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Incubation of Cocaine Seeking following Brief Cocaine
Experience in Mice Is Enhanced by mGluR1 Blockade
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The incubation of cocaine craving describes the time-dependent augmentation of cue-induced cocaine seeking during withdrawal from
prolonged cocaine self-administration and requires time-dependent changes in neuroplasticity at the level of glutamatergic synapses in
the nucleus accumbens (NAc). In contrast to most studies that use multiple cocaine-cue conditioning sessions, the present study tested
mice with limited cocaine experience (i.e., a single conditioning session) in the incubation of cue-mediated cocaine seeking and its
associated changes in the glutamate system. Mice that self-administered cocaine during a single session exhibited a time-dependent
increase in their response for the drug-associated cue as compared to mice that self-administered saline. This behavior was associated
with changes in AMPA and NMDA receptor binding characteristics. Furthermore, Group I metabotropic glutamate receptor (mGluR1)
mRNA levels were altered in several brain regions, including the NAc. Because of the pivotal role of mGluR1 in the control of cocaine-
induced plasticity, we investigated the role of mGluR1 in the formation of drug cue-mediated cocaine seeking. After prolonged with-
drawal, mice in which an mGluR1 antagonist was administered following cocaine self-administration displayed increased cocaine
seeking compared to vehicle-treated mice. These results suggest that limited cocaine experience is sufficient to induce neurobiological
changes that enable an initially neutral cue to acquire motivational value that increases over time, an effect that likely involves glutamate
signaling through mGluR1.
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Introduction
In humans, cocaine craving can occur in response to environ-
mental stimuli previously associated with drug use (Ehrman et
al., 1992), and is thought to play a critical role in the maintenance
of cocaine use and the precipitation of relapse, even after ex-
tended periods of abstinence (Gawin, 1991; O’Brien, 1997). In
animals, cocaine seeking can be measured by the response to cues
previously associated with the self-administration of cocaine
(Meil and See, 1996; Sanchis-Segura and Spanagel, 2006; Ste-
phens et al., 2010), which may represent a model of relapse vul-
nerability in response to cocaine-conditioned stimuli (Epstein et
al., 2006). Interestingly, cue-elicited cocaine seeking in rats and
mice has been shown to increase progressively during the first 2

months of abstinence from drug self-administration (Grimm et
al., 2001; Lu et al., 2004; Mead et al., 2007). This phenomenon,
referred to as the incubation of cocaine seeking, appears not to be
influenced by environmental factors (Thiel et al., 2012), and is
consistent with the hypothesis that in humans, craving increases
over time and remains high following a prolonged period of ab-
stinence (Gawin and Kleber, 1986). Time-dependent changes in
neuroplasticity in several structures of the mesolimbic brain re-
ward system have been demonstrated during cocaine withdrawal
and likely mediate the incubation of cocaine seeking (Hollander
and Carelli, 2007; Lu et al., 2007, 2009; Conrad et al., 2008; Pick-
ens et al., 2011; Ben-Shahar et al., 2013; Li et al., 2013).

Drug-induced changes in the glutamate system play an im-
portant role in synaptic plasticity and underlie some aspects of
the “aberrant” learning that drives drug-seeking behavior (Hy-
man et al., 2006; Lüscher and Malenka, 2011). For instance, with-
drawal from both extended cocaine self-administration and
passively administered cocaine is associated with enhanced
AMPA receptor (AMPAR)-mediated transmission in the nucleus
accumbens (NAc; Boudreau and Wolf, 2005; Conrad et al., 2008;
McCutcheon et al., 2011a; Wolf and Tseng, 2012). Furthermore,
under extended cocaine self-administration, a time-sensitive ac-
cumulation of Ca 2�-permeable AMPAR (CP-AMPAR) that
lacks the GluR2 subunit, which plays an important role in synap-
tic plasticity, is thought to mediate the time-dependent increase
in drug seeking (Conrad et al., 2008; Mameli et al., 2009). It has
recently been shown that CP-AMPAR accumulation in the NAc
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is under the control of glutamate metabotropic receptor 1
(mGluR1) in the ventral tegmental area (VTA; Bellone and
Lüscher, 2006; Mameli et al., 2007, 2009). In addition, it has been
demonstrated that mGluR1 also mediates CP-AMPAR accumu-
lation via a direct mechanism in the NAc (McCutcheon et al.,
2011b). These findings suggest two potentially distinct substrates
controlling the regulation of CP-AMPAR during cocaine
withdrawal.

