinstate

the preference to the alcohol-paired compartment and spent signifi-

cantly less time in the alcohol-paired compartment than did the No

Retrieval group (Figure 1B; Place preference test 2 versus Reinstate-

ment test: a mixed-model ANOVA, a main effect of Group [F

(1,18) = 5.49, p < 0.05], and a Group × Test interaction [F

(1,18) = 4.42, p < 0.05], but no main effect of Test [F(1,18) = 1.16,

p > 0.05]. Post hoc analysis: No Retrieval group [Place preference test

2 vs. Reinstatement test, p < 0.05]; No Retrieval versus Retrieval

group [Reinstatement test, p < 0.05]).

Further analysis of the mice performance during the Reinstate-

ment test per 5-min time bins confirmed that the Retrieval group

spent less time in the alcohol-paired compartment than did the No

Retrieval group during the 30-min test session (Figure 1C; a

mixed-model ANOVA, main effects of Group [F(1,18) = 8.91,

p < 0.01], and Time [F(5,90) = 2.84, p < 0.05], but no Group × Time

interaction [F(5,90) = 0.75, p > 0.05]). Together, these results indi-

cate that aversive counterconditioning prevents reinstatement of

alcohol seeking when applied after the retrieval of alcohol-

associated memories.

F IGURE 2 Aversive counterconditioning
conducted shortly after retrieval of alcohol-
associated memories upregulates brain-derived
neurotrophic factor (Bdnf) mRNA expression in
the mouse mPFC. A, Schematic representation of
the experimental procedure (CC,
counterconditioning; Ret, retrieval). Mice were
first trained for alcohol-conditioned place
preference (CPP) and then received (CC group) or
did not receive (No CC group) place
counterconditioning with water flood, conducted
45 min after memory retrieval (Retrieval group,
controls: No Retrieval group). Ninety minutes
after memory retrieval, brain tissues were
collected for quantitative reverse transcriptase

polymerase chain reaction analysis. B–E, mRNA
levels of Bdnf and Zif268 in the mPFC (B and C)
and the dorsal hippocampus (D and E) were
normalized to Gapdh and are expressed as
mean + SEM of the percent of change from the
control group (No Retrieval-No CC); *p < 0.05;
n = 5 to 6 per group
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3.2 | Experiment 2: Aversive counterconditioning
following alcohol-memory retrieval increases Bdnf
expression in the mPFC

Next, we assessed the mRNA expression of Zif268 and Bdnf, genes

implicated in memory processing.24–26 We chose to focus on the

mPFC and dorsal hippocampus, known to be involved in memory

reconsolidation,24–26 and in formation and expression of place condi-

tioning.34 Mice were trained in the alcohol-CPP procedure (Figure 2A;

experimental design) and showed preference for the alcohol-paired

compartment (Baseline test vs. Place preference test 1 [t(22) = 9.66,

p < 0.00001]). On the next day, one group of the animals was

F IGURE 3 Punishment of alcohol seeking performed 45 min after alcohol-memory retrieval reduces reinstatement of operant alcohol seeking
in rats. A, Schematic representation of the experimental procedure (Ret, retrieval). Following prolonged alcohol drinking and operant self-
administration training in Context A, lever pressing was punished with foot-shocks in Context B. Forty-five minutes before each punishment
session, rats were briefly exposed to the alcohol odor–taste cues (Retrieval group) or water (No Retrieval group) in the home cage. Next,
reinstatement of alcohol seeking was assessed in Context A, followed by a test session in Context B. B, Number of active lever presses during the
alcohol training in Context A, punishment in Context B, test in Context A, and test in Context B. C, Number of active and inactive lever presses
during the last six sessions of alcohol training in Context A. D, Number of foot-shocks delivered during the punishment phase in Context B. E,
Number of inactive lever presses during tests in Contexts A and B. Data are expressed as mean + SEM; *p < 0.05; **p < 0.01; n = 13 per group
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reexposed to the alcohol-paired compartment (Retrieval group),

whereas another group was briefly handled (No Retrieval group).

Next, mice from each group were either subjected to a water-flood

counterconditioning session, or handled as a no-counterconditioning

control. Thirty minutes after the end of the counterconditioning ses-

sion (i.e., 90 min after memory retrieval), all mice were euthanized,

and the mPFC and dorsal hippocampus were collected for further

analysis of Bdnf and Zif268 mRNAs expression.

