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Abstract
It is well known that the glutamatergic system plays a crucial
role in alcohol addiction and especially in relapse-like
behaviour. However, results of clinical studies on compounds
that inﬂuence the activity of the glutamatergic system have
been disappointing so far. The aim of our study was to
establish treatment conditions under which the N-methyl-Daspartate receptor (NMDAR) antagonist memantine may
produce more reliable treatment effect with respect to alcohol
relapse-like behaviour. For this purpose, male Wistar rats were
trained to associate several discrete stimuli with ethanol
delivery. Thereafter, half of the animals received a brief
memory reactivation session followed by two administrations
of 20 mg/kg of memantine, while the other half received the
same treatment without memory reactivation. Afterwards, a
cue-induced ethanol-seeking behaviour test was performed
followed by repeated extinction sessions and a reacquisition

test. Our data show that administration of memantine reduced
responding on the ethanol-associated lever in a cue-induced
ethanol-seeking test. This reduction did not depend on
whether or not a memory reactivation session was introduced
prior to memantine administration. Following extinction, however, reacquisition of ethanol self-administration was only
impaired in the group where memantine was given after a
short memory reactivation session, showing that this schedule
of drug administration produced a long-lasting disruption of the
association between the conditioned stimuli and the delivery of
ethanol. In conclusion, we show that memantine disrupted the
drug-cue association, which consequently interfered with
relapse-like behaviour supporting the possibility that memantine is a treatment option for alcoholism.
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One major hypothesis in the ﬁeld of alcohol research
proposes that the glutamatergic system is critically involved
in addictive behaviour, especially during a relapse-like
situation (Tsai and Coyle 1998; Gass and Olive 2008;
Vengeliene et al. 2008a). Indeed, it has been shown that a
reduction in relapse-like alcohol drinking after a deprivation
phase can be achieved by administration of both competitive
and non-competitive NMDAR antagonists (H€
olter et al.
1996, 2000; Vengeliene et al. 2005). This receptor also plays
a crucial role in the learning processes whereby the organism
learns to associate certain cues with drug availability
(Alaghband and Marshall 2013). It has been demonstrated
that administration of NMDAR antagonists may impair
operant oral ethanol self-administration (Bienkowski et al.
1999, 2001), disrupt the consolidation or reconsolidation of
drug-cue associations (Feltenstein and See 2007; von der
Goltz et al. 2009; Milton et al. 2012; Alaghband and
Marshall 2013) and in some cases, reduce cue-induced
ethanol-seeking (B€ackstr€
om and Hyyti€a 2004). Administra-

tion of NMDAR partial agonist D-cycloserine has been
shown to facilitate extinction learning in rats trained to selfadminister alcohol (Vengeliene et al. 2008b) and reduce cue
reactivity in alcohol-dependent patients (Kiefer et al. 2015).
Exposure to stimuli that have been previously associated
with alcohol may trigger a relapse to alcohol use, which is
the major concern in the clinical work with alcoholdependent patients. NMDAR has been suggested as a
promising target for the development of novel pharmacotherapies in alcoholism (Holmes et al. 2013), however, the
results of clinical studies so far have been disappointing
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(Spanagel and Vengeliene 2013). The aim of our study was
to establish treatment conditions under which NMDAR
antagonists may produce more reliable treatment effects with
respect to alcohol relapse-like behaviours. For this purpose,
the effect of non-competitive NMDAR antagonist memantine
was tested on cue-induced ethanol-seeking behaviour following memory reactivation and on reacquisition of extinguished operant ethanol self-administration. During memory
reactivation well-established drug-cue associations undergo a
temporal destabilisation and may be strengthened or disrupted. NMDAR antagonists given prior or immediately after
the memory reactivation session were shown to reduce
ethanol seeking, conditioned approach to a cue previously
paired with ethanol and motivation to self-administer ethanol
(von der Goltz et al. 2009; Milton et al. 2012). Here we used
memantine, as it is a clinically used and generally welltolerated drug, which is mostly prescribed to delay the
aggravation of Alzheimer’s disease symptoms (Hellweg
et al. 2012).