Most studies examining the mechanisms that underlie incu-
bation of cocaine seeking have assumed that extended cocaine
self-administration is a prerequisite for the time-dependent in-
crease in cocaine seeking and associated neuroadaptations. We
sought to investigate the consequences of a single session of co-
caine self-administration on the development of incubation of
cocaine seeking. Furthermore, we hypothesized that mGluR1
dysfunction increases the vulnerability to cocaine-induced plas-
ticity and consequently to cocaine seeking in response to drug-
associated stimuli. Therefore, we assessed the consequences of
mGluR1 blockade on cocaine seeking following prolonged with-
drawal in mice subjected to limited cocaine self-administration.

Materials and Methods
Animals. Male C57BL/6N mice, 10 –12 weeks old at the start of the ex-
periment (Charles River), were single housed and maintained on a 12 h
light/dark cycle (with lights on at 07:00) under controlled temperature
(21 � 2°C) and humidity (50 � 5%) conditions. All experiments took
place during the light phase. Throughout the experiment mice received
ad libitum access to food. Experiments were conducted in accordance
with European Union guidelines on the care and use of laboratory ani-
mals and were approved by the local animal care committee (Regier-
ungspräsidium, Karlsruhe, Germany).

Incubation of cocaine seeking (repeated access). The procedures for lever
training for food, surgery, and catheter maintenance were as previously
described (Mameli et al., 2009). In brief, to familiarize mice with the
action of lever pressing, all mice were trained to lever press for 14 mg of
sucrose-based food pellets (TestDiet; maximum 14 1 h sessions), during
which no discrete cues were presented. The implantation of an indwell-
ing catheter in the right jugular vein occurred 24 h after completion of
lever training. Animals were given a minimum of 48 h recovery before
cocaine self-administration sessions began.

Two groups of mice (Day 9 or Day 43; n � 7– 8) self-administered
cocaine hydrochloride (0.5 mg/kg/infusion; Sigma-Aldrich) for eight
consecutive sessions (Days 1– 8; Fig. 1A). Self-administration sessions
lasted 6 h or were terminated when animals had earned 100 infusions
during the first session or 150 infusions during subsequent sessions.
During self-administration sessions, responses on the active lever under
a fixed ratio 1 (FR1) schedule of reinforcement resulted in a cocaine or
physiological saline infusion (US) of 14 �l by activation of the pump for
1.2 s. Each drug infusion was associated with the 10 s presentation of cue
lights (CS). A time-out period during which additional presses on the
active lever did not lead to further saline or cocaine infusion followed
each infusion and lasted 40 s. Mice were tested for cocaine-induced re-
instatement either the day following completion of the self-admini-
stration phase (Day 9) or following 35 d of abstinence (Day 43). Testing
conditions were similar to those in the self-administration phase, except
that responses on the active lever resulted in the presentation of the CS
for 5 s and sessions were 60 min in duration.

Incubation of cocaine seeking (single exposure). A separate group of mice
self-administered cocaine (0.5 mg/kg/infusion) during one session of 6 h
or for a maximum of 100 infusions (Day 1; Fig. 1D). Animals were
returned to their home cage and distributed into two groups; one group
(n � 7) was tested for cue-induced cocaine seeking on Day 9, while the
other was tested on Day 43 (n � 8). In parallel, control animals self-
administered physiological saline under the same conditions (i.e., a sin-
gle session of 6 h) and tested either on Day 9 (n � 6) or Day 43 (n � 7).

Incubation of cocaine seeking (single exposure without food training). To
determine whether prior food training was responsible for our single

session incubation effect, a separate group of mice not previously lever
trained using a food pellet reinforcer self-administered cocaine (0.5 mg/
kg/infusion) during a single 6 h session or for a maximum of 100 infu-
sions (Day 1; Fig. 1D). Animals were returned to their home cage and
distributed into two groups; one group was tested for cue-induced co-
caine seeking on Day 9 while the other was tested on Day 43. Because of
poor compliance without food training during a single session of cocaine
self-administration, and the necessity of animals to sufficiently learn the
cue-cocaine contingency to effectively express drug-seeking behavior in
response to the cue during later testing, animals were excluded from the
study if their responding on the active lever was �70% of total lever
responding (i.e., both inactive and active levers), resulting in n � 7 and
n � 6 for the Day 9 and 43 groups, respectively.

Cue-induced food seeking. To further determine whether prior food
training was responsible for our single session incubation effect, 16 mice
were randomly assigned to one of two groups (Day 9 or Day 43; n �
8/group) and underwent the self-administration of food pellets (de-
scribed above) for 8 consecutive days. Sessions lasted 120 min and were
initiated by the presentation of two levers. Food pellet delivery (US) was
contingent upon pressing on the active lever under an FR1 schedule of
reinforcement and paired with the 10 s presentation of a light stimulus
(CS) also signaling a time-out period, during which lever presses were
not reinforced. For all experiments, presses on the inactive lever were
recorded but had no scheduled consequence. The side of the active lever
was counterbalanced across subjects and remained constant during the
experiment. Mice that failed to adequately acquire the task (�50% of
presses on the active lever on Day 8 of self-administration) were removed
from analysis (n � 2; thus, data reflects n � 7 per group). Mice were given
a 1 h cue-induced, food-seeking test either 24 h (Day 9) or 35 d (Day 43)
following the last self-administration session. During this session, con-
ditions were identical to those during self-administration except that
lever pressing resulted in the CS presentation but no food pellet.

mGluR1 blockade and cocaine seeking following protracted withdrawal.
An additional batch of mice self-administered cocaine (0.5 mg/kg/infu-
sion) during one session of 6 h, or a maximum of 100 infusions (Day 1).
Animals were returned to their home cage and distributed into two
groups (n � 9/group) that received daily treatment with the noncompet-
itive mGluR1 antagonist A-841720 (Abbott; El-Kouhen et al., 2006) at
doses of 0 mg/kg or 10 mg/kg intraperitoneally for 7 consecutive days
(Fig. 6A). In parallel, control animals that self-administered physiologi-
cal saline under the same conditions (i.e., a single session of 6 h) received
either A-841720 (n � 7) or vehicle treatment (n � 5) when returned to
their home cage. All mice were subsequently tested for cue-induced co-
caine seeking on Day 43. A-841720 was dissolved in 10% dimethylsulf-
oxide and 90% polyethylene glycol (PEG400). The dose of 10 mg/kg was
chosen based on its effects as demonstrated by El-Kouhen et al. (2006), as
well as additional pilot experiments (data not shown).

Tissue preparation for receptor autoradiography and in situ hybridiza-
tion. Mice were killed by decapitation on Day 9 or Day 43 after a single
cocaine or saline self-administration session, immediately following the
cue test (n � 5– 8/group). It is important to note that only animals that
underwent food-mediated lever training before single session cocaine
self-administration were used for molecular studies. Brains were quickly
removed and flash frozen in isopentane at �40°C. The brains were stored
at �80°C until further use. For expression studies, reward-related brain
regions were chosen based on Noori et al. (2012). Coronal brain sections
(12 �m) were cut on a cryostat (Leica CM1950; Leica Biosystems) at
bregma levels �2.0 to �1.9 mm, �1.1 to �0.9 mm, �1.3 to �1.6 mm,
and �3.1 to �3.4 mm according to the brain atlas (Paxinos and Franklin,
2001; Fig. 3) and thaw mounted on either gelatin-coated slides for recep-
tor autoradiography or on SuperFrost Plus slides (Fisher Scientific) for in
situ hybridization.