We found that in the mPFC, the increase in the expression of

Bdnf following counterconditioning was dependent on prior memory

retrieval (Figure 2B), whereas the increased levels of Zif268 following

counterconditioning were retrieval-independent (Figure 2B,C; a

2-way MANOVA; a main effect of Counterconditioning [F(2,16) = 8.6,

p < 0.01]; no main effect of Retrieval [F(2,16) = 1.25, p > 0.05]; a

Retrieval × Counterconditioning interaction [F(2,16) = 3.79, p < 0.05].

Post hoc for the Counterconditioning main effect: Zif268 [no CC

vs. CC, p < 0.01]; Bdnf [no CC vs. CC, p < 0.05]. Post hoc analysis for

Retrieval × Counterconditioning effect: Bdnf [No Retrieval + CC

vs. Retrieval + CC, p < 0.05]). There was no change in the expression

of Zif268 or Bdnf in the dorsal hippocampus (Figure 2D,E; a 2-way

MANOVA; no main effect of Counterconditioning [F(2,17) = 3.21,

p > 0.05], or Retrieval [F(2,17) = 0.19, p > 0.05]; no Retrieval × Coun-

terconditioning interaction [F(2,17) = 0.41, p > 0.05]).

These results suggest that the increase in the expression of Bdnf

in the mPFC provides a molecular correlate for the combined behav-

ioral effect of retrieval-counterconditioning, that is, for memory

updating.

3.3 | Experiment 3: Punishment of alcohol-seeking
behavior following memory retrieval suppresses
renewal of alcohol seeking in an operant self-
administration procedure

We next tested whether retrieval-counterconditioning can suppress

relapse in an instrumental learning paradigm that models

consummatory-like behaviors, that is, in operant alcohol self-

administration.

To this end, we developed a two-phase operant procedure by

adopting an ABA renewal procedure,36,37 widely used to explore

context-induced reinstatement of drug seeking.21,38,39 First, rats were

trained to self-administer alcohol in Context A by responding on an

active lever to obtain alcohol rewards (Figure 3A, experimental

design). We found that by the end of the acquisition phase, rats

established stable responding on the alcohol-reinforced lever, as con-

firmed by the analysis of the active and inactive lever presses during

the last six training sessions under an FR3 ratio (Figure 3B,C; a two-

way mixed-model ANOVA, main effects of Lever [F(5,255) = 161.55,

p < 0.0001] and Day [F(5,255) = 4.45; p < 0.01], and a Lever × Day

interaction [F(5,255) = 4.01, p < 0.01]).

After 10 days of abstinence from alcohol, rats were assigned to

two groups (Retrieval and No Retrieval). Memory retrieval consisted

of a brief exposure to the alcohol odor–taste cues in the home cage

by presenting a bottle with the tip covered with alcohol (Retrieval

group) or water (No Retrieval group; see Section 2). We previously

demonstrated that this manipulation reactivated alcohol-associated

memories, allowing their disruption by a pharmacological manipula-

tion.12 Forty-five minutes later, rats were placed in a context distinct

from the training context by olfactory and visual features. In this dis-

tinct environment (Context B), every third active lever press resulted

in the delivery of a mild foot-shock. During the four sessions in

Context B, rats gradually ceased to respond on the active lever

(Figure 3B; a two-way mixed-model ANOVA: a main effect of Day [F

(3,72) = 35.74, p < 0.0001], a Day × Group interaction [F(3,72) = 2.77,

p < 0.05], but no main effect of Group [F(3,72) = 0.01, p > 0.05]). Also,

during the punishment phase, rats from both groups received a similar

number of foot-shocks in total (Figure 3D; Retrieval vs. No Retrieval

[t(25) = 0.2, p > 0.05]).

Relapse to alcohol-seeking responding was then assessed in

30-min test sessions performed in the alcohol-paired Context A and

in the aversion-associated Context B, under extinction conditions

(i.e., lever pressing was not reinforced). We found that in Context A,

rats that received punishment following alcohol-memory retrieval

showed fewer active lever presses (i.e., lower alcohol seeking), than

did control rats that received punishment without memory retrieval.

In contrast, in Context B, responding was similar in both groups. The

overall active lever pressing was higher in Context A (Figure 3B; two-

way mixed-model ANOVA: main effects of Group [F(1,24) = 6.38, p <

0.05] and Test [F(1,24) = 85.74, p < 0.0001], and aTest × Group inter-

action [F(1,24) = 6.83, p < 0.05]. Post hoc analysis: No Retrieval versus

Retrieval groups [test A, p < 0.01], [test B, p > 0.05]). No differences

were found in the inactive lever presses (Figure 3E; all ps > 0.05).

