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Glutamatergic input within the mesolimbic dopamine (DA) pathway plays a critical role in the development of addictive behavior.
Although this is well established for some drugs of abuse, it is not known whether glutamate receptors within the mesolimbic system are
involved in mediating the addictive properties of chronic alcohol use. Here we evaluated the contribution of mesolimbic NMDARs and
AMPARs in mediating alcohol-seeking responses induced by environmental stimuli and relapse behavior using four inducible mutant
mouse lines lacking the glutamate receptor genes Grin1 or Gria1 in either DA transporter (DAT) or D1R-expressing neurons. We first
demonstrate the lack of GluN1 or GluA1 in either DAT- or D1R-expressing neurons in our mutant mouse lines by colocalization studies.
We then show that GluN1 and GluA1 receptor subunits within these neuronal subpopulations mediate the alcohol deprivation
effect, while having no impact on context- plus cue-induced reinstatement of alcohol-seeking behavior. We further validated these results
pharmacologically by demonstrating similar reductions in the alcohol deprivation effect after infusion of the NMDAR antagonist me-
mantine into the nucleus accumbens and ventral tegmental area of control mice, and a rescue of the mutant phenotype via pharmaco-
logical potentiation of AMPAR activity using aniracetam. In conclusion, dopamine neurons as well as D1R-expressing medium spiny
neurons and their glutamatergic inputs via NMDARs and AMPARs act in concert to influence relapse responses. These results provide a
neuroanatomical and molecular substrate for relapse behavior and emphasize the importance of glutamatergic drugs in modulating
relapse behavior.
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Introduction
A major hypothesis in the addiction field is that glutamatergic
neurotransmission and neuroadaptive changes in glutamate re-

ceptors play a central role in alcoholism (Tsai et al., 1995; Krystal
et al., 2003; Gass and Olive, 2008; Holmes et al., 2013). In partic-
ular, glutamatergic input onto the mesolimbic dopamine (DA)
system appears to mediate mechanisms of synaptic plasticity rel-
evant for the development of addictive behavior. Thus, glutama-
tergic synapses on DA neurons in the ventral tegmental area
(VTA) and medium spiny neurons (MSNs) of the nucleus ac-
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Significance Statement

Here we provide genetic and pharmacological evidence that glutamate receptors within the mesolimbic dopamine system play an
essential role in alcohol relapse. Using various inducible and site-specific transgenic mouse models and pharmacological valida-
tion experiments, we show that critical subunits of NMDARs and AMPARs expressed either in dopamine neurons or in dopamine
receptor D1-containing neurons play an important role in the alcohol deprivation effect (the increase in alcohol intake after a
period of abstinence) while having no impact on context- plus cue-induced reinstatement of alcohol-seeking responses. Medica-
tions targeting glutamatergic neurotransmission by selective inactivation of these glutamate receptors might have therapeutic
efficacy.
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cumbens (NAc) both modulate the reinforcing properties of
drugs of abuse and reward-dependent learning processes
(Lüscher and Malenka, 2011; Lüscher, 2013). Therefore, gluta-
mate receptors within the mesolimbic system have been
proposed to be important not only for synaptic plasticity mech-
anism, but also for the development of addictive behavior.

The contribution of glutamate receptors in alcohol-related
behaviors has been studied in either knock-out mouse models or
in pharmacological studies, and the results obtained point to a
minor role of NMDARs and AMPARs in alcohol reinforcement
and alcohol-seeking responses (Sanchis-Segura et al., 2006; Spa-
nagel, 2009; Bilbao, 2013). However, relapse behavior, as mea-
sured by the alcohol deprivation effect (ADE), is attenuated or
blocked by several NMDAR and AMPAR antagonists (Hölter et
al., 1996; Vengeliene et al., 2005, 2008; Sanchis-Segura et al.,
2006; Spanagel, 2009; Holmes et al., 2013). Thus, there is some
indication that glutamate receptors are, at least in part, involved
in mediating the addictive properties of alcohol, but the neuro-
anatomical substrates and the specific contributions of AMPARs
and NMDARs are not well understood.

To study the contribution of NMDARs and AMPARs in me-
diating relapse-like behavior in the ADE model and in reinstate-
ment of alcohol-seeking triggered by environmental stimuli
(context and cue), we used site- and time-specific conditional
mouse models lacking the glutamate receptor subunits GluN1 or
GluA1 in the DAT- (a marker of DAergic neurons) and D1-
expressing neurons (expressed on a subpopulation of MSNs).
Although there is growing evidence that D2-expressing MSNs
mediate several effects induced by alcohol (Spanagel, 2009), in a
recent report by Wang et al. 2015)) it was demonstrated that
alcohol consumption induces a long-lasting increase in AMPAR
activity specifically in D1-MSNs, but not in D2-MSNs, and
striatal blockade of D1R, but not D2R, activity attenuates al-
cohol consumption. Therefore, we studied the contribution of
NMDARs and AMPARs onto D1-MSNs in mediating addictive-
like behavior.

The ADE as a phenomenon in laboratory animals that models
a relapse-like drinking situation was first described for rats (Sin-
clair and Senter, 1967) and later for mice (Salimov and Salimova,
1993). In this model, renewed access to alcohol solutions after a
period of deprivation for several days leads to a pronounced,
although temporary, increase in voluntary alcohol intake in ani-
mals (Vengeliene et al., 2014; Eisenhardt et al., 2015). In rats, the
ADE was attenuated by repeated subacute treatment with me-
mantine and other NMDAR antagonists (Hölter et al., 2000;
Vengeliene et al., 2005, 2008; Spanagel, 2009).

The reinstatement model (de Wit and Stewart, 1981) exam-
ines the resumption of responding in an operant task of a previ-
ously extinguished drug-reinforced behavior in response to
noncontingent drug delivery (i.e., priming), environmental stim-
uli previously associated with it (context or cues), or stressful
stimuli (Sanchis-Segura and Spanagel, 2006; Bossert et al., 2013).
A cue-induced increase in alcohol-seeking is attenuated by some
NMDAR antagonists (Bäckström and Hyytiä, 2004; Spanagel,
2009), but these effects are usually accompanied by a generalized
impairment in motor behavior (Bachteler et al., 2005; Spanagel,
2009; Holmes et al., 2013); therefore, the specific contribution of
NMDARs to alcohol-seeking responses is unclear.

Here we show, with our selective and inducible mutant mouse
models, that GluN1 and GluA1 receptor subunits in DAT- and
D1-expressing neurons play a crucial role in relapse to alcohol
while having no impact on environmental stimuli (context and
cue) -induced reinstatement. This was further demonstrated by

site-selective pharmacological manipulations with the drugs me-
mantine and aniracetam.