Materials and methods
All experimental procedures were approved by the Committee on
Animal Care and Use (Regierungspr€asidium 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). Experiments were carried out in the 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 light
stimulus (house light) and a loudspeaker (65 dB, ‘beep’) were
mounted above the left and right response levers of the selfadministration chamber. All training and testing sessions were
performed during the dark phase of animal light/dark cycle. During
the conditioning, retrieval and the reacquisition phase responses on
the left (active) lever activated a syringe pump that delivered a
~ 30 lL drop of ethanol into a liquid receptacle next to the lever.
The delivery of ethanol during these phases was accompanied by a
10-s auditory stimulus, and 10-s blinking light, which served as a
‘timeout’, during which responses were recorded, but not reinforced.
Responses on the right (inactive) lever were recorded, but did not
have any programmed consequence.
Fifty two-month-old male Wistar rats (Charles River, Sulzfeld,
Germany) were trained to self-administer 10% (v/v) ethanol in daily
30-min conditioning sessions using a ﬁxed-ratio 1 schedule of
reinforcement. During the ﬁrst 2 days of conditioning, animals were
kept water deprived for 20 h per day in order to facilitate acquisition
of operant responding for a liquid reinforcer. The animals received a
total of 15 ethanol conditioning sessions, 13 of which were without
water deprivation. During the conditioning phase, rats learned to
associate a light/tone stimulus with ethanol delivery. After completing the conditioning phase, animals were left undisturbed in their
home cages for 48 h. Afterwards, a single memory reactivation
session of 5-min duration was introduced. During this session, rats
were exposed to the same conditions as in the conditioning phase.
For the memantine, testing animals were split into two groups

according to their behaviour during the conditioning phase and
retrieval session (n = 17 per group). One group received an
intraperitoneal injection of vehicle (isotonic saline) and
another group received 20 mg/kg of memantine (LKT Laboratories,
St. Paul, MN, USA). Drug administration was performed twice –
immediately after the memory reactivation session and 4 h later in
order to block activation of transcription factors (i.e. immediateearly genes) and long-term gene responses induced by the products
of immediate-early genes (Igaz et al. 2002).
A single cue-induced ethanol-seeking testing of 30-min duration
was performed 24 h after the memory reactivation session in order
to see whether memantine treatment had disrupted association of
conditioned stimuli with ethanol. In this test, rats were exposed to
the same conditions as during the conditioning phase, except that
there was no ethanol delivery upon pressing the active lever. Two
drops of ethanol were placed in the respective liquid receptacle
before the ethanol-seeking test, which served as an additional
olfactory/gustatory ethanol cue.
In order to measure whether memory reactivation session is
necessary for disruption of drug-cue association by memantine, two
additional groups of rats (n = 8 per group) received the same
treatment in their home cages (i.e. vehicle vs. memantine) without
subjecting them to a memory reactivation session.
For the next 7 days, animals were left undisturbed in their home
cages to ensure complete elimination of memantine. Afterwards all
rats were subjected to daily 30-min extinction sessions for nine
consecutive days, which in total was sufﬁcient to reach reduced
response rates approximating the extinction criterion of 20% of the last
conditioning sessions. The extinction sessions began by extending the
levers. Responses on the previously active lever resulted in neither
delivery of ethanol nor presentation of response-contingent cues.
The possible long-lasting effect of memantine on the drug-cue
association and the relapse-like behaviour were studied in a single
reacquisition of ethanol self-administration session without additional administration of memantine. This test session was carried out
the day after the ﬁnal extinction session. In this test, rats were
exposed to the same conditions as in the conditioning sessions. In
addition, two drops of ethanol were placed in the liquid receptacle
before reacquisition session, which served as an additional olfactory/
gustatory ethanol cue to help to initiate lever responding.
Data obtained from the ethanol conditioning and extinction
sessions were analysed by use of a three-way analysis of variance
(ANOVA) for repeated measures [factors: treatment group (vehicle vs.
memantine), session and lever (active vs. inactive)]. Data obtained
from the memory reactivation, ethanol-seeking and reacquisition
tests were analysed by use of a two-way ANOVA (factors were:
treatment group and lever). Whenever signiﬁcant differences were
found, post-hoc Student–Newman–Keuls tests were performed. The
chosen level of signiﬁcance was p < 0.05.

Results
At the end of the conditioning phase, rats exhibited 78  8
responses on the ethanol-associated lever and 7  1 on the
inactive lever. For the memantine testing, animals were split
into groups in such a way that the number of lever responses
between control and memantine-treated animal groups were
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Fig. 1 Conditioning of lever-pressing behaviour in (a) animals that
received a 5-min memory reactivation session followed by either
vehicle or memantine treatment (n = 17/17) and (b) animals that were
not subjected to the memory reactivation session (n = 8/8). Data are
shown as the average number of lever presses on the ethanolassociated (active) and on the inactive lever. Data are presented as
means  SEM.

similar during the last four conditioning sessions (factor
treatment group: p = 0.97 and p = 0.99 for reactivated and
non-reactivated groups respectively) (Fig. 1) and during the
reactivation session (factor treatment group: p = 0.93) (data
not shown). Memantine, administered after the 5-min
memory reactivation session, signiﬁcantly reduced responding on the active lever during the subsequent cue-induced
ethanol-seeking test when compared to vehicle-treated animals (factor treatment group: F(1,32) = 23.1, p < 0.0001)
(Fig. 2a). Similarly, administration of memantine to animals,
which did not receive a memory reactivation session, caused
a signiﬁcant reduction in responses on the active lever during
the cue-induced ethanol-seeking test 20 h later (factor
treatment group: F(1,14) = 11.8, p < 0.01) (Fig. 2b).
This treatment had no effect on lever responding during
extinction training (factor treatment group: p = 0.99 and
p = 0.39, for retrieved and non-retrieved animal groups
respectively) (Fig. 3). However, during the reacquisition of

3

Fig. 2 Effect of either vehicle (n = 17) or 20 mg/kg of memantine
(n = 17) on cue-induced ethanol-seeking behaviour. This test was
performed 24 h after a 5-min memory reactivation session (a). The
drug administration was performed twice, immediately and 4 h, after
the reactivation session. Two additional experimental groups (n = 8/8)
received the same treatment except the memory reactivation session
(b). Data are shown as the average number of lever presses on the
ethanol-associated (active) lever and on the inactive lever. Responses
on the active lever were followed by the presentation of ethanol
discriminative stimuli. Data are presented as means  SEM. *indicates signiﬁcant differences from the vehicle control group, p < 0.05.

ethanol self-administration session, the animal group that
received memantine treatment after the memory reactivation
session, exhibited signiﬁcantly fewer number of presses on
the active lever as compared to the vehicle-treated animal
group (factor treatment group: F(1,32) = 4.8, p < 0.05). On
the contrary, memantine treatment had no signiﬁcant effect
on lever responding in animals which were not subjected to a
retrieval session (factor treatment group: p = 0.46) (Fig. 4).

Discussion
Our results showed that repeated administration of 20 mg/kg
of memantine reduced responding on the ethanol-associated
lever during the cue-induced ethanol-seeking test performed
20 h later. This reduction did not depend on whether or not a
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Fig. 3 Extinction of lever-pressing behaviour in (a) animals that
received a 5-min memory reactivation session followed by either
vehicle or memantine treatment (n = 17/17) and (b) animals that were
not subjected to the memory reactivation session (n = 8/8). Extinction
sessions started 1 week after the memory reactivation session in drugfree animals. Data are shown as the average number of lever presses
on the ethanol-associated (active) and on the inactive lever.
Responses on both levers had no programmed consequences. Data
are presented as means  SEM.

memory reactivation session was introduced prior to memantine administration. The subsequent extinction process was
not affected by this treatment. And ﬁnally, performance
during reacquisition of conditioned ethanol self-administration was signiﬁcantly impaired in animals that received
memantine after a memory reactivation session. Animals
from the group which received memantine without memory
reactivation exhibited similar lever responding during the
reacquisition test to that of the vehicle-treated group.
NMDAR antagonists are known to impair operant ethanol
self-administration (Bienkowski et al. 1999, 2001; Sabino
et al. 2013). Hence, effects of memantine on cue-induced
ethanol-seeking may have been a result of a direct effect of
treatment on operant behaviour. However, considering that
the elimination half-life of memantine in the rat is 3–4 h

Fig. 4 Reacquisition of lever-pressing behaviour in (a) animals that
received a 5-min memory reactivation session followed by either
vehicle or memantine treatment (n = 17/17) and (b) animals without
the memory reactivation session (n = 8/8). Reacquisition testing was
performed 24 h after the last extinction session in drug-free animals.
Note: Groups with (a) and without (b) reactivation were run in two
independent experiments. This explains slight differences in operant
responding in vehicle-treated animals. Data are shown as the average
number of lever presses on the ethanol-associated (active) lever and
on the inactive lever. Responses on the active lever were followed by
the presentation of ethanol discriminative stimuli and the delivery of
30 lL of 10% ethanol. Data are presented as means  SEM.
*indicates signiﬁcant differences from the vehicle control group,
p < 0.05.

(Beconi et al. 2012), it is unlikely that the effect of this drug,
administered 20 h before the test, could be caused by a direct
action on the NMDAR. In addition, it is known that
antagonism of NMDAR does not reliably reduce conditioned
alcohol-seeking behaviour (Vengeliene et al. 2008a).
Besides the direct, short-lasting effect on the NMDAR,
memantine may also induce long-lasting changes on the
brain activity and subsequently on behaviour by alterations in
gene expression. Such an indirect and very long-lasting effect
(for several weeks) of drug treatment on gene expression and
relapse behaviour was recently observed by us by applying a
glycine transporter inhibitor (Vengeliene et al. 2010). In
addition, long-lasting effects of memantine on operant
behaviour (up to 30 h) has already been demonstrated in
previous studies, showing that this drug may also alter gene
expression and protein synthesis (Jeanblanc et al. 2014;
Alaux-Cantin et al. 2015), and thus causing long-lasting
behavioural changes.
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The lack of effect of memantine on the extinction of
operant responding suggests that memantine treatment
speciﬁcally interfered with the drug-cue association, but
not operant performance in itself. Reacquisition of ethanol
self-administration, which followed the nine consecutive
extinction sessions and was performed more than 2 weeks
after the last administration of memantine, was signiﬁcantly
impaired only in the group where memantine was given after
a short memory reactivation session. These results suggest
that administration of memantine after memory reactivation
had an additional beneﬁcial effect – this schedule of drug
administration had a longer lasting disruption of the association between the conditioned stimuli and the delivery of
alcohol. Rapid reacquisition of extinguished responding
represents some of the mechanisms of clinical relapse
(Bouton et al. 2012). Hence, our data demonstrated that
successful disruption of drug-cue association may interfere
with relapse behaviour and this effect can last for a long
period of time. Although clinical testing of memantine did
not support its clinical usefulness for relapse prevention
(Evans et al. 2007; Spanagel and Vengeliene 2013), it has
been shown that memantine may attenuate alcohol cueinduced craving in alcohol-dependent patients (Krupitsky
et al. 2007). Our data supports the possibility that memantine
is a treatment option for alcoholism. However, a single
administration of memantine during abstinence may not be
enough to prevent relapse (Alaux-Cantin et al. 2015). The
effectiveness of this drug seems to lie in its ability to disrupt
conditioned behaviours and should be given in conjunction
with exposure to conditioned drug stimuli.
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