To summarize, we found that the renewal of alcohol seeking in

Context A was significantly decreased when punishment of alcohol

seeking in Context B was given shortly after alcohol-memory retrieval,

that is, within the reconsolidation window.

3.4 | Experiment 4: Alcohol-seeking punishment
outside the reconsolidation window does not prevent
renewal of alcohol seeking in an operant self-
administration procedure

Manipulations on memory reconsolidation were previously shown to

affect the behavioral expression of the memory when conducted

shortly, but not 5–6 h after memory retrieval.10,12,16 Therefore, we

next tested whether a similar effect can be obtained when punish-

ment of alcohol seeking is given 6 h after alcohol-memory retrieval,

that is, outside the reconsolidation window.

We trained rats as in Experiment 3, except that memory retrieval

was given 6 h before the punishment sessions (Figure 4A, experimen-

tal design). After 9 weeks of operant alcohol self-administration train-

ing in Context A, rats established stable responding on the lever

reinforced with alcohol, as confirmed by the analysis of the active and

inactive lever presses during the last six training sessions (Figure 4B,C;

two-way mixed-model ANOVA, a main effect of Lever [F(5,140) =
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40.32, p < 0.0001], but no main effect of Day [F(5,140) = 1.11,

p > 0.05], and no Lever × Day interaction [F(1,140) = 1.22, p > 0.05]).

During the four punishment sessions in Context B, rats gradually

ceased to respond on the active lever (Figure 4B; two-way mixed-

model ANOVA: a main effect of Day [F(3,39) = 15.33, p < 0.0001], but

no main effect of Group [F(3,39) = 1.19, p > 0.05], and no Day × Group

interaction [F(3,39) = 0.41, p > 0.05]). In addition, rats from both

groups received a similar number of foot-shocks in total (Figure 4D;

Retrieval vs. No Retrieval: [t(13) = 1.19, p > 0.05]).

Relapse to alcohol-seeking responding was then assessed in the

alcohol-paired Context A and compared with responding in the

aversion-associated Context B. We found that in both tests, lever

pressing did not differ between rats that received alcohol-memory

retrieval 6 h before punishment and No Retrieval control rats. As

expected, the overall active lever pressing was higher in Context A

compared with Context B (Figure 4B; a two-way mixed-model

ANOVA: main effect of Test [F(1,13) = 24.01, p < 0.0001], no main

effect of Group [F(1,13) = 0.01, p > 0.05], and no Test × Group inter-

action [F(1,13) = 0.21, p > 0.05]). No differences were found in the

inactive lever presses (Figure 4E; all ps > 0.05).

Thus, we found that alcohol seeking was equally reinstated regard-

less of memory retrieval, suggesting that punishment of alcohol seeking,

given 6 h following alcohol-memory retrieval, does not affect the

renewal of alcohol seeking. Taken together, our results suggest that

alcohol-seeking punishment prevents renewal of alcohol seeking when

conducted shortly after memory retrieval, but not when delayed 6 h after

the renewal session, considered “outside the reconsolidation window.”

4 | DISCUSSION

We show here that relapse to alcohol seeking can be prevented when

aversive counterconditioning is delivered during the reconsolidation

F IGURE 4 Punishment of
alcohol seeking performed 6 h after
alcohol-memory retrieval does not
prevent reinstatement of operant
alcohol seeking in rats. A, Schematic
representation of the experimental
procedure (Ret, retrieval). Following
prolonged alcohol drinking and
operant self-administration training
in Context A, lever pressing was
punished with foot-shocks in
Context B. Six hours before each
punishment session, rats were
briefly exposed to the alcohol odor–
taste cues (Retrieval group) or water
(No Retrieval group) in the home
cage. Next, reinstatement of alcohol
seeking was assessed in Context A,
followed by a test session in
Context B. B, Number of active
lever presses during the alcohol
training in Context A, punishment in
Context B, test in Context A, and
test in Context B. C, Number of
active and inactive lever presses
during the last six sessions of
alcohol training in Context A. D,
Number of foot-shocks delivered

during the punishment phase in
Context B. E, Number of inactive
lever presses during tests in
Contexts A and B. Data are
expressed as mean + SEM;
*p < 0.05; **p < 0.01; n = 13 per
group
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of alcohol memories. Specifically, in the CPP paradigm, which is based

on classical conditioning and does not include voluntary alcohol con-

sumption, mice did not show reinstatement of alcohol seeking when

aversive counterconditioning in the alcohol-paired context was pre-

ceded by alcohol-memory retrieval. Similarly, in the operant alcohol

self-administration paradigm, in which rats voluntarily consume alco-

hol, rats, trained to lever press for alcohol, showed decreased renewal

of alcohol seeking when the lever pressing was punished with mild

foot-shocks, shortly, but not long after memory retrieval. Together,

our results indicate that aversive counterconditioning can suppress

relapse to alcohol seeking only when performed following memory

retrieval, that is, within the reconsolidation window. Furthermore, our

results suggest that the mRNA expression of Bdnf in the mPFC

is increased by the retrieval-counterconditioning manipulation,

possibly providing a molecular correlate for the memory

updating/replacement effect.