Materials and Methods
Mice generation. We generated mutant mice expressing GluN1 or
GluA1 mutations under control of the DAT (Slc6a3) or D1 (Drd1a) pro-
moter following the previously described procedure (Engblom et al., 2008;
Mameli et al., 2009; Parkitna et al., 2009, 2010). In short, GluN1DATCreERT2,
GluA1DATCreERT2, GluN1D1CreERT2, and GluA1D1CreERT2 mice were gen-
erated by crossing mice with an inducible Cre-recombinase under the
DAT- or D1-promoter with mice carrying floxed alleles for GluN1or
GluA1. The DATCreERT2 and D1CreERT2 mice were generated by re-
combining a construct containing an improved Cre-recombinase fused
to a modified ligand binding domain of the estrogen receptor (CreERT2)
into a bacterial artificial chromosome containing the gene encoding DAT
(Slc6a3) or D1 (Drd1a) by recombineering. GluN1fl/fl and GluA1fl/fl mice,
having exons 11–18 of the Grin1 or exon 11 of the Gria1 alleles, respec-
tively, flanked with loxP sites were generated by gene targeting in
embryonic stem cells (Zamanillo et al., 1999; Niewoehner et al.,
2007). For induction of the mutation, mice were challenged with 1 mg
of tamoxifen intraperitoneally twice a day for 5 consecutive days
(Erdmann et al., 2007). For genotyping of the DATCreERT2 and
D1CreERT2 transgene, we used the primers GGC TGG TGT GTC
CAT CCC TGA A and GGT CAA ATC CAC AAA GCC TGG CA. The
GluN1 and GluA1 flox variants were genotyped using the primers GGA
CAG CCC CTG GAA GCA AAA T and GGA CCA GGA CTT GCA GTC
CAA AT for GluN1, and CAC TCA CAG CAA TGA AGC AGG AC and CTG
CCT GGG TAA AGT GAC TTG G for GluA1. For all experiments, adult male
GluN1DATCreERT2, GluA1DATCreERT2, GluN1D1CreERT2, and GluA1D1CreERT2

and their wild-type littermate mice from at least six consecutive back-
crosses with C57BL/6N were used (8 –10 weeks at the beginning of the
experiments). As controls, floxed littermates not carrying the Cre-
recombinase were used.

Animals were single-housed in standard hanging cages at 21 � 1°C
and 50 � 5% relative humidity on a reversed 12 h light/dark cycle, with
lights on at 7:30 P.M. Animals were provided with standard rodent food
and tap water ad libitum. All mice were offered two bottles of tap water to
prevent habituation-induced side preference, except during the home
cage drinking procedure where one of the bottles filled with tap water was
replaced by an ethanol solution. Animals were handled on a daily basis
before starting the experiments. Experiments were conducted in accor-
dance with European Union guidelines on the care and use of laboratory
animals.

Dual-labeling immunohistochemistry. Four weeks after induction of
the mutation, mice anesthetized by isoflurane inhalation were transcar-
dially perfused with 1 M PBS for 1 min followed by perfusion with 4%
PFA in 1 M phosphate buffer for 15 min. After perfusion, brains were
removed and immersed in the same fixative for 2 h at 4°C. Afterward,
brains were cryoprotected in 0.01 mM phosphate buffer with 15% sucrose
and 0.05 mM sodium azide. Tissue blocks containing the area of DAergic
(midbrain) or dopaminoceptive neurons were dissected and washed in
0.1 M phosphate buffer for several hours. Next, tissue blocks were embed-
ded in 4% agarose and sectioned at 60 �m with a microtome. Sections
were blocked in 10% normal goat serum and following incubation in a
mixture of primary antibodies for GluA1 and TH, for GluN1 and TH,
GluA1 and D1, or GluN1 and D1, in TBS containing 2% normal goat
serum overnight at 4°C. For GluN1 labeling, the sections were pretreated
with 2 mg/ml pepsin to improve accessibility to the epitopes. After wash-
ing with TBS, sections were incubated in a mixture of secondary antibod-
ies coupled to Alexa-488 or to cyanine-derived fluorochrome Cy3, made
up in TBS, for 2 h at room temperature. Subsequently, sections were
washed with TBS, mounted on gelatin-coated slides, air-dried, and cov-
erslipped with buffered glycerol. Fluorescent signals were determined
using a confocal laser microscope (Zeiss, LSM 710).

Antibodies. The primary antibodies (2 �g/ml) used were as follows:
affinity-purified rabbit anti-GluA1 polyclonal (AB1504; lot #24040209;
Millipore Bioscience Research Reagents, Merck), affinity-purified rabbit
anti-GluN1 polyclonal (AB9864; lot #07-362; Millipore Bioscience Re-
search Reagents, Merck), mouse anti-TH monoclonal (MAB5280, clone
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2/40/15; Calbiochem, Merck, Millipore Bioscience Research Reagents),
and affinity-purified guinea pig anti-D1 polyclonal (D1R-Gp-Af500; Fron-
tiers Institute) antibodies. The characteristics and specificity of the anti-D1
antibody have been described previously(Narushima et al., 2006). Secondary
antibodies conjugated to Alexa-488 or to cyanine-derived fluorochrome Cy3
(dilution 1:500) were purchased from Invitrogen, Thermo Fisher Scientific,
and Jackson ImmunoResearch Laboratories, respectively.

Behavioral experiments. All behavioral experiments were initiated 4
weeks after the tamoxifen treatment and were performed during the
active, dark phase of the day, between 9:00 and 14:00 h.

Homecage activity. Spontaneous locomotor activity was recorded in
the home cage using the MOUSE-E-MOTION Data Logger (INFRA-E-
MOTION). One data logger was placed above each cage (30 cm from the
bottom) using a stainless steel mounting unit, so that the mouse could be
detected at any position inside the cage. Locomotor activity was mea-
sured using a passive infrared sensor, which detects the emitted heat
radiation of the mouse. The sensor can detect body movements of the
mouse of �1.5 cm from one sample point to the next. The data logger
was sampling every 4 min whether the mouse moved or not and lasted
for 3 d.

Habituation to the activity boxes. To assess reactivity to novel environ-
ments and habituation mechanisms, each mouse was placed in a clear
Plexiglas box (40 � 40 cm), and locomotor activity was measured for a
period of 30 min. Locomotor activity was recorded every 5 min using the
TruScan photo beam activity system (Coulbourn Instruments).

Elevated-plus-maze. Anxiety-like behavior was tested using the
Elevated-plus-maze test. The Elevated-plus-maze consisted of a right-
angled cross elevated 50 cm above the floor with two open and two
enclosed arms. Each mouse was placed at the intersection of the 4 arms
and allowed to explore all 4 arms freely for 5 min. Locomotion and spatial
placement were recorded by EthoVision XT (Noldus Information
Technology).

Taste preference test. Taste preference over water for sweet 0.2% sac-
charin and bitter 0.25 mM quinine solutions was tested. Mice had the
choice between one of the two solutions and water for 3 d. The preference
of each solution was calculated as the percentage of the total fluid intake.

Home cage two-bottle free choice drinking and ADE. Mice had access to
increasing ethanol concentration in a two-bottle free choice paradigm in
the home cage, having the choice between ethanol and water. First, mice
had access to a 2% ethanol solution (v/v) and tap water for 3 d, followed
by 4% ethanol solution and tap water for another 3 d. Next, mice had the
choice between an 8% ethanol solution and tap water for 6 d; and finally,
the concentration of ethanol was increased to 12%. Mice had access to
12% ethanol and tap water until they reached a stable intake (12–15 d).
Following the establishment of a baseline, ethanol and water intake was
recorded using the Drinkometer system (INFRA-E-MOTION) for 3 d.
Mice were afterward deprived from ethanol for 12–15 d, during which
they only had access to two bottles of tap water. After the deprivation
period, the ADE was tested for 24 h by reintroducing the ethanol bottle.

For pharmacological experiments, drugs were administered intraperi-
toneally 30 min before the ADE test. For intra-VTA and intra-NAc ad-
ministration, a guide cannula (see subsequent section) was implanted
during the deprivation period (deprivation day 3– 4), and the drugs were
administered 60 min before the ADE test.

Ethanol (g/kg) and water (ml) intake as well as the ethanol preference
(% of total fluid intake) were calculated for each ethanol concentration
per day. During baseline and ADE measurement, ethanol and water in-
take was additionally calculated in 4 h time intervals. Baseline ethanol
and water intake was calculated as the mean of the last 3 d of baseline
recording.

Assessment of drinking patterns by a fully automated Drinkometer device.
It has very often been reported that mice do not show an ADE (Salimov
et al., 1995; Bilbao, 2013; Vengeliene et al., 2014). By using a novel fully
automated Drinkometer device, we have recently demonstrated a robust
ADE with up to 10-fold increase in alcohol consumption compared with
baseline drinking. This effect is, however, of short-lasting nature and
restricted to the first 4 – 8 h of resumption of alcohol drinking. Therefore,
a high time resolution monitoring is suggested to be essential to capture
not only the ADE onset but also its duration (Eisenhardt et al., 2015).

Ethanol and water intake was measured during baseline and ADE with
a fully automated, highly precise monitoring system. This Drinkometer
system comprises the MOUSE-E-MOTION Universal Data Logger
(INFRA-E-MOTION; http://www.infra-e-motion.de/en/) in connec-
tion with an extension module and is used to monitor simultaneously
water and alcohol consumption. Additionally, the system enables the
measurement of other variables, such as spontaneous locomotor activity
and the lighting conditions. During recording, the standard lid of the
mouse home cage was replaced with the Drinkometer lid containing two
holes for special Drinkometer bottles and a spatially divided feeding dish
to prevent hampered recording. Each cage was equipped with a metal
holder to mount and connect the data logger. The metal holder con-
tained two independent channels with weight sensors and an LCD dis-
play. Last, special Drinkometer bottles with a curved bottleneck and
different tips for water (0.8 mm opening) and alcohol (0.5 mm opening)
solutions were attached magnetically to the metal holder. The Drinkom-
eter system was configured to sample every 4 min, the amount (g) of
ethanol and water each mouse consumed. Ethanol and water intake was
calculated every 4 h to assess the circadian drinking pattern and to obtain
a temporal dissection of the ADE.

Operant self-administration, extinction, and context- plus cue-
induced reinstatement of ethanol seeking. Mice were trained to self-
administer ethanol in eight operant chambers (TSE Systems). Each
chamber was equipped with two ultrasensitive levers (required force, �1
g) on opponent sides: one functioning as the active and one as the inac-
tive lever. Next to each lever, a front panel containing the visual stimulus
was installed above a drinking microreservoir. When the programmed
ratio requirements were met on the active lever, 10 �l of the ethanol
solution was delivered into the microreservoir, and the visual stimulus
was presented via a light located on the front panel. Responses on the
inactive lever were recorded but had no programmed consequences.
These responses were recorded as a measure of nonspecific behavioral
activation. A microcomputer controlled the delivery of fluids, presenta-
tion of visual stimuli, and recording of the behavioral data.

Conditioning phase. Mice were trained to self-administer 10% ethanol
(v/v) in 30 min daily sessions on a fixed ratio 1 schedule of reinforcement,
where each response resulted in delivery of 10 �l of fluid. A contextual
stimulus predicting ethanol availability was presented during the ethanol
self-administration sessions. The contextual stimulus consisted of a gray,
smooth floor (S �). In addition, each lever press resulting in delivery of
ethanol was paired with illumination of the chamber’s cue light for 5 s
(CS �). Concurrently with the presentation of these stimuli, a 5 s time-
out period was in effect, during which responses were recorded but not
reinforced. Criteria for the conditioning were met at stable baseline lever
pressing for 3 consecutive days, with no significant differences in lever
pressing.

Extinction phase. After the last conditioning day, mice were subjected
to daily 30 min extinction sessions. Responses at the active lever did not
result in the delivery of liquids or the presentation of the response-
contingent cue (light). During the extinction phase, a bar floor was used.
The criteria for extinction were established at 50% of the baseline lever
responses for 3 consecutive days.

Context- plus cue-induced reinstatement. Reinstatement testing began
the day after the last extinction session. Context- plus cue-induced rein-
statement was tested under conditions identical to those during the con-
ditioning phase, except that ethanol was not made available.

For pharmacological experiments, drugs were administered 30 min
before the reinstatement test. Drug administrations were conducted ev-
ery third day using a counterbalanced design.

Surgery and intra-NAc and VTA microinfusions. Mice were anesthe-
tized with 1.5%–1.8% of isoflurane (CP-Pharma) and placed in a stereo-
taxic frame (David Kopf Instruments). A 26-gauge stainless-steel guide
cannula of 4.2 mm length (Plastics One) was unilaterally implanted to
target the VTA or the NAc core. The stereotaxic coordinates for the VTA
were as follows: from bregma, �3.16 mm anteroposterior, �0.5 mm
mediolateral, and �4.2 mm dorsoventral; and for the NAc core: from
bregma, �1.65 mm anteroposterior, �0.9 mm mediolateral, and �4.2
mm dorsoventral. The guide cannula was secured to the skull with dental
cement (Super-Bond C&B, Sun Medical), and a 33-gauge dummy can-
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nula was inserted into the guide cannula to pre-
vent blockade and contamination. After the
surgery, mice were allowed to recover for at
least 7 d. Two days before the experiment,
each mouse was habituated to the infusion
procedure.

For microinfusion, the dummy cannula was
removed and a 33-gauge injector cannula was
slowly lowered into the guide cannula. The in-
jection cannula projected 0.1 mm beyond the
tip of the guide cannula. Drugs were microin-
fused into the target area with a flow rate of
0.25 �l/min over 2 min driven by a syringe
pump (Harvard Apparatus). Injectors were left
in place for an additional 1 min after the end of
the injection, to ensure adequate diffusion
from the tip and to reduce any possible back-
flow along the injection track. After comple-
tion of the injection, the injector cannula was
removed and the dummy cannula inserted.

Histology. Cannula placement was verified
after the end of each experiment. Mice were
therefore killed by decapitation. Brains were
removed, snap frozen in �40°C isopentane for
1–2 min, and stored at �70°C until use. Brains
were sliced in coronal sections of 50 �m. Sec-
tions were mounted on slides, stained with
cresyl violet, and coverslipped. Cannula place-
ment was examined under a light microscope,
and the location of the guide cannula was ver-
ified using the atlas of Paxinos and Franklin
(2001) as reference. Only mice with probe
placement in the VTA or NAc (core or shell)
were included in the statistical analysis. Al-
though cannula placement was aimed at the
NAc core, no differentiation between NAc core
and shell was made. Because of the tight ana-
tomical proximity, drug diffusion will com-
prise both subnuclei (Besheer et al., 2010).

Drugs. Tamoxifen was dissolved in medium-
chain triglycerides (Stadtklinik Frankenthal)
to a final concentration of 10 mg/ml. Medium-
chain triglycerides were used instead of
conventional sunflower seed oil for better
compatibility and made adding of alcohol dis-
pensable. Sodium saccharin and quinine hy-
drochloride were added to water to achieve
0.2% or 0.25 mM (w/v), respectively. Ethanol
dilutions (2%, 4%, 8%, 10%, and 12%; v/v)
were made up with 96% ethanol and water.
Memantine (Biotrend) was dissolved in saline
and aniracetam (Cayman Chemical) suspended with 2–3 drops of Tween
80 in saline as vehicle. Memantine and aniracetam were administered as
intraperitoneal injections at a dose of 25 and 5 mg/kg, respectively, and
for intra-VTA and intra-NAc infusions at a dose of 5 �g/0.5 �l and
1.5 �g/0.5 �l, respectively.

We decided to use memantine for pharmacological validation experi-
ments because of its translational potential. Thus, it has been suggested
that memantine may be useful in the treatment of relapse behavior
(Hölter et al., 1996, 2000; Spanagel and Vengeliene, 2013), and first clin-
ical studies have already tested its therapeutic efficacy (Bisaga and Evans,
2004; Evans et al., 2007; Krupitsky et al., 2007). Another reason to choose
memantine was that, because of its lower receptor affinity and faster
off-rates, this drug displays some advantages over other NMDAR antag-
onists, especially that it produces a very low side effect profile compared,
for example, with MK-801 (Parsons et al., 1999). The rationale for choos-
ing the positive allosteric modulator aniracetam, which potentiates
AMPAR activity (Tang et al., 1991) to rescue the abolished relapse-like
behavior in our mutant mice, was the recent report showing that admin-

istration of this drug was able to increase alcohol-seeking in rats
(Cannady et al., 2013). In addition, to our knowledge, there are no phar-
macological agents available, which are selective for the AMPAR subunit
GluA1.

Statistics. The value n corresponds to the number of animals. Statistical
analyses were performed by ANOVA with Newman–Keuls test for post
hoc comparisons and Student’s t test using Statistica 10 (StatSoft). All
values are given as mean � SEM, and statistical significance was set at
p � 0.05.

Results
Basic characterization of mice with a specific lack of
glutamate receptors within the mesolimbic DA system
In slices from control mice, GluN1 and GluA1 were expressed in
both TH-negative and TH-positive as well as in D1-negative and
D1-positive neurons. In GluN1DATCreERT2 and GluN1D1CreERT2

mutant mice, GluN1 was expressed only in TH-negative and in
D1-negative cells, respectively (Fig. 1A). The same pattern was

Figure 1. Lack of GluN1 in DAergic and D1-expressing cells in mutant mice. Representative coronal sections from the VTA
showing immunofluorescence for GluN1 and TH in control (A, B) and GluN1DATCreERT2 (D, E) mice, respectively. C, F, Overlay of the
images A, B and D, E. The deletion was efficient and specific in all cases. Hence, GluN1 is only expressed in TH-negative neurons in
GluN1DATCreERT2 mice. Corresponding analysis for D1 and GluN1 in controls (G, H ) and GluN1D1CreERT2 mice (J, K ) in coronal sections
from the NAc. I, L, Overlay of the images G, H and J, K. The deletion was efficient and specific in all cases. Hence, GluN1 is only
expressed in D1-negative neurons in GluN1D1CreERT2 mice. Arrow indicates colocalization. *TH or D1 labeling. Triangle represents
GluN1 labeling without colocalization.

15526 • J. Neurosci., November 25, 2015 • 35(47):15523–15538 Eisenhardt et al. • Mesolimbic Glutamate Receptors and Alcohol Addiction



found in GluA1DATCreERT2 and GluA1D1CreERT2 mutant mice
where GluA1 was expressed only in TH-negative and in D1-
negative cells, respectively (Fig. 2). Together with our previous
reports, this further confirms the ablation of individual gluta-
mate receptor subunits within the mesolimbic DA system in our
four mutant mouse lines.

Because motor and emotional components as well as altera-
tions in taste sensitivity can potentially affect alcohol drinking
and operant behavior, mice were tested for spontaneous locomo-
tor activity, habituation to novelty, anxiety, and taste preference
over water for a sweet (0.2% saccharin) and bitter (0.25 mM qui-
nine) solution.

GluN1 mutations
All genotypes displayed typical diurnal rhythmicity, with higher
activity levels during the dark, active phase compared with the
light, inactive phase of the day (two-way ANOVA, Phase effect,

(Fig. 3A) F(5,156) � 35.61, p � 0.001; (Fig.
3G) F(5,210) � 91.26, p � 0.001). However,
both GluN1DATCreERT2 and GluN1D1CreERT2

mice displayed reduced locomotor activ-
ity during the active phase (Fig. 3A; two-
way ANOVA, Genotype � Phase
interaction effect, F(5,156) � 3.59, p � 0.01;
Fig. 3G; Genotype effect, F(1,210) � 13.65,
p � 0.001). We then tested habituation to
novelty in an activity box. Although
GluN1DATCreERT2 showed a similar habit-
uation profile to novelty, they had re-
duced activity over the entire time course
of testing (Fig. 3B; Genotype effect, F(1,26)

� 37.5, p � 0.001), which resulted in a
lower total locomotor activity (Fig. 3C;
t(26) � 6.12; p � 0.001). GluN1D1CreERT2

showed slightly impaired habituation to
novelty (Fig. 3H; Genotype � Habitua-
tion interaction effect, F(5,175) � 6.62,
p � 0.001). In measurements for anxiety-
like behavior (Fig. 3D,E, J,K) and taste
preferences for saccharin and quinine
(Fig. 3F,L), no genotype differences were
observed.

GluA1 mutations
GluA1DATCreERT2 and GluA1D1CreERT2 mice
were almost indistinguishable from wild-
type mice in all measurements (Fig. 4).

Alcohol deprivation effect requires
GluN1 and GluA1 containing receptors
in the mesolimbic system
GluN1 mutations
During the acquisition of voluntary etha-
nol self-administration (Figs. 5A, 6A),
GluN1DATCreERT2 and GluN1D1CreERT2

mice did not differ from their wild-type
littermates at any ethanol concentration
tested (Fig. 5A; two-way ANOVA,
Genotype effect, F(1,27) � 0.16, p � 0.69;
Genotype � Concentration interaction
effect, F(3,81) � 0.14, p � 0.94; 6A, Geno-
type effect, F(1,36) � 0.02, p � 0.88; Geno-
type � Concentration interaction effect,
F(3,108) � 0.64, p � 0.59), and all mice

increased similarly the intake in a concentration-dependent
manner (Fig. 5A; Concentration effect, F(3,81) � 26.23, p � 0.001;
Fig. 6A; F(3,108) � 33.19, p � 0.001).

A period of ethanol deprivation (Figs. 5B,C, 6B,C) significantly
increased the ethanol intake in GluN1DATCreERT2, GluN1D1CreERT2,
and the respective wild-type mice, indicative of an ADE, which was
strongly pronounced during the first 4 h of reexposure and lasted not
longer than 8 h in all genotypes (Fig. 5B; two-way ANOVA, Depri-
vation � Phase interaction effect, F(5,162) � 50.23, p � 0.001; Fig. 6B;
Deprivation � Genotype interaction effect, F(5,216) � 9.9, p �
0.001). However, during the first 4 h period, GluN1DATCreERT2 and
GluN1D1CreERT2 mice showed a reduced ADE as revealed by two-way
ANOVA (Fig. 5B; Deprivation � Genotype � Phase interaction
effect, F(5,162) � 4.27, p � 0.01; Fig. 6B; Deprivation � Genotype
interaction effect, F(1,216) � 5.0, p � 0.05). When calculating the
percentage change of ethanol intake during the first 4 h of reexposure

Figure 2. Lack of GluA1 in DAergic and D1-expressing cells in mutant mice. Representative coronal sections from the VTA
showing immunofluorescence for GluA1 and TH in control (A, B) and GluA1DATCreERT2 (D, E) mice, respectively. C, F, Overlay of the
images A, B and D, E. The deletion was efficient and specific in all cases. Hence, GluA1 is only expressed in TH-negative neurons in
GluA1DATCreERT2 mice. Corresponding analysis for D1 and GluA1 in controls (G, H ) and GluA1D1CreERT2 mice (J, K ) in coronal sections
from the NAc. I, L, Overlay of the images G, H and J, K. The deletion was efficient and specific in all cases. Hence, GluA1 is only
expressed in D1-negative neurons in GluA1D1CreERT2 mice. Arrow indicates colocalization. *TH or D1 labeling. Triangle represents
GluA1 labeling without colocalization.
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compared with baseline, this effect was even more pronounced (Fig.
5C; two-way ANOVA, Deprivation � Genotype interaction effect,
F(1,27) � 21.89, p � 0.001; Fig. 6C; F(1,36) � 7.22, p � 0.05).

If GluN1 in dopaminergic and dopaminoceptive neurons is
critical for ethanol relapse behavior, site-specific pharmaco-

logical blockade of the NMDAR is expected to block this be-
havior. To test this, the effect of pharmacological blockade of
the NMDAR in the VTA (Fig. 5D) and NAc (Fig. 6D) on the
ADE was studied. Wild-type mice received either an intra-
VTA or intra-NAc infusion of 5 �g/0.5 �l memantine or a

Figure 3. General behavioral characterization of GluN1DATCreERT2 and GluN1D1CreERT2 mice. A, G, Spontaneous home cage locomotor activity measured by the mouse-e-motion system
in GluN1DATCreERT2 (n � 14), GluN1D1CreERT2 (n � 16), and respective wild-type (n � 14 or n � 16) control groups. All genotypes displayed typical diurnal rhythmicity with higher activity
levels during the dark, active phase compared with the light, inactive phase of the day. However, both GluN1DATCreERT2 and GluN1D1CreERT2 mice showed lower locomotor activity during
dark/active phase and during the first 4 h of the light/inactive phase. B, C, H, I, Habituation to novelty in the activity box. While total distance moved in the activity box was attenuated
in GluN1DATCreERT2 mice, GluN1DATCreERT2 habituated faster to a novel environment compared with wild-type mice. D, E, J, K, Elevated-plus-maze test. Total time spent in the open and
closed arms and visits to the open arm were similar in all genotypes. F, L, Preference over water for 0.2% saccharin and 0.25 mM quinine solution was not altered. Data are mean � SEM.
*p � 0.05 versus wild-type.
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vehicle infusion 60 min before the ADE test. Although all three
treatment groups increased their ethanol intake after a period
of deprivation during the first 4 h (Fig. 5D; two-way ANOVA,
Deprivation � Phase interaction effect, F(5,84) � 3.47, p �
0.01; Fig. 6D; Deprivation effect, F(1,84) � 16.33, p � 0.001),
memantine administration into the VTA and NAc signifi-
cantly attenuated ethanol intake during the first 4 h compared

with control mice, similarly to what was observed in the mu-
tant mice (Fig. 5D, two-way ANOVA, Deprivation � Treat-
ment interaction effect, F(1,84) � 5.32, p � 0.05; Fig. 6D,
Treatment effect, F(1,84) � 12.05, p � 0.001).

We did not observe any side effects after memantine treatment.
Water intake and locomotor activity were monitored with the
Drinkometer system throughout all experiments, and microinjec-

Figure 4. General behavioral characterization of GluA1DATCreERT2 and GluA1D1CreERT2 mice. A, G, Spontaneous home cage locomotor activity measured by the mouse-e-motion system in
GluA1DATCreERT2 (n � 18), GluA1D1CreERT2 (n � 14), and respective wild-type (n � 18 or n � 14) control groups. All genotypes displayed similar diurnal rhythmicity with higher activity levels during
the dark, active phase compared with the light, inactive phase of the day. B, C, H, I, Habituation to novelty in the activity box. No genotype difference in (C, I ) total distance moved and (B, H )
habituation to a novel environment was observed. D, E, J, K, Elevated-plus-maze test. Total time spent in the open and closed arms and visits to the open arm were not altered. F, L, Preference over
water for 0.2% saccharin and 0.25 mM quinine solution was similar in all genotypes. Data are mean � SEM.
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tion of memantine did not affect water intake (two-way ANOVA,
Treatment � Deprivation interaction effect, VTA: F(1,84) � 0.91,
p � 0.34; NAc: F(1,84) � 0.20, p � 0.66) or locomotor activity (Treat-
ment � Deprivation interaction effect, VTA: F(1,84) � 0.04, p � 0.85;
NAc: F(1,84) � 1.80, p � 0.18) (data not shown).

GluA1 mutations
In GluA1DATCreERT2, GluA1D1CreERT2, and the respective wild-type
mice, voluntary ethanol consumption during the acquisition
phase was similar at any ethanol concentration offered (Fig. 7A;
two-way ANOVA, Genotype effect, F(1,26) � 0.11, p � 0.75; Ge-
notype � Concentration interaction effect, F(3,78) � 0.74,
p � 0.53; Figure 8A; Genotype effect, F(1,28) � 0.81, p � 0.38;
Genotype � Concentration interaction effect, F(3,84) � 0.12,
p � 0.95), and all mice increased similarly the intake in a
concentration-dependent manner (Fig. 7A; F(3,78) � 29.02, p �
0.001; Fig. 8A, F(3,84) � 8.37, p � 0.001). Resumption of ethanol

drinking after 2 weeks of abstinence (Figs. 7B,C, 8B,C) induced
a significant increase in ethanol consumption in all genotypes
resulting in a characteristic ADE profile that was strongly pro-
nounced during the first 4 h of exposure (Fig. 7B; two-way
ANOVA, Deprivation � Phase interaction effect, F(5,156) � 10.35,
p � 0.001; Fig. 8B; F(5,168) � 15.41, p � 0.001). However, the
ADE was significantly attenuated in GluA1DATCreERT2 and
GluA1D1CreERT2 during this 4 h period (Fig. 7B; Deprivation �
Genotype interaction effect, F(1,156) � 4.36, p � 0.05; Fig. 8B;
Deprivation � Genotype � Phase interaction effect, F(5,168) �
2.27, p � 0.05). When calculating the percentage change of eth-
anol intake during the first 4 h of ethanol resumption compared
with baseline, the attenuated ADE of mutant mice during the first
4 h of reexposure was even more pronounced (Fig. 7D; Depriva-
tion � Genotype interaction effect, F(1,24) � 4.74, p � 0.05; Fig.
8D; F(1,28) � 6.97, p � 0.05).

Figure 5. Relapse-like behavior is mediated by GluN1 in DAergic neurons. A, Ethanol intake during the acquisition of voluntary ethanol self-administration (2%, 4%, 8%, and 12%) was not
different in GluN1DATCreERT2 (n � 15) and wild-type (n � 14) mice. B–D, ADE. B, C, In the Drinkometer device, after 2 weeks of ethanol deprivation, GluN1DATCreERT2 mice showed a significant ADE
during the first 4 h of reexposure compared with wild-type mice. B, Ethanol intake in g/kg per 4 h time blocks. C, Percentage change from baseline. D, The same significant effect was observable when
wild-type mice received an intra-VTA (n � 7) administration of the NMDAR antagonist memantine (5 �g/0.5 �l) 60 min before the ADE test. Data are mean � SEM. #p � 0.05 versus baseline.
*p � 0.05 versus wild-type. Arrow indicates memantine infusion.
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Assuming that GluA1 in DAergic and D1-expressing neu-
rons is similarly required for alcohol relapse behavior, acute
potentiation of AMPAR activity is expected to increase
relapse-like behavior. For this rescue experiment, we tested
the effect of pharmacological potentiation of the AMPAR in
the VTA (Fig. 7D) and NAc (Fig. 8D). Wild-type mice received
either an intra-VTA or intra-NAc infusion of 1.5 �g/0.5 �l
aniracetam or a vehicle infusion 60 min before the ADE test. In
all treatment groups, a period of deprivation induced a signif-
icant increase in ethanol intake during the first 4 h of reexpo-
sure (Fig. 7D; two-way ANOVA, Deprivation � Phase
interaction effect, F(5,72) � 23.83; p � 0.001; Fig. 8D; F(5,72) �
37.4; p � 0.001). However, aniracetam infusion into VTA and
NAc led to a higher ethanol intake compared with control
mice during this 4 h period (Fig. 7D; two-way ANOVA, De-
privation � Treatment interaction effect, F(1,72) � 6.82; p �
0.05; Fig. 8D; F(1,72) � 4.01; p � 0.05).

We did not observe any side effects after aniracetam treat-
ment. Aniracetam microinfusion into VTA and NAc had no
effect on water intake (two-way ANOVA, Treatment � Depriva-
tion interaction effect, VTA: F(1,72) � 0.02, p � 0.88; NAc:
F(1,72) � 0.38, p � 0.54) or locomotor activity (Treatment �
Deprivation interaction effect, VTA: F(1,72) � 2.51, p � 0.12;
NAc: F(1,72) � 0.41, p � 0.53) (data not shown).

An acute potentiation of AMPAR activity should also over-
come the deficits in the relapse behavior seen in GluA1DATCreERT2

and GluA1D1CreERT2 mice. For this proof-of-concept experiment,
mutant mice were challenged with a systemic injection of 0 or 5
mg/kg aniracetam 30 min before the ADE test (Fig. 9). In
GluA1DATCreERT2 mice, aniracetam treatment induced a signifi-
cant increase in ethanol intake after a period of abstinence com-
pared with vehicle-treated mutant mice (Fig. 9A). This treatment
effect was observable during the first 4 h after ethanol reexposure
but was most pronounced during the following, second 4 h pe-

Figure 6. Relapse-like behavior is mediated by GluN1 in D1-expressing neurons. A, Ethanol intake during the acquisition of voluntary ethanol self-administration (2%, 4%, 8%, and 12%) was not
different in GluN1D1CreERT2 (n � 21) and wild-type (n � 17) mice. B–D, ADE. B, C, After 2 weeks of ethanol deprivation, the ADE in GluN1D1CreERT2 mice was reduced during the first 4 h of reexposure
compared with wild-type mice. B, Ethanol intake in g/kg per 4 h time blocks. C, Percentage change from baseline. D, The same effect was observable when wild-type mice received an intra-NAc
(n � 7) administration of the NMDAR antagonist memantine (5 �g/0.5 �l) 60 min before the ADE test. Data are mean � SEM. #p � 0.05 versus baseline. *p � 0.05 versus wild-type. Arrow
indicates memantine infusion.

Eisenhardt et al. • Mesolimbic Glutamate Receptors and Alcohol Addiction J. Neurosci., November 25, 2015 • 35(47):15523–15538 • 15531



riod (two-way ANOVA, Deprivation � Treatment interaction
effect, F(1,60) � 8.41, p � 0.01). Similarly, in GluA1D1CreERT2 mice,
aniracetam treatment induced a significant increase in ethanol
intake during the first 4 h after a period of abstinence compared
with vehicle-treated mutants (Fig. 9B; Deprivation � Treat-
ment � Phase interaction effect, F(5,60) � 2.66, p � 0.05).

Context- plus cue-induced reinstatement of ethanol-seeking
behavior does not require GluN1 and GluA1 containing
receptors in the mesolimbic system
GluN1 mutations
GluN1DATCreERT2, GluN1D1CreERT2, and corresponding wild-type
littermates were trained across 22 daily 30 min sessions to lever
press for ethanol with the presentation of specific cues predictive
of ethanol availability (data not shown). During baseline re-
sponding (calculated as the mean of the last three conditioning
sessions), there were no genotype differences (GluN1DATCreERT2:

t(18) � �0.04; p � 0.97; GluN1D1CreERT2: t(23) � 1.61, p � 0.12)
(Fig. 10A,B). Then, all mice underwent 9 daily extinction ses-
sions of 30 min in a different context from alcohol-reinforced
responding, where lever press responding for ethanol was extin-
guished by withholding further drug delivery and response-
contingent cue presentation. One day after the last extinction
session, mice were tested for context- plus cue-induced reinstate-
ment of ethanol-seeking (Fig. 10A,B). The context and cue pre-
sentation significantly reinstated extinguished ethanol-seeking
behavior almost identically in all groups (Fig. 10A; two-way
ANOVA, Cue effect, F(2,36) � 21.93, p � 0.001; Genotype effect,
F(1,18) � 0.06, p � 0.82; Figure 10B; Cue effect, F(2,46) � 24.29,
p � 0.001; Genotype effect, F(1,23) � 3.93, p � 0.06). Because
baseline responding of GluN1D1CreERT2 was lower, although not
significant, compared with wild-type mice, the percentage
change of lever responding during extinction and reinstatement

Figure 7. Relapse-like behavior is mediated by GluA1 in DAergic neurons. A, GluA1DATCreERT2 (n � 13) and wild-type (n � 13) mice had similar ethanol intake during the acquisition of voluntary
ethanol self-administration (2%, 4%, 8%, and 12%). B–D, ADE. B, C, A 2 week alcohol deprivation period induced an attenuated ADE in GluA1DATCreERT2 mice during the first 4 h of reexposure
compared with wild-type mice. B, Ethanol intake in g/kg per 4 h time blocks. C, Percentage change from baseline. D, On the contrary, administration of the AMPAR potentiator aniracetam
(1.5 �g/0.5 �l) into the VTA (n � 7) 60 min before the ADE test in wild-type mice significantly increased the ethanol intake during the first 4 h after reintroduction of the ethanol bottle. Data are
mean � SEM. #p � 0.05 versus baseline. *p � 0.01 versus wild-type. Arrow indicates aniracetam infusion.

15532 • J. Neurosci., November 25, 2015 • 35(47):15523–15538 Eisenhardt et al. • Mesolimbic Glutamate Receptors and Alcohol Addiction



compared with baseline was calculated (data not shown) and
revealed that both genotypes reinstated ethanol-seeking behavior
in a similar way (two-way ANOVA, Cue effect, F(1,23) � 30.22,
p � 0.001; Genotype effect, F(1,23) � 0.02, p � 0.88).

Supporting these results, pharmacological blockade of the
NMDAR did not alter context- plus cue-induced reinstatement.
Thus, when wild-type mice were challenged with an intraperito-
neal injection of 0 or 25 mg/kg memantine 30 min before the test
(Fig. 10C), both treatment groups reinstated ethanol-seeking be-
havior in a similar way (two-way ANOVA, Cue effect, F(2,24) �
18.55, p � 0.001; Treatment effect, F(1,12) � 0.22, p � 0.65).

GluA1 mutations
GluA1DATCreERT2, GluA1D1CreERT2, and the respective wild-type mice
were trained across 30 or 16, respectively, daily 30 min session to
lever press for ethanol with the presentation of specific cues predic-
tive of ethanol availability (data not shown). Statistical analysis of

baseline responding (calculated as the mean of the last three condi-
tioning sessions) did not reveal a Genotype effect (GluA1DATCreERT2:
t(14) � 1.52, p � 0.15; GluA1D1CreERT2: t(15) � 0.32, p � 0.76) (Fig.
11A,B). During 9 daily 30 min extinction sessions, all groups re-
duced responding on the active lever and the presentation of the
conditioned cues significantly reinstated extinguished ethanol-
seeking behavior in all groups (11A; Cue effect, F(2,28) � 21.69, p �
0.001; 11B; Cue effect, F(2,30) � 16.94, p � 0.001). Ethanol-seeking
behavior was not different between GluA1D1CreERT2 and wild-type
mice (Fig. 11B; Genotype effect, F(1,15) � 0.01, p � 0.92). However,
two-way ANOVA revealed a genotype differences between
GluA1DATCreERT2 and wild-type mice (Fig. 11A; F(1,14) � 6.68, p �
0.05). Because GluA1DATCreERT2 showed a lower, although nonsig-
nificant, baseline lever responding, the percentage change of lever
responding during extinction and reinstatement compared with
baseline was calculated and should in this case be considered as a

Figure 8. Relapse-like behavior is mediated by GluA1 in D1-expressing neurons. A, Ethanol intake during the acquisition of voluntary ethanol self-administration (2%, 4%, 8%, and 12%) was not
different in GluA1D1CreERT2(n � 17) and wild-type (n � 13) mice. B–D, ADE. B, C, A 2 week alcohol deprivation period induced a reduced ADE in GluA1D1CreERT2 mice during the first 4 h of reexposure
compared with wild-type mice. B, Ethanol intake in g/kg per 4 h time blocks. C, Percentage change from baseline. D, In contrast, administration of the AMPAR potentiator aniracetam (1.5 �g/0.5 �l)
into the NAc (n � 7) 60 min before the ADE test in wild-type mice increased the ethanol intake during the first 4 h after reintroduction of the ethanol bottle. Data are mean � SEM. #p � 0.01 versus
baseline. *p � 0.01 versus wild-type. Arrow indicates aniracetam infusion.
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better indicator for the ethanol-seeking behavior (data not shown).
Two-way ANOVA revealed that both genotypes reinstated ethanol-
seeking behavior in a similar way (two-way ANOVA, Cue effect,
F(1,14) � 28.36, p � 0.001; Genotype effect, F(1,14) � 1.1, p � 0.31).

Furthermore, ethanol-seeking behavior was not affected by
the pharmacological potentiation of the AMPAR activity during
the context- plus cue-induced reinstatement test. Thus, when
wild-type mice were challenged systemically with 0 or 5 mg/kg

aniracetam 30 min before the test (Fig. 11C), both treatment
groups reinstated extinguished ethanol-seeking behavior in a
similar way (two-way ANOVA, Cue effect, F(2,24) � 20.66, p �
0.001; Treatment effect, F(1,12) � 0.17, p � 0.69).

Discussion
In this study, we demonstrate that DA neurons as well as D1-
MSNs and their glutamatergic input act in concert to influence

Figure 9. Potentiation of AMPAR activity rescues the attenuated relapse behavior in GluA1DATCreERT2 and GluA1D1CreERT2 mice. A, Acute challenge of GluA1DATCreERT2mice with an intraperitoneal
injection of the AMPAR potentiator aniracetam (5 mg/kg; n � 6/group) 30 min before the ADE test significantly increased the ethanol intake during the first 8 h after reintroducing the ethanol bottle
compared with vehicle-treated mutant mice. B, In GluA1D1CreERT2 mice, an intraperitoneal injection of aniracetam (5 mg/kg; n � 6/group) induced elevated ethanol intake during the first 4 h after
reexposure to ethanol compared with vehicle-treated mutant. Data are mean � SEM. #p � 0.001 versus baseline. *p � 0.001 versus wild-type. Arrow indicates aniracetam administration.

Figure 10. Context- plus cue-induced reinstatement of ethanol seeking-behavior is not mediated by GluN1-containing neurons within the mesolimbic system. A, B, In operant ethanol (10%)
self-administration, GluN1DATCreERT2 (n � 10), GluN1D1CreERT2 (n � 10), and respective wild-type control (n � 10 or n � 15) groups did not differ in the lever pressing behavior during baseline or
extinction sessions. Compared with extinction, the reinstatement of ethanol seeking behavior triggered by the presentation of the ethanol-associated cues was similar in all groups. C, Treatment of
wild-type mice (n � 7/group) with the NMDAR antagonist memantine (25 mg/kg, i.p.) did not affect context- plus cue-induced reinstatement. Data are mean � SEM. #p � 0.05 versus extinction.
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alcohol relapse responses. In particular, we show that GluN1
and GluA1 receptor subunits onto DAT- and D1R-expressing
neurons play an important role in the ADE, the increase in
alcohol intake after a period of abstinence. Thus, whereas ini-
tiation and maintenance of voluntary alcohol consumption in
the home cage were normal in all four tested mutant lines, the
ADE was attenuated in GluN1DATCreERT2, GluN1D1CreERT2,
GluA1DATCreERT2, and GluA1D1CreERT2 mice. We further vali-
dated these results by showing similar reductions in the ADE
after site-specific infusion of the NMDAR antagonist meman-
tine into the NAc and VTA of control mice and an increase in
the ADE using aniracetam to pharmacologically potentiate
AMPAR activity in these brain regions. The ability of condi-
tioned cues to reinstate alcohol-seeking behavior was normal
in GluN1DATCreERT2, GluN1D1CreERT2, GluA1DATCreERT2, and
GluA1D1CreERT2 mice. These negative findings were further val-
idated by pharmacological manipulation of either NMDAR or
AMPAR activity. In conclusion, relapse-like drinking as mea-
sured by the ADE is mediated by NMDARs and AMPARs
within the mesolimbic system, whereas alcohol consumption,
self-administration, and alcohol-seeking behavior, as mea-
sured by the context- plus cue-induced reinstatement proce-
dure, are not influenced by these mesolimbic glutamate
receptors. The possibility that DAT-expressing neurons from
the substantia nigra and D1-expressing neurons from the dor-
sal striatum, respectively, contribute to the observed effects
cannot be excluded. These observations suggest that NMDA-
and AMPA-dependent mechanisms in cells other than DAT-
or D1-expressing neurons may contribute to alcohol
reinforcement.

To investigate the specific interaction between mesolimbic
DA neurons and their glutamatergic input in behaviors rele-
vant for alcohol addiction, we used genetically modified mice

with an inducible knock-out of the NMDAR subunit GluN1 or
AMPAR subunit GluA1 in DAT- or D1-expressing neurons.
These four genetic mouse models have some advantages com-
pared with other approaches for gene inactivation, allowing a
more precise demonstration of the functional role regarding
the gene of interest. First, these mutant models have high
specificity of the deletion of GluN1 or GluA1 in DAT- and
D1-expressing neurons, as shown here by our colocalization
studies and previous work (Engblom et al., 2008). Second, the
use of a temporally controlled gene deletion circumvents po-
tential developmental compensatory mechanisms, which may
offset the loss of the gene and consequently mask its functional
role. Finally, most importantly, although global deletions of
GluN1 or GluA1 result in neonatal death (Forrest et al., 1994)
and hyperactivity (Cowen et al., 2003), respectively, the basic
phenotype of our mutant mice was only slightly altered rela-
tive to wild-type controls.

Here we show that GluN1- and GluA1-dependent mecha-
nisms in DAT- and D1-expressing neurons are important for
relapse behavior, as demonstrated by the lack of ADE in
GluN1DATCreERT2, GluN1D1CreERT2, GluA1DATCreERT2, and
GluA1D1CreERT2 mice. In agreement with these findings, it was
previously demonstrated that pharmacological blockade of
NMDARs reduced the ADE in rats (Hölter et al., 1996; Venge-
liene et al., 2005). However, evidence regarding AMPAR involve-
ment in relapse is less clear. A global deletion of GluA1 failed to
alter relapse-like drinking (Cowen et al., 2003), whereas a global
deletion of GluA3 resulted in a lack of ADE in mice (Sanchis-
Segura et al., 2006). Although these findings seem to contradict
our results, an obvious difference between these previous studies
and the present study is the use of noninducible conventional
knock-outs. Furthermore, our results were confirmed by phar-
macological experiments. We found a reduction in ADE in con-

Figure 11. Context- plus cue-induced reinstatement of ethanol seeking-behavior is not mediated by GluA1 containing neurons within the mesolimbic system. A, B, In operant ethanol (10%)
self-administration, GluA1DATCreERT2 (n � 6), GluA1D1CreERT2 (n � 7), and respective wild-type control (n � 10) groups did not differ in the lever pressing behavior during baseline or extinction
sessions. Compared with extinction, the reinstatement of ethanol seeking behavior triggered by the presentation of the ethanol-associated cues was similar in all groups. C, Treatment of wild-type
(n � 7/group) mice with the AMPAR modulator aniracetam (5 mg/kg, i.p.) had no effect on context- plus cue-induced reinstatement. Data are mean � SEM. #p � 0.05 versus extinction.
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trol mice infused with the NMDAR antagonist memantine into
the VTA and NAc, a result previously demonstrated at the sys-
temic level in rats (Hölter et al., 1996). In this regard, memantine
has been suggested to be useful in the treatment of relapse
behavior, and first clinical trials have already tested its thera-
peutic efficacy (Bisaga and Evans, 2004; Evans et al., 2007;
Krupitsky et al., 2007). Consistent with these results, meman-
tine administration has been shown to increase DA release
within the mesolimbic system, suggesting interplay between
memantine and the DAergic system (Spanagel et al., 1994). We
further showed that treatment with the positive allosteric
modulator aniracetam, which potentiates AMPAR activity
and increases alcohol-seeking in rats (Tang et al., 1991; Can-
nady et al., 2013), but has not been used before in mice, po-
tentiated the ADE in control mice during the first 4 h of
alcohol resumption. The increased relapse-like drinking be-
havior likely depends on AMPAR activity in both the VTA and
NAc, as local aniracetam administration in these brain areas
similarly heightened the relapse-like drinking behavior. Phar-
macological blockade on the systemic level of these receptors
has been previously shown to reduce the ADE in rats (Sanchis-
Segura et al., 2006). In further support of these findings, we
demonstrated that an enhancement of AMPAR activity by
aniracetam treatment rescued the attenuated relapse-like
drinking behavior in GluA1DATCreERT2 and GluA1D1CreERT2

mice.
Interestingly, central treatments into the VTA, regardless of

the target receptor, seem to be less effective in reducing the ADE
compared with intra-NAc infusions. At least three possibilities
may account for this differential effect in the magnitude of me-
mantine and aniracetam in VTA versus NAc. First, the higher
effect observed in the NAc may be due to higher receptor density
in the NAc versus the VTA (http://mouse.brain-map.org/). Sec-
ond, the VTA may have a less prominent role in driving the ADE
than the NAc. However, this possibility is unlikely because such a
difference in the ADE magnitude was not observed in mice with
mutations in VTA compared with NAc. Finally, alcohol exposure
and abstinence may induce differential long-term alterations in
glutamate receptors or synaptic plasticity between the two re-
gions. Unfortunately, our data cannot support or exclude one or
another of these hypotheses. Further neuroanatomical and elec-
trophysiological experiments are warranted to answer these
questions.

Other key findings of our study are that mesolimbic GluN1
and GluA1 receptors (1) are not required for the initiation
and maintenance of voluntary alcohol consumption in the
home cage, (2) are not required for operant alcohol self-
administration, and (3) do not influence alcohol-seeking re-
sponses in the context- plus cue-induced reinstatement
procedure. In support of these findings are previous studies
that have suggested a role of kainate, but not AMPA, receptors
in mediating the reinforcing properties of alcohol (Stephens
and Brown, 1999; Czachowski et al., 2012; Wang et al., 2012).
However, our findings may be surprising in light of previous
reports showing that pharmacological blockade of NMDARs
decreases operant self-administration in rats (Sabino et al.,
2013; Jeanblanc et al., 2014; Alaux-Cantin et al., 2015; but see
also Piasecki et al., 1998). Furthermore, specific NMDAR
blockade in the NAc has been found to reduce operant re-
sponding for alcohol (Rassnick et al., 1992). NMDAR antago-
nists might reduce alcohol operant self-administration by
substituting for alcohol (Hölter et al., 2000), or impairing
behavior by inducing dissociative states or sedation (Holmes

et al., 2013). Nevertheless, our present study differs funda-
mentally from these previous reports via selective targeting of
glutamate receptors in either DAT- or D1-expressing neurons.

The presentation of conditioned stimuli reinstated extin-
guished alcohol-seeking behavior in all four transgenic mod-
els. Consistent with this is the fact that memantine treatment
had no effect on alcohol-seeking behavior, a finding supported
by previous studies showing similar results with other
NMDAR antagonists (Bäckström and Hyytiä, 2004; Alaux-
Cantin et al., 2015). Furthermore, we also showed that phar-
macological enhancement of AMPAR activity by aniracetam
did not alter alcohol-seeking responses. In contrast to this
finding, pharmacological blockade of AMPAR has been re-
ported to reduce alcohol-seeking (Bäckström and Hyytiä,
2004; Sanchis-Segura et al., 2006), and pharmacological en-
hancement of AMPAR activity to increase alcohol-seeking in
rats (Cannady et al., 2013). In addition to methodological
differences, the apparent discrepancy in these findings may be
due to the fact that pharmacological agents targeting AMPAR
typically do not differentiate well between kainate receptors
and AMPARs and show no subunit selectivity (Stephens and
Brown, 1999; Natale et al., 2006), suggesting the potential
involvement of other AMPAR subunits. Consistent with this
explanation, mice with a global knock-out of Gria3 have been
demonstrated to lack an alcohol-seeking response (Sanchis-
Segura et al., 2006).

In conclusion, the present study demonstrates that gluta-
mate receptors in DA and D1-MSNs are involved in the mech-
anism underlying the ADE, the increase in alcohol intake after
a period of abstinence. The NMDAR subunit GluN1 and
AMPAR subunit GluA1 in DAT- or D1-expressing neurons
are proposed to influence alcohol relapse. Together, these
findings support the assumption of a dysregulation of the glu-
tamatergic system in the development of alcohol addiction
(Tsai et al., 1995; Krystal et al., 2003; Gass and Olive, 2008;
Holmes et al., 2013) and provide a neuroanatomical substrate
for relapse behavior. Furthermore, it is noteworthy that
relapse-like behavior, as measured by the ADE, can be clearly
differentiated on the molecular level from alcohol-seeking re-
sponses triggered by environmental stimuli measured by the
context- plus cue-induced reinstatement procedure. Medica-
tions targeting glutamatergic neurotransmission by selective
inactivation of these glutamate receptors may have therapeu-
tic efficacy. In this respect, more clinical trials using the
NMDAR antagonist memantine (Evans et al., 2007; Spanagel
and Vengeliene, 2013) are encouraged to fully evaluate its
therapeutic efficacy. Further studies are warranted to specifi-
cally define how NMDARs and AMPARs interact within the
mesolimbic system to mediate these responses.
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