Psychopharmacology (2009) 205:389-397
DOI 10.1007/s00213-009-1544-1

ORIGINAL INVESTIGATION

Cue-induced alcohol-seeking behaviour is reduced

by disrupting the reconsolidation

of alcohol-related memories

Christoph von der Goltz - Valentina Vengeliene -
Ainhoa Bilbao - Stephanie Perreau-Lenz -
Cornelius R. Pawlak - Falk Kiefer - Rainer Spanagel

Received: 20 December 2008 / Accepted: 15 April 2009 /Published online: 6 May 2009

© Springer-Verlag 2009

Abstract

Rationale In humans, the retrieval of memories associated
with an alcohol-related experience frequently evokes
alcohol-seeking behaviour. The reconsolidation hypothesis
states that a consolidated memory could again become
labile and susceptible to disruption after memory retrieval.
Objectives The aim of our study was to examine whether
retrieval of alcohol-related memories undergoes a reconso-
lidation process.

Methods For this purpose, male Wistar rats were trained to
self-administer ethanol in the presence of specific condi-
tioned stimuli. Thereafter, animals were left undisturbed in
their home cages for the following 21 days. Memory
retrieval was performed in a single 5-min exposure to all
alcohol-associated stimuli. The protein synthesis inhibitor
anisomycin, the non-competitive N-methyl-D-aspartate
(NMDA) receptor antagonist MK-801 and acamprosate, a
clinically used drug known to reduce a hyper-glutamatergic
state, were given immediately after retrieval of alcohol-
related memories. The impact of drug treatment on cue-
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induced alcohol-seeking behaviour was measured on the
following day and 7 days later.

Results Administration of both anisomycin and MK-801
reduced cue-induced alcohol-seeking behaviour, showing
that memory reconsolidation was disrupted by these
compounds. However, acamprosate had no effect on the
reconsolidation process, suggesting that this process is not
dependent on a hyper-glutamatergic state but is more
related to protein synthesis and NMDA receptor activity.
Conclusions Pharmacological disruption of reconsolidation
of alcohol-associated memories can be achieved by the use
of NMDA antagonists and protein synthesis inhibitors and
may thus provide a potential new therapeutic strategy for
the prevention of relapse in alcohol addiction.

Keywords Memory reconsolidation - Alcohol addiction -
Relapse - Anisomycin - MK-801 - Acamprosate - Rat

Introduction

Relapses contribute considerably to the maintenance of
addiction and are a major challenge in the treatment of
addictive diseases (Cami and Farre 2003). One fundamental
problem in the treatment of alcoholism and drug addiction
is the ability of drug-associated environmental cues to
evoke drug-seeking behaviour leading to relapse even after
years of abstinence (O'Brien et al. 1992). Consistent with
the long-lasting risk of relapse, several recent studies
indicate that long-term memory formation and development
of drug addiction are sharing common neural circuitries and
molecular mechanisms (Kelley 2004; Hyman et al. 2006).
Thus, understanding learning and memory processes in the
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addicted brain is an important key for understanding the
persistence of addiction, and it is reasonable to hypothesise
that selective disruption of drug-related memories might
help to prevent relapses.

Several earlier studies have shown that newly acquired
memories are initially labile but then are stabilised through
a process called memory consolidation (McGaugh 2000;
Dudai 2004). Within the first minutes to hours, this process
is susceptible to interference. Following this stabilisation
period, the consolidation theory proposes that memories,
once stored, are resistant to interference (McGaugh 2000).
In contrast to this idea, Misanin et al. (1968) proposed that
reactivation of a consolidated memory trace returns it to an
unstable state again. More than 30 years later, Nader et al.
(2000) confirmed this assumption in a fear-conditioning
paradigm with targeted infusions of the protein synthesis
inhibitor anisomycin into the lateral and basal nuclei of the
amygdala—sites known to play an important role in fear
learning—after retrieving previously conditioned fear mem-
ories. The study demonstrated that infusion of anisomycin
shortly after memory reactivation produced amnesia on
later tests, whilst anisomycin application in the absence of
re-exposure to the conditioned cue left the memory intact.
Thus, reactivation of a consolidated memory can return to a
labile state in which the memory trace has to undergo
reconsolidation for which, like consolidation, new protein
synthesis is required. Subsequently, further studies have
provided further evidence for the reconsolidation theory
and its dependence on renewed protein synthesis (Debiec et
al. 2002; Duvarci and Nader 2004), whilst some others did
not find disruption of reconsolidation by protein synthesis
inhibition (Lattal and Abel 2004; Power et al. 2000).
Antagonism of the N-methyl-D-aspartate (NMDA) subtype of
glutamate receptor has been shown to be effective in
disruption of memory reconsolidation as well (Przybyslawski
and Sara 1997; Torras-Garcia et al. 2005; Tronson and
Taylor 2007; Lee and Everitt 2008), likely because of the
crucial role of these receptors in learning and memory
(Riedel et al. 2003).