Our finding that reinstatement of the alcohol-CPP can be

suppressed by postretrieval counterconditioning is consistent with

our previous report, in which aversive counterconditioning applied

shortly after cocaine-memory retrieval prevented reinstatement of

the cocaine-CPP.16 We also show that counterconditioning without

prior memory retrieval does not prevent drug-seeking reinstate-

ment. Indeed, counterconditioning procedures were suggested to

be only temporary effective in suppressing the target behavior,7–9

indicating that the original memory remains intact and can

recover.7,8 On the contrary, as our findings suggest, in the

retrieval-counterconditioning paradigm, aversive information pres-

ented following the reactivation of the drug memory can be inte-

grated into the original memory, thus updating or replacing it and

consequently preventing its behavioral expression.10,16,17,40 Relat-

edly, we show using the place-conditioning paradigm that

postretrieval counterconditioning can switch the behavior from

preference to avoidance of the alcohol-paired context. This finding

further supports our suggestion that the appetitive alcohol memory

was updated, or replaced by an aversive memory, and that the

valance of the cue has been changed.

Importantly, addiction-related responses are governed not only

by maladaptive Pavlovian conditioning-based memories, but also by

instrumental conditioning mechanisms that form persistent habits.23

Thus, operant self-administration procedures are used as a better

model to study a variety of aspects in addiction,22,36 including alcohol

relapse after prolonged voluntary consumption.21,38 Targeting the

memories underlying operant behaviors via reconsolidation mecha-

nisms has been particularly challenging,41,42 yet feasible.13–15,42 Thus,

attenuation of operant responding can be achieved via pharmacologi-

cal interference with memory reconsolidation,12,13,42 yet only a few

studies tested behavioral manipulations, such as retrieval-extinc-

tion.14,15,18 Here, we show that postretrieval punishment of alcohol

seeking attenuates the context-induced reinstatement (renewal) of

alcohol seeking, even after long-term operant training.

We also show here that the reconsolidation-mediated relapse

prevention could be effective also when applied in a different con-

text than the original alcohol-taking context. Specifically, rats were

trained in an adjusted ABA renewal procedure,36,37 in which they

self-administered alcohol in Context A and then received punishment

in a distinct context (Context B). We found that without memory

retrieval, rats reinstated alcohol seeking (i.e., nonreinforced lever

pressing) when returned to the alcohol-associated Context A, similar

to the relapse commonly observed in alcoholics upon their return

home or to the alcohol-taking environment after successful treat-

ment in the clinics.2 However, when punishment was preceded by

alcohol-memory retrieval, the renewal of alcohol seeking was

suppressed. Importantly, this effect was observed with both memory

retrieval and punishment occurring in contexts different than the

alcohol-taking Context A (i.e., the home cage and Context B, respec-

tively). Thus, our procedure addresses the clinical issue of context-

dependent relapse by suggesting that with a prior memory retrieval,

alcohol-seeking punishment may be beneficial in reducing relapse

caused by context shift, even when the treatment is given in a clini-

cal environment.

Interestingly, unlike in the alcohol-CPP paradigm, in the oper-

ant self-administration paradigm, we did not observe full disruption

of alcohol seeking. This reduced effect in operant self-

administration setting is similar to previous studies14,15,18 and may

suggest that in the operant procedure, the postretrieval manipula-

tion did not fully overwrite the memories underpinning operant

alcohol seeking, but rather updated them, or interfered with their

expression.