Saturated receptor autoradiography. For [ 3H]-AMPA autoradiogra-
phy, sections were incubated for 3 � 10 min at 4°C in 50 mM Tris-HCl
buffer, pH 7.2, 2.5 mM CaCl2. Sections were then transferred into humid-
ified chambers and 800 �l of reaction mix was applied to each slide and
sections were incubated for 1 h at 4°C. Reaction mix contained 20 nM

[ 3H]-AMPA (Sp.Act. 45.8 Ci/mmol; PerkinElmer) prepared in a buffer
containing 50 mM Tris-HCl, pH 7.2, 2.5 mM CaCl2, and 100 mM potas-
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sium thiocyanate (KSCN; Sigma-Aldrich). Nonspecific binding was
measured on adjacent sections with the addition of 100 �M quisqualic
acid (Tocris Bioscience). For [ 3H]-MK-801 autoradiography, sections
were brought up to room temperature, incubated for 2 � 10 min at room
temperature in 5 mM Tris-HCl buffer, pH 7.2, and 2.5 mM CaCl2, and
incubated in room temperature for 1 h in a buffer containing 8 nM

[ 3H]-MK-801 (Sp.Act. 22 Ci/mmol; PerkinElmer), 5 mM Tris-HCl, pH
7.2, 5 �M L-glutamate, 5 �M L-glycine, and 5 �M spermidine (Sigma-
Aldrich). Nonspecific binding was determined on adjacent sections,
which were incubated with additional 100 �M MK-801 (Tocris Biosci-
ence). Incubation of both [ 3H]-AMPA and [ 3H]-MK-801 was stopped
by washing the sections for 3 � 2 s in ice-cold buffer (AMPA: 50 mM

Tris-HCl, pH 7.2, 2.5 mM CaCl2; NMDA: 5 mM Tris-HCl, pH7.2) and
2 � 2 s in ice-cold acetone/glutaraldehyde (100:2.5), followed by a dip in
ice-cold deionized water. Sections were dried under a stream of cold air
and exposed against FUJI imaging plates (Storage Phosphor Screen
BAS-IP TR2025 E Tritium Screen; GE Healthcare Life Sciences) for 10 d
and scanned in a phosphorimager (FUJI BAS-5000 Phosphorimager; GE
Healthcare Life Sciences). Densitometric analysis was performed using
the MCID program (InterFocus Imaging). Signal density was measured
as photostimulable luminescence per mm 2, compared against standard
curves generated using [3H]-microscales (GE Healthcare Life Sciences)
and data (nCi/mg) were converted to fmol receptor per milligram pro-
tein tissue equivalence. Specific binding was defined as a difference be-
tween total and nonspecific binding.

In situ hybridization. For mGluR1 no specific radioactive-labeled an-
tibody is available. Therefore, in vitro labeling of riboprobes using UTP-
S35 and in situ hybridizations were performed as recently described
(Hansson et al., 2006, 2008). The mGluR1 riboprobe was generated based
on gene reference sequence in the PubMed database (http://www.ncbi.
nlm.nih.gov/refseq/); mGluR1: Position 2914 bp to 3168 bp on rat cDNA
(gene reference number: NM 017011.1) with 95% sequence homology
to corresponding mouse cDNA. After in situ hybridization sections were
exposed to phosphorimaging plates (Fuji Storage Phosphor Screen
BAS-IP SR2025) for 7 d and scanned by the phosphorimager. Densito-
metric analysis was performed using the MCID Image Analysis Software
(Imaging Research). Signal density was measured as photostimulable
luminescence per mm 2, compared against standard curves generated
using [ 14C]-microscales (GE Healthcare Life Sciences) and data ex-
pressed as nCi/g.

Statistical analysis. All data are expressed as means � SEM. For the
behavioral experiments, the number of lever presses and infusions were
analyzed by repeated measures ANOVA (with Session and Lever as the
repeated variable, and Treatment, Group, and/or Drug as the between-
subject variable) followed by post hoc analyses where specified. Receptor
binding and mRNA expression studies were statistically compared re-
gionwise by two-way ANOVA followed by Fisher’s PLSD test and Bon-
ferroni’s correction (Fisher’s p value multiplied by the number of
analyzed brain regions). Significance was set at p � 0.05.

Results
Repeated access to cocaine self-administration promotes the
incubation of cocaine seeking in mice
We first verified that repeated access to cocaine self-admini-
stration induced an incubation of cocaine seeking. Lever training
for food was similar between the two groups (data not shown), as
revealed by the lack of significant difference on both the total
number of lever presses during training (t(13) � 0.83, p � 0.42)
and the total number of sessions required for training (t(13) �
0.16, p � 0.87). Cocaine self-administration was similar between
the two groups tested on subsequent Days 9 and 43 (Fig. 1B). A
repeated-measures ANOVA on the number of lever presses re-
vealed no initial difference in the propensity to self-administer
cocaine (Group � Session � Lever, with repeated effect on Ses-
sion and Lever, F(7,84) � 1.78, p � 0.1; Group � Lever: F(1,12) �
0.09, p � 0.763; Session � Lever: F(7,84) � 3.32, p � 0.05). Simi-
larly, there was no difference in the number of infusions earned

(Group � Session, with repeated effect on Session, F(7,84) � 1.79,
p � 0.1). However, mice tested for cocaine seeking 35 d after the
last session of self-administration (Day 43) exhibited signifi-
cantly higher active lever presses than mice tested the day imme-
diately following self-administration (Day 9; Fig. 1C). A factorial
ANOVA revealed significant effects of Group (F(1,12) � 25.03,
p � 0.05) and Lever (F(1,12) � 52.05, p � 0.05) as well as a
significant Group � Lever interaction (F(1,12) � 33.1, p � 0.05);
post hoc analysis confirmed that active lever presses on Day 43
were significantly higher as compared with the Day 9 group (p �
0.05), though no difference in inactive lever pressing was seen.

A single session of cocaine self-administration promotes the
incubation of cocaine seeking
We next assessed whether a single session of cocaine self-
administration supported the incubation of cocaine seeking (Fig.
1D). Lever training for food was similar between the different
groups (data not shown), as revealed by the lack of significant
difference on both the total number of lever presses during train-
ing (F(3,24) � 1.12, p � 0.36) and the total number of sessions
required for training (F(3,24) � 0.89, p � 0.45). Following food
training, mice exhibited a high level of active lever presses for the
self-administration of both cocaine and saline (Fig. 1E). Re-
sponding for cocaine and saline was nonetheless significantly
different as shown by a two-way ANOVA (Drug � Lever:
F(1,23) � 8.94; p � 0.05) and post hoc analysis that revealed signif-
icant differences between active and inactive lever presses for the
cocaine self-administrating groups only. The difference between
saline and cocaine self-administrating groups was further con-
firmed by an analysis of the number of infusions earned during
the 6 h session. A factorial ANOVA revealed a significant effect of
Drug (F(1,23) � 7.7, p � 0.05), but no main effect of Group or
Group � Drug interaction (Fs � 0.85 and 2.33, respectively, ps �
0.05). Importantly, these analyses confirm that cocaine self-
administrating groups tested on either Day 9 or Day 43 did not
differ in their initial cocaine experience (i.e., similar lever presses,
cocaine infusions, and thus US-CS pairings). When tested for
cocaine seeking (Fig. 1F), responses for the cocaine-paired cue
was significantly higher in the group tested on Day 43 as com-
pared with the group tested shortly after self-administration (post
hoc analysis that followed factorial ANOVA, Drug � Group �
Lever: F(1,23) � 6.87, p � 0.05); moreover, incubation of cue-
induced responding following a single session of self-admini-
stration was specific to a cocaine-paired cue, as mice that
self-administered saline showed identical responding regardless
of test interval (Day 9 or Day 43; post hoc, p � 0.05).

A single session of cocaine self-administration without food
training promotes the incubation of cocaine seeking
To rule out the possibility that the incubation phenomenon in
our single-session cocaine experiment was driven by previous
food training experience, we tested cocaine cue responding in
animals not previously trained to lever press for a food pellet
reinforcer. Mice subsequently tested on Days 9 and 43, intervals
consistent with our previous experiments, demonstrated acqui-
sition of cocaine self-administration during a single 6 h session
that did not differ as a function of group assignment. Figure 2A
shows the active and inactive lever presses during the 6 h session.
A two-way ANOVA (Lever � Group, with repeated measures on
Lever) revealed no significant interaction (F � 1, p � 0.98) or
main effect of Group (F � 1, p � 0.39), but a significant main
effect of Lever (F(1,11) � 41.5, p � 0.001), indicating a distinction
between the active (reinforced) and inactive (nonreinforced) le-
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vers during the 6 h trial. Furthermore, there was no difference in
the number of cocaine reinforcers earned during the session (F �
1, p � 0.38). During testing, mice showed a significant difference
in responding based on test interval. Figure 2B shows the active
and inactive lever presses for each group during the 1 h test ses-
sion on Day 9 or Day 43. A two-way ANOVA (Group � Lever)
revealed significant main effects of lever (F(1,11) � 58.4, p �
0.001) and group (F(1,11) � 6.5, p � 0.05), and most importantly,
a significant Group � Lever interaction (F(1,11) � 6.0, p � 0.05);
post hoc analysis confirmed that active lever presses on Day 43
were significantly higher as compared with the Day 9 group (p �
0.05), though no difference in inactive lever pressing was seen,
indicating the incubation of cue responding following the longer
interval period, and discounting prior food training as the cause
of our single cocaine session incubation effect.

Food self-administration does not promote the incubation of
cue-induced food seeking
To further eliminate prior food-mediated lever training as a po-
tential confound in the cocaine incubation effect, and in an at-
tempt to confirm that the cocaine-cue association mediated this
behavior, we tested responding for cues associated with food self-
administration. Mice demonstrated acquisition of the self-
administration of food pellets during 8 d that did not differ as a
function of group assignment (i.e., subsequently tested on Day 9
or 43). Figure 2C shows the active and inactive lever presses over
the course of the 8 d. A three-way ANOVA (Session � Lever �
Group) revealed no significant interactions (Fs � 1.5, ps � 0.05)
or main effects of Group (F � 1, p � 0.76) or Session (F � 1.1,
p � 0.37). However, there was a main effect of Lever (F(1,12) �
16.9, p � 0.005), indicating that all animals learned to distinguish

Figure 1. Incubation of cocaine seeking occurs following both extended and a single session of cocaine self-administration. A, Schematic diagram of the time course for the incubation of
cocaine-seeking experiment. Days 1– 8: cocaine self-administration followed by cue-induced cocaine seeking was measured on Days 9 and 43. B, The number of lever presses during cocaine
self-administration (TRAINING) does not differ between the groups subsequently tested on Days 9 and 43 (n � 7– 8/group). The number of infusions also did not differ between the mice tested later
on Days 9 and 43. C, The number of lever presses during the cocaine-seeking test (EXTINCTION TEST) shows that incubation of cocaine seeking occurs following prolonged self-administration
( ���p � 0.001 vs Active; ***p � 0.001 vs Active on Day 9). D, Schematic diagram of the time course for the incubation of cocaine seeking following a single session of cocaine self-administration.
Day 1: cocaine self-administration followed by cue-induced cocaine seeking on Days 9 and 43. E, During a single 6 h session, mice displayed a high number of active lever presses for cocaine (black
bars, Active lever; white bars; Inactive lever; ���p � 0.001 vs Active). Lever presses for the cocaine self-administrating groups (TRAINING) subsequently tested on Day 9 (n � 7) and Day 43 (n �
8) did not differ significantly. Mice self-administrating saline (TRAINING; n �6 –7/group) displayed a high level of active lever presses (gray bars) that did not differ from inactive lever presses (white
bars). Right, Number of cocaine or saline infusions received during the 6 h session ( $p � 0.05 vs Saline). F, Incubation of cocaine seeking occurs following a single session of self-administration
(EXTINCTION TEST). The number of active lever presses for the cocaine-associated cue was significantly higher for the group tested on Day 43, as compared with the group tested on Day 9, and those
of groups responding for saline-associated cues (*p � 0.05 vs Day 9; $p � 0.05 vs Saline; ���p � 0.001 vs Active; �p � 0.05 vs Active). Data are expressed as mean � SEM.

1784 • J. Neurosci., January 29, 2014 • 34(5):1781–1790 Halbout, Bernardi et al. • mGluR1 Regulates Cocaine Seeking



between the active (reinforced) and inactive (nonreinforced) le-
vers during the experiment. Furthermore, there was no difference
in the number of food pellet earned during the 8 d experiment. A
two-way ANOVA (Group � Session) revealed no interaction or
main effect of Group (Fs � 1, ps � 0.05). During testing, mice
showed no difference in cue responding based on testing day.
Figure 2D shows the active and inactive lever presses for each
group during the 1 h test session on Day 9 or Day 43. A two-way
ANOVA (Group � Lever) revealed no significant interaction
(F � 1, p � 0.74) or main effect of Group (F(1,12) � 2.1, p � 0.18),
but a main effect of Lever (F(1,12) � 50.3, p � 0.001).

A single session of cocaine self-administration is associated
with changes in glutamate receptors expression in the reward
system
To investigate the nature of time-dependent molecular changes
associated with the incubation of cocaine seeking following a
single session of cocaine self-administration, we studied AMPAR
and NMDA receptor (NMDAR) binding as well as mGluR1
mRNA expression in mice (Figs. 3, 4) that underwent cocaine-
seeking tests on abstinence Days 9 and 43.

A single session of cocaine self-administration induced pro-
found changes in AMPAR and NMDAR binding. Indeed, a wide-
spread decrease in AMPAR binding was observed during early
cocaine withdrawal (Day 9; Fig. 4). Thus, cocaine self-ad-
ministration led to a significant decrease in AMPAR binding in all
areas of the prefrontal cortex examined, as well as in the NAc core
(NAcC), shell (NAcS), and VTA. In the dorsal hippocampus, bind-

ing in the cornus ammon area 3 (CA3) and
dentate gyrus (DG) was also significantly re-
duced by cocaine self-administration. Inter-
estingly, cocaine-induced low AMPAR
binding that was observed in the initial
phase of abstinence was restored to the level
of saline self-administrating mice 35 d after
the last session of self-administration (Day
43; Fig. 4). Following prolonged with-
drawal, AMPAR binding levels in the pre-
frontal cortices (cingulate gyrus, Cg;
prelimbic cortex, PrL; and orbitofrontal
cortex, OFC) and NAcS were more elevated
in cocaine than in saline self-administrating
mice. However, the significant cocaine-
induced reduction of VTA AMPAR binding
was consistent across both withdrawal time
points, suggesting differential regulation of
AMPAR between these brain regions.

In contrast, cocaine-induced changes
in NMDAR availability emerged mostly
during prolonged as opposed to early
withdrawal (Fig. 4). At Day 9, NMDAR
availability in the infralimbic cortex (IL),
NAcS, VTA, and basolateral amygdala
(BLA) was most affected by cocaine expo-
sure, as seen by a reduction of receptor
availability in drug self-administrating
mice. After prolonged withdrawal, the
central amygdala (CeA), BLA, and dorsal
hippocampus (CA1, CA3, and DG) regions
exhibited profound downregulation in
NMDAR binding, while NMDAR availabil-
ity returned to the level of controls in the
NAcS of cocaine-exposed mice.

In situ hybridization for mGluR1 mRNA in mice that under-
went incubation of cocaine seeking after one session of cocaine
self-administration (Fig. 5) revealed significant cocaine-induced
changes in mGluR1 expression during abstinence. A decrease in
mGluR1 expression was observed in the NAcS and VTA in co-
caine self-administering mice following both the Day 9 and 43
tests. In contrast, a cocaine-induced increase in mGluR1 was ob-
served in the prefrontal cortices (PrL and OFC) in both groups.
Finally, a cocaine-induced upregulation of mGluR1 levels emerged
after 35 d of withdrawal in the IL region and hippocampus CA1 and
CA3.

Antagonism of mGluR1 enhances cocaine seeking following
prolonged abstinence
To assess the degree of control of mGluR1 signaling on cocaine
seeking following prolonged abstinence, we measured cue-
induced cocaine seeking in mice that were subjected to one
session of cocaine self-administration followed by repeated treat-
ment with the mGluR1 antagonist A-841720. Before treatment with
A-841720 or vehicle, mice exhibited similar levels of lever presses
during cocaine self-administration (Fig. 6B); a three-way ANOVA
showed no main effect of Treatment on lever pressing and no Le-
ver � Drug � Treatment (F(1,26) � 0.007; p � 0.932) or Lever �
Treatment (F(1,26) � 0.01; p � 0.996) interactions, but a significant
Lever � Drug interaction (F(1,26) � 7.51; p � 0.05), suggesting in-
creased active lever preference in the cocaine self-administrating
groups. The number of infusions earned during the 6 h session also
did not differ between the two cocaine groups, both of which dem-

Figure 2. Food training does not account for the incubation of cocaine seeking. A, During a single 6 h session, mice acquired
cocaine self-administration without prior food training (TRAINING). Lever presses for the groups subsequently tested on Day 9 and
Day 43 did not differ (n � 6 –7/group). Right, Number of cocaine infusions received during the 6 h session did not differ between
the groups. B, Incubation of cocaine seeking occurs following a single session of self-administration without previous food training
(EXTINCTION TEST). The number of active lever presses for the cocaine-associated cue was significantly higher for the group tested
on Day 43, as compared with the group tested on Day 9 (*p � 0.05) C, Self-administration of food pellets (TRAINING) as shown by
the number of lever presses does not differ between the groups tested on Day 9 (n � 7) and Day 43 (n � 7). Number of food pellet
reinforcers is similar between the two groups. D, Mice do not display an incubation of cue-induced food seeking (EXTINCTION TEST).
Lever presses for the food-associated cue does not differ between the mice tested on Days 9 and 43. Data are expressed as mean �
SEM.
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onstrated a higher number of infusions than the groups administer-
ing saline (Fig. 6C; two-way ANOVA: significant main effect of
Drug: F(1,26) � 18.25; p � 0.001; but no main effect of Treatment or
Drug � Treatment interaction ps � 0.05). Following the longer
duration abstinence (Day 43), cocaine seeking was higher in the
group that received treatment with the mGluR1 antagonist, as com-
pared with the vehicle-treated group (Fig. 6D). While an ANOVA
revealed only a trend toward a Lever � Drug � Treatment interac-
tion (F(1,26) � 3.31; p � 0.08), post hoc analysis showed that cocaine
self-administrating mice demonstrated higher lever pressing follow-
ing A-841720 treatment as compared to vehicle treatment. The effect
of A-841720 on lever presses was selective to cocaine-associated cues,
as there was no treatment effect in saline self-administering mice
(F � 1). Together these results show that mGluR1 antagonism im-
mediately following cocaine self-administration promotes cocaine
seeking following prolonged withdrawal.

Discussion
Incubation of cocaine seeking is well characterized in rats follow-
ing prolonged cocaine self-administration, but has not been
characterized in mice. We investigated the effect of limited co-
caine exposure on drug-seeking in mice, demonstrating for the
first time that mice that have self-administered cocaine during
either eight sessions, or a single session, both exhibited incuba-
tion of cocaine seeking. Interestingly, incubation following a sin-
gle session of cocaine self-administration was associated with
time-dependent changes in AMPAR and NMDAR binding, and
mGluR1 expression. These adaptations in the glutamatergic sys-
tem suggest that limited exposure to cocaine is sufficient to in-

duce long-lasting neuroplasticity in the mesocortical system.
Furthermore, our results show that blockade of mGluR1 signal-
ing during early withdrawal enhances cocaine seeking following
prolonged abstinence, and supports recent studies demonstrat-
ing a key role for mGluR1 in reversing cocaine-induced plasticity
associated with the incubation of cocaine seeking at the cellular
level (Bellone and Lüscher, 2006; Mameli et al., 2007, 2009; Mc-
Cutcheon et al., 2011a,b).

Incubation following a single session of cocaine self-
administration is particularly relevant for understanding the ini-
tial stages of drug addiction. A single drug exposure may trigger
time-dependent behavioral changes that can foster subsequent
loss of control over drug intake. A single session of self-
administration in rats promotes drug seeking even after several