Whilst the majority of research on memory reconsolida-
tion has used conditioned aversion paradigms, Lee et al.
(2005) and Miller and Marshall (2005) were the first to
demonstrate that retrieved appetitive drug-related memories
also undergo reconsolidation. Those results were followed
by several other studies demonstrating disruption of the
reconsolidation of cocaine-, heroine- and morphine-related
memories (Hellemans et al. 2006; Lee et al. 2006a; Milekic
et al. 2006; Valjent et al. 2006; Bernardi et al. 2007,
Robinson and Franklin 2007). However, even though
alcohol addiction is one of the major neuropsychiatric
diseases with a profound public health impact (Spanagel
2009), disruption of alcohol-associated memories was never
tested in animals trained to self-administer alcohol.
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Several studies have shown that in experimental animals, a
conditioned stimuli (CS) paired repeatedly with the self-
administration of alcohol is able to reinstate alcohol-seeking
behaviour after an alcohol-free period (Sanchis-Segura and
Spanagel 2006). Here, we investigated whether the behav-
ioural impact of conditioned alcohol cues could be reduced
by blocking the reconsolidation of these alcohol associations
after the memory retrieval procedure. For this purpose, we
employed a behavioural model of cue-induced alcohol
seeking in Wistar rats (Sanchis-Segura and Spanagel 2006).
The protein synthesis inhibitor anisomycin and the non-
competitive NMDA receptor antagonist MK-801 were given
after retrieval of alcohol-related memories to test whether these
memories undergo a protein synthesis- and NMDA receptor-
dependent reconsolidation. Additionally, we used acamprosate
as an abstinence-promoting drug that is widely used in the
treatment of alcohol addiction. Although the primary site of
action is still not known, it has been demonstrated that
acamprosate dampens a hyper-glutamatergic state in the
alcohol-dependent brain and thereby reduces the risk of relapse
(Spanagel et al. 2005; Spanagel and Kiefer 2008). Due to this
interference with the glutamatergic system, we hypothesised
that acamprosate may also have an impact on the memory
reconsolidation processes.

Materials and methods
Subjects

One hundred and thirty-two 2-month-old male Wistar rats
(Charles River, Sulzfeld, Germany) were used. All animals
were housed individually in standard rat cages (Ehret,
Emmendingen, Germany) under a 12-h artificial light—dark
cycle (lights on at 5:00 pM.). Room temperature was kept
constant (temperature 22+ 1°C, humidity 55+5%). Standard
laboratory rat food (Ssniff, Soest, Germany) and tap water
were provided ad libitum throughout the experimental
period (unless stated otherwise). All experimental proce-
dures were approved by the Committee on Animal Care
and Use (Regierungsprisidium Karlsruhe) and carried out
in accordance with the local Animal Welfare Act and the
European Communities Council Directive of 24 November
1986 (86/609/EEC).

Drugs

Ethanol drinking solutions were prepared from 96% ethanol
(Sigma-Aldrich, Taufkirchen, Germany) and then diluted
with tap water. Acamprosate (Lipha, France) and MK-801
(Sigma-Aldrich, Taufkirchen, Germany) and chloral hy-
drate (Sigma-Aldrich, Taufkirchen, Germany) were dis-
solved in isotonic saline. All solutions were freshly
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prepared and injected as a volume of 2 ml/kg intra-
peritoneally. Anisomycin (Sigma-Aldrich, Taufkirchen,
Germany) was dissolved in equimolar HCI, diluted with
isotonic saline and adjusted to pH 7 with NaOH to a final
concentration of anisomycin 100 pg/pl. The solution was
freshly prepared and infused as a volume of 4 pl per animal
intracerebroventricularly (ICV). Control experiments were
performed following administration of the respective
vehicle.

Surgery and intracerebroventricular infusions

For the cannula implantation, animals were anaesthetised
using chloral hydrate (360 mg/kg) and mounted in a
Stoelting® stereotaxic instrument (Stoelting Co., Wood Dale,
IL, USA). Rats were implanted unilaterally with 26-gauge
stainless steel guide cannulas (Plastics One Inc., Roanoke,
USA) aiming at the left or right ventricle (coordinates were
from bregma AP —0.9 mm, ML +1.4 mm and from dura
DV —3.2 mm). Guide cannulas were fixed to the brain using
three anchor screws and dental cement and filled with stylets
to maintain patency. After surgery, rats were placed back in
their home cages and were allowed to recover from surgery for
10 days before submitting them to behavioural studies (see
below).

For drug delivery, a 33-gauge infusion cannula (Plastics
One Inc.) was tightly fitted into the guide cannula. ICV
infusion of anisomycin was made at a 2-pl/min flow rate
using a PHD2000 microinfusion pump (Harvard Apparatus,
USA). Infusions were carried out over 2 min, and the
infusion cannulas were left in place for an additional 15 s to
minimise backflow.

Cannula placement was verified post-mortem immedi-
ately after the last behavioural test. Thus, at the end of the
experiment, rats were sacrificed, brains were frozen in
isopentane solution and probe placements were verified
histologically on microsections of 50 pm. Only data from
animals with correct cannula implants were used.

Behavioural studies
Operant ethanol self-administration apparatus

All ethanol-seeking experiments were carried out in operant
chambers (MED Associates Inc., St. Albans, VT, USA)
enclosed in ventilated sound-attenuating cubicles. The
chambers were equipped with a response lever on each
side panel of the chamber. A loudspeaker (65 dB, ‘beep’)
was positioned above the left lever of the self-
administration chamber. Responses at the left (active) lever
activated a syringe pump that delivered a ~30-ul drop of
fluid into a liquid receptacle next to it. Responses on the
right (inactive) lever were recorded but did not result in

activation of the pump. The delivery of ethanol during the
conditioning phase (see below) was accompanied by a 5-s
auditory stimulus, which served as a ‘time-out’, during
which responses were recorded but not reinforced. An IBM
compatible computer controlled the delivery of fluids,
presentation of stimuli and data recording.

Ethanol self-administration training

All animal training and testing sessions were performed
during the dark phase of their light cycle. Animals were
trained to self-administer 10% (v/v) ethanol in daily 30-min
sessions under a fixed ratio 1 schedule using Samson's
sucrose-fading procedure (Samson 1986). During the first
3 days of training, animals were deprived of fluid for 20 h
per day. Responses at the left lever were reinforced by the
delivery of 0.2% (w/v) saccharin solution. For the next
3 days, animals underwent the same procedure without
fluid deprivation. Following the acquisition of saccharin-
reinforced responding, rats were trained to self-administer
ethanol. Thus, rats had access to 0.2% saccharin with 5%
ethanol for 1 day, 5% ethanol for 1 day, 0.2% saccharin
with 8% ethanol for 1 day, 8% ethanol for 1 day, 0.2%
saccharin with 10% ethanol for 1 day and 10% ethanol for
1 day.

Conditioning to ethanol discriminative stimuli

The purpose of the conditioning phase was to train the
animals to associate the availability of ethanol with the
presence of specific discriminative stimuli. This phase
started after the completion of the saccharin-fading proce-
dure. Discriminative stimuli predicting ethanol (10%)
availability were presented during each subsequent daily
30-min session. An orange flavour extract served as the cue
stimulus (S) for ethanol. This olfactory stimulus was
generated by depositing six drops of an orange extract into
the bedding of the operant chamber before each session. In
addition, each lever press resulting in ethanol delivery was
accompanied by a 5-s conditioned auditory stimulus (CS).
At the end of each session, the bedding of the chamber was
changed and trays were thoroughly cleaned. The animals
received a total of ten ethanol conditioning sessions.

Memory reactivation and pharmacological studies

After completing the conditioning phase, animals were left
undisturbed in their home cages for the following 3 weeks
(as described above, in case of anisomycin study, cannulas
were implanted in left or right ventricle 10 days before the
start of the memory retrieval session). During the single
memory retrieval session, rats were exposed to the same
conditions as during the conditioning phase (i.e. presented
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with S/CS), except that the ethanol was not made available.
Additionally, the first two presses on the formerly active
lever were reinforced by 30 pl of ethanol, it served as an
additional olfactory/gustatory ethanol cue (Vengeliene et al.
2007). The duration of a memory retrieval session was
assessed in a pilot study in which two animal groups were
subjected to either a 5- or 10-min memory reactivation
session and their behaviour during subsequent cue-induced
ethanol-seeking testing (see below) was compared with the
behaviour of animals that had not received memory
reactivation procedure (‘no-retrieval’ control group). Mem-
ory retrieval duration of 5 min was chosen for the following
experiments (see ‘“Results”, Fig. 1).

For the drug testing, animals were grouped into 12
groups according to their behaviour during the conditioning
phase and retrieval session (n=8-11 per treatment group).
The first six animal groups received either vehicle vs.
200 mg/kg of acamprosate, or vehicle vs. 0.1 mg/kg of
MK-801, or vehicle vs. 400 pg of anisomycin (note: the
standard doses of these compounds are well established, as
all of them are commonly used in behavioural pharmaco-
logical studies, see e.g. Biata and Kotlinska 1999; Bachteler
et al. 2005; Fiillgrabe et al. 2007; Spanagel et al. 1996;
Robinson and Franklin 2007; Sadler et al. 2007). All drugs
were administered immediately after the memory reactiva-
tion session. To ensure that drug treatment did not directly

70 -
N active lever
60 - * 3 inactive lever

50 -
401 N 0T

30 -

20 -

No. of responses/ session

10 ~

0 5 10
duration of memory reactivation [min]

Fig. 1 Effect of memory retrieval of 0 min (i.e. no-retrieval), 5 min,
and 10 min duration (n=8 per group) on the cue-induced ethanol-
seeking behaviour testing 24 h later (test 1). Data are shown as
number of lever presses on ethanol-associated (active) and inactive
levers after the presentation of a stimulus previously paired with
ethanol in combination with two drops (60 pl) of ethanol as an
additional olfactory/gustatory cue. Data are presented as means =+
SEM. Asterisk indicates significant differences from the ‘no-retrieval’
control group lever responses, p<0.05
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influence animal performance during cue-induced ethanol-
seeking testing, which was performed 24 h later (see
below), six additional groups of rats received the same
treatment in their home cages (i.e. vehicle vs. drug) without
a memory reactivation session (‘no-retrieval’ control

groups).
Cue-induced ethanol-seeking testing

A single cue-induced ethanol-seeking testing of 30 min
duration was performed 24 h after the memory reactivation
session (test 1) in order to see whether previous drug
treatment disrupted memory reconsolidation. In this test,
rats were exposed to the same conditions as during the
memory reactivation session. Thus, animals were presented
with ethanol discriminative stimuli (S/CS) combined with
the two drops of ethanol as an additional olfactory/
gustatory ethanol cue. Responses at both the active and
inactive levers were recorded.

Seven days later, animals underwent a second session of
cue-induced ethanol-seeking testing of 30 min duration (test 2).