We showed previously that a similar memory retrieval proce-

dure, followed by administration of rapamycin, led to a complete

abolition of alcohol seeking in a similar retention test.12 Moreover,

alcohol's taste and odor are intrinsic components of oral alcohol

consumption, which predict the onset of the reinforcing effect of

alcohol12,43 and elicit stronger responses compared with other

alcohol-associated cues.43 Therefore, it is likely that exposure to

the odor–taste cue triggered the reactivation of a wide range of

alcohol-related memories, including those underpinning operant

alcohol seeking. Yet it is possible that alcohol-seeking punishment

did not fully alter the valence of the alcohol memories. Thus, we

reassociated operant responding with foot-shocks, a well-

established method to counteract appetitive behaviors.7,39 How-

ever, unlike previous studies,7,8,39 here, we used very mild foot-

shocks (0.25 mA), considered to be just above the responsivity-

threshold intensity.44 We chose a low-intensity foot-shock to pre-

vent robust freezing, which could completely suppress further

instrumental responding.45 Yet it is possible that a stronger punish-

ment (e.g., higher foot-shock intensity), given within the recon-

solidation window, would result in stronger effects, or even full

abolishment of alcohol-seeking reinstatement.

Although the rats received punishment for their operant response

that previously yielded alcohol delivery, the fact that they did not

receive alcohol during this stage may have also led to an extinction-

like effect. Therefore, the suppression of alcohol-seeking reinstate-

ment yielded by postretrieval punishment could also be attributed to

a possible effect of retrieval-extinction. Indeed, the measurable

behavioral outcome for both postretrieval extinction and punishment
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is similar in an operant self-administration procedure, that is, reduced

alcohol seeking. However, in behavioral paradigms that enable bidi-

rectional behavioral readouts within the same setting/session, appeti-

tive conditioning and aversive counterconditioning can lead to

opposite behavioral outcomes. For example, in the place-conditioning

paradigm, we initially observed place preference, which was changed

to place avoidance following retrieval-counterconditioning, possibly

illustrating the replacement of appetitive memories with

aversive ones.

We found that counterconditioning following retrieval led to

upregulation of Bdnf mRNA levels in the mPFC of mice. The role of

Bdnf expression in memory reconsolidation is still debatable,24,25 but

it has been implicated in the formation of new memories.24 Interest-

ingly, we did not find alternations in Bdnf expression after counter-

conditioning, which is thought to form a new memory that competes

with the original memory on its behavioral expression.7,8 Rather, we

found increased Bdnf expression after retrieval-counterconditioning,

which is thought to allow integration of new information into the exis-

ting memory, updating, or even replacing it.10,16,17,21,40 It was previ-

ously reported that activation of BDNF signaling potentiated the

effect of the retrieval-extinction procedure and abolished the recov-

ery of fear responses mice.46 Likewise, direct infusion of BDNF into

the mPFC reduced the expression of the previously established fear

response in rats,47 possibly by partial reversal of the neuronal

changes, induced during fear conditioning.47 Our results suggest that

BDNF may have played a similar role in reversing alcohol CPP-

induced changes, as the upregulation of the endogenous Bdnf expres-

sion in the mPFC following retrieval-counterconditioning correlated

with the suppression of alcohol seeking. Nevertheless, the causal role

of BDNF in the mPFC in the effect of retrieval-counterconditioning

procedure remains to be determined.

The expression levels of Bdnf and Zif268 in the mPFC and dorsal

hippocampus were not affected by the retrieval of alcohol memories,

contrary to the previous reports about the involvement of these

genes in memory reconsolidation.24–26 It is very likely that we did not

observe this effect, because in the present study the mRNA levels of

the Bdnf and Zif268 were assessed 90 min after alcohol-memory

retrieval. Given the rapid expression dynamics of these genes in mem-

ory tasks,48,49 it is plausible that this time-point, chosen to reflect the

transcription dynamics of counterconditioning, was beyond the

peak of expression of Bdnf and/or Zif268 mRNAs caused by

memory retrieval.

In summary, together with our previous report,16 our present

findings provide critical validation and characterization of the

retrieval-counterconditioning paradigm. We showed that counter-

conditoning/punishment following memory retrieval can prevent

cue/context-induced relapse with various drugs of abuse (cocaine16

and alcohol). This manipulation is effective in both Pavlovian and

operant behavioral paradigms, with the latter being more relevant for

translational research in addiction (i.e., operant alcohol self-adminis-

tration). We also identified molecular correlates for the behavioral

effect of postretrieval aversive counterconditioning. Finally, we dem-

onstrate the effectiveness of this behavioral manipulation in reducing

the return of alcohol seeking, even when performed away from the

alcohol context, modeling the changing environment in the clinical

setting. Importantly, we recently reported that aversive countercondi-

tioning, applied following the retrieval of appetitive memories,

reduced the reinstatement of the appetitive memories in humans,19

pointing to the translational, cross-species potential of this procedure.

Therefore, our findings provide a potential translational strategy to

address a critical clinical issue of context-induced relapse in addiction

and to study its neurobiological mechanisms.
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