Locomotor activity measurements using the E-motion
system

In order to test for any sedative effects resulting from the
drug treatment, locomotor activity during test 1 was
monitored by the use of an infrared sensor connected to a
recording and data storing system (Mouse-E-Motion by
Infra-e-motion, Henstedt-Ulzburg, Germany). A Mouse-E-
Motion device was placed above the operant ethanol self-
administration chamber so that the rat could be detected at
any position inside the chamber. The device sampled
whether the rat was moving or not every second. The
sensor could detect body movement of the rat of at least
1.5 cm from one sample point to the successive one. The
data measured by each Mouse-E-Motion device were
downloaded onto a personal computer and processed with
Microsoft Excel.

Statistics

Data obtained from ethanol conditioning sessions were
analysed by the use of a one-way analysis of variance
(ANOVA) for repeated measures [factor: treatment group
(vehicle vs. drug)], data from memory reactivation sessions
were analysed by the use of a two-way ANOVA [factors
were: treatment group (vehicle vs. drug), lever (active vs.
inactive)] and data from ethanol-seeking experiments were
analysed by the use of a three-way ANOVA for repeated
measures [(factors were: treatment group (vehicle vs. drug),
lever (active vs. inactive) and test (test 1 vs. test 2)].
Whenever significant differences were found, post hoc
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Student—-Newman—Keuls tests were performed. Data de-
rived from locomotor activity measurements were analysed
using an unpaired ¢ test (factor: treatment group). The
chosen level of significance was p<0.05.

Results

At the end of the conditioning phase, rats exhibited 155+14
lever presses reinforced by delivery of 30 pl of 10%
ethanol (that corresponds to ~4.65 ml/session of 10%
ethanol intake or ~0.8 g/kg of body weight/session of
pure ethanol intake).

Memory reactivation and cue-induced ethanol-seeking
(the pilot study)

Following the 3-week home cage period, animals re-
exposed to ethanol-associated cues in the operant condi-
tioning chambers (‘no-retrieval’ group) exhibited 39+6
responses on the previously reinforced lever in a 30-min
test session (test 1). The second animal group that received
one memory retrieval session of 5 min 24 h before test 1
session exhibited a significantly higher number of lever
presses during this test, demonstrating that the retrieval of
the memory increased ethanol seeking in these animals
[factor group: F(2, 42)=3.7, p<0.05] (Fig. 1). However, in
the third animal group subjected to 10-min-long memory
retrieval, a slight extinction of lever-pressing behaviour was
already seen during test 1 compared to the ‘no-retrieval’
group (Fig. 1). No differences between groups were
observed 1 week later during test 2 (p=0.49; data not
shown). Due to these findings, 5 min was chosen as the
length of memory retrieval sessions for the following
pharmacological studies.

Pharmacological studies

Animals were assigned into different treatment groups on
the basis of their performance during the last four

conditioning sessions and during the 5-min memory
retrieval session. Table 1 demonstrates that no significant
differences in lever responses between control and drug-
treated animal groups were seen during either the last
conditioning sessions or during memory retrieval session
(Table 1).

With respect to the pharmacological treatment, a
three-way ANOVA for repeated measures revealed that
200 mg/kg of acamprosate administered directly after
the memory retrieval session did not affect memory
reconsolidation significantly when compared to the vehicle-
treated animal group (p=0.59). Thus, acamprosate-treated
animals exhibited the same level of lever responses as seen
in the vehicle control animal group during either test 1
or test 2 performed 1 week later (Fig. 2a). However,
administration of 0.1 mg/kg of the NMDA receptor
antagonist MK-801 reduced responding on the active
lever during cue-induced ethanol-seeking testing as com-
pared to vehicle-treated animals [factor group: F(1, 32)=
5.1, p<0.05]. The following post hoc analysis showed that
this reduction was significant only during test 1. During
test 2, MK-801-treated animals exhibited a reduced,
however, non-significant (p=0.17) responding on the
active lever, showing an effect of this NMDA receptor
antagonist on memory reconsolidation after a single
memory retrieval session to ethanol-associated cues
(Fig. 3a). Similarly, ICV administration of 400 pg of the
protein synthesis blocker anisomycin caused a significant
reduction of responses on the active lever during both test
1 and test 2 [factor group: F(1, 36)=4.1, p<0.05], again
showing the long-lasting effect of the treatment on the
cue-induced alcohol seeking (Fig. 4a).

None of the treatments were found to have an effect on
locomotor activity measured during test 1 by the use of
infrared sensor Mouse-E-Motion (Table 2). In addition,
there were no differences seen on responding on the
inactive lever (Figs. 2, 3, 4), showing the absence of
sedation caused by treatment.

In non-retrieved control animal groups, administration of
either acamprosate (p=0.37), or MK-801 (p=0.66), or

Table 1 The number of

responses on the active lever Compound

No. of lever presses £+ SEM Factor—treatment group

during the last four conditioning
sessions and during a 5-min

memory retrieval session in Vehicle/acamprosate
different treatment groups Vehicle/MK-801
Vehicle/anisomycin

Retrieval session (5 min duration)

All animals were subjected to Vehicle/acamprosate
drug treatment immediately after Vehicle/MK-801
a 5-min memory retrieval Vehicle/anisomycin

session

Conditioning sessions (30 min duration)

155+42/153+36 p=1.0
154+33/154+32 p=1.0
155+25/159+49 p=0.9
28+£9/25+7 p=0.8
28+£7/28+7 p=0.9
24+3/19+3 p=0.6
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anisomycin (p=0.65) had no effect on either the first or the
second testing (Figs. 2b, 3b and 4b).

Discussion

Previous studies have shown that retrieved appetitive,
cocaine- or opiate-related memories undergo reconsolida-

Acamprosate (200 mg/kg)

a With memory reactivation
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No. of responses/ session
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Test 1 Test 2

b Without memory reactivation

60 1 = active lever

C— inactive lever
50 -

40 -
30 -

20

No. of responses/ session

10 -

Veh Acamp Veh
Test 1

Acamp

Test 2

Fig. 2 Effect of either vehicle (n=8-10) or 200 mg/kg of
acamprosate (n=8-10) on memory reconsolidation of ethanol-
seeking behaviour (a); ‘no-retrieval’ control groups received the
same procedures except a memory reactivation session (b). Test 1
was performed 24 h after a 5-min memory retrieval session and test 2
was performed 7 days after the memory retrieval session. The
administration of all drugs was performed immediately after the
retrieval session. Data are shown as the number of lever presses on
ethanol-associated (active) and inactive levers after the presentation
of a stimuli previously paired with ethanol in combination with two
drops (60 pl) of ethanol as an additional olfactory/gustatory cue.
Data are presented as means + SEM

@ Springer

MK-801 (0.1 mg/kg)

a With memory reactivation
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Fig. 3 Effect of either vehicle (n=8-10) or 0.1 mg/kg of MK-801 (n=
8-10) on memory reconsolidation of ethanol-seeking behaviour (a);
‘no-retrieval’ control groups received the same procedures except a
memory reactivation session (b). Test 1 was performed 24 h after a 5-
min memory retrieval session and test 2 was performed 7 days after the
memory retrieval session. The administration of all drugs was
performed immediately after the retrieval session. Data are shown as
the number of lever presses on ethanol-associated (active) and inactive
levers after the presentation of a stimuli previously paired with ethanol
in combination with two drops (60 pl) of ethanol as an additional
olfactory/gustatory cue. Data are presented as means + SEM. Asterisk
indicates significant differences from the vehicle control group, p<0.05

tion which can be disrupted by either protein synthesis
inhibition or by NMDA receptor blockade (Milekic et al.
2006; Bernardi et al. 2007; Kelley et al. 2007; Robinson
and Franklin 2007; Sadler et al. 2007; Milton et al. 2008).
Here, we provide evidence that ethanol-associated memo-
ries can also become unstable and liable to disruption after
their reactivation. Both the protein synthesis blocker
anisomycin as well as the NMDA receptor antagonist
MK-801 given immediately after re-exposure of animals to
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Anisomycin (400 microg)

60 . @ With memory reactivation

50 -

40 -

*
30 - %
20
10 -
0

Veh Anisom Veh Anisom

No. of responses/ session

Test 1 Test 2
60 b Without memory reactivation
mmmm active lever
50 - C—3 inactive lever

No. of responses/ session

40 -
30
20 -
10 -
0

Veh Anisom
Test 1
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Fig. 4 Effect of either vehicle (n=8-11) or 400 pg of protein
synthesis inhibitor anisomycin (#=8-9) on memory reconsolidation of
ethanol-seeking behaviour (a); ‘no-retrieval’ control groups received
the same procedures except a memory reactivation session (b). Test 1
was performed 24 h after a 5-min memory retrieval session and test 2
was performed 7 days after the memory retrieval session. The
administration of all drugs was performed immediately after the
retrieval session. Data are shown as the number of lever presses on
ethanol-associated (active) and inactive levers after the presentation of
a stimuli previously paired with ethanol in combination with two
drops (60 ul) of ethanol as an additional olfactory/gustatory cue. Data
are presented as means + SEM. Asterisk indicates significant differ-
ences from the vehicle control group, p<0.05

alcohol-paired conditioned stimuli impaired the ability of
these stimuli to induce alcohol-seeking behaviour in
subsequent test sessions. Our findings demonstrate that
the administration of anisomycin and MK-801 specifically
disrupted reconsolidation, as the administration of these
agents without the reactivation of alcohol-related memory
had no effect on the responsiveness of the animals to the
alcohol-paired CS during alcohol-seeking tests. To our
knowledge, this is the first study investigating the reconso-
lidation of appetitive alcohol-related memories in animals.

In the present experiments, we used cue-induced
alcohol-seeking behaviour (Sanchis-Segura and Spanagel
20006) in order to study reconsolidation processes. During a
single memory retrieval session, rats were exposed to the
same cues, as during the conditioning phase, except that
ethanol was not made available. One may argue that non-
reinforced retrieval trials are extinction trials. A critical
parameter that determines whether amnesic-like treatment
will block reconsolidation or extinction seems to be the
length of the re-exposure sessions (Pedreira and Maldonado
2003; Lee et al. 2006b; Power et al. 2006; Bernardi et al.
2007). Therefore, we conducted a pilot study in which two
animal groups were subjected to either 5 or 10 min of
memory reactivation, and 24 h later, their behaviour was
compared with that of animals that had not received
memory reactivation. We found that, compared to the
non-retrieved group, 10-min retrieval led to the slight
extinction of ethanol-seeking behaviour. The second animal
group that received one 5-min memory retrieval session
exhibited a significantly higher number of active lever
presses 24 h later, demonstrating that the retrieval of the
memory increased ethanol seeking in these animals. Due to
these findings, 5 min was chosen as the duration for the
alcohol-related memory reactivation session. These findings
have two implications. First, retrieval is effective and
relevant for behaviour as it increases ethanol-seeking
behaviour after a short memory reactivation. Second,
whether retrieval is causing extinction or not is strongly
dependent on the duration of the retrieval session. This is in
line with other studies suggesting that reconsolidation
processes are dominant with cue exposure of shorter
duration, whereas extinction processes are dominant fol-
lowing cue exposure of longer duration (Pedreira and
Maldonado 2003; Lee et al. 2006b; Bernardi et al. 2007).
Thus, Bernardi et al. (2007) showed that systemic admin-
istration of anisomycin following a 5-min re-exposure to a
previously cocaine-conditioned context disrupted reconso-
lidation, whereas this effect was not seen when anisomycin
was administered following a 30-min re-exposure session.
Lee et al. (2006b) investigated the effects D-cycloserine
and MK-801 on reconsolidation and extinction of a
conditioned fear memory. They found that memory recon-

Table 2 Locomotor activity during test 1 in different treatment
groups

Compound No. of Factor—
movements + SEM treatment group
Vehicle/acamprosate 1,081+£67/1,133+43 p=0.52
Vehicle/MK-801 1,072+456/1,025+58 p=0.58
Vehicle/anisomycin 1,001+£84/986+103 =091
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solidation can be both disrupted and enhanced, and
extinction can be both potentiated and impaired, depending
on the duration and number of CS re-exposures presented
during the memory reactivation/extinction session.

We applied the broad protein synthesis blocker anisomycin
and found that ethanol-memory reconsolidation was disrupted
by ICV administration of this compound immediately after
memory reactivation. Robinson and Franklin (2007) found
that reconsolidation of a previously morphine-induced
conditioned place preference (Tzschentke 2007) can only
be blocked by the post-reactivation ICV infusions of
anisomycin when selectively paired with morphine re-
exposure, whereas ICV infusions of anisomycin without
morphine application failed to block reconsolidation. On the
contrary, we found that re-exposure to the ethanol-associated
cues alone rendered the memory susceptible to disruption of
anisomycin and led thereby to a significant reduction of cue-
induced ethanol-seeking behaviour.

Furthermore, we demonstrate that disruption of ethanol-
related memory reconsolidation can be achieved by NMDA
receptor blockade. Systemic administration of MK-801
significantly reduced alcohol-seeking behaviour 24 h later
as compared to vehicle-treated animals after. The impair-
ment of alcohol-related memory reconsolidation demon-
strated in the present study is consistent with the findings
showing that administration of MK-801 disrupts the
reconsolidation of cocaine-conditioned contexts. Thus,
MK-801 was shown to impair the reconsolidation of a
cocaine-conditioned place preference (Kelley et al. 2007).
Similarly, disruption of drug memory reconsolidation with
NMDA receptor antagonists was demonstrated using an
animal model of cue-induced drug-seeking (Milton et al.
2008) and sucrose-seeking behaviour (Lee and Everitt
2008). Taken together, these results demonstrate that
NMDA receptor-mediated signalling is required for appe-
titive memory reconsolidation. In contrast, systemic admin-
istration of acamprosate following a memory retrieval
session did not reduce ethanol-seeking behaviour, suggest-
ing the specific involvement of NMDA receptor in memory
reconsolidation processes. Moreover, the lack of effect of
acamprosate on the reconsolidation process suggests that
this process is not due to enhanced glutamatergic activity.

The amnesic-like effect of MK-801 was somewhat
decreased in the second test performed 7 days later.
However, ethanol-seeking behaviour was still lower when
compared to the vehicle group. In the anisomycin group,
the significant effect of treatment was seen during both the
first and the second tests, demonstrating a long-lasting
effect of memory reconsolidation on alcohol-seeking
behaviour. Research on the duration of effect on the
memory reconsolidation disruption yielded conflicting
results. Thus, several reports indicate that anisomycin
permanently disrupts reactivated memories (Duvarci and
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Nader 2004). Other studies indicate that anisomycin can
produce amnesic-like effect for a reactivated memory by
only temporarily preventing access to a reactivated memory
(Lattal and Abel 2004; Power et al. 2006). One study by
Lattal and Abel (2004) showed that behavioural impair-
ments in mice caused by anisomycin administration
immediately following contextual fear conditioning were
present for 21 days, whereas similar effects of anisomycin
administration following context re-exposure lasted for
only 24 h. It is not yet clear whether these discrepant
results reflect procedural differences between the studies or
different cellular and molecular mechanisms involved in
memory retrieval. Therefore, one central question remains:
is the disruption of reactivated memories temporary or
permanent?

The systemic application of the drugs in our study
involves some limitations. Thus, studies with systemic
administration of pharmacological agents are likely to be of
greater translational utility; however, this type of studies
provides little information about the brain regions involved
in memory reconsolidation. At present, the neural sites
involved in drug-associated memory reconsolidation has
not yet been defined, although the basolateral amygdala
(Lee et al. 2005; Milton et al. 2008) and the core of the
nucleus accumbens (Miller and Marshall 2005) seem to
play a crucial role in this process.

In conclusion, we have shown that ethanol-associated
memories can be disrupted pharmacologically after their
reactivation by both protein synthesis inhibition and NMDA
receptor antagonism. These findings have important clinical
implications because they show that it is possible to
selectively reduce long-lasting alcohol-associated memories.
Hence, the disruption of alcohol-related memory reconsolida-
tion may be an effective treatment strategy for the reduction of
relapse in abstinent alcoholics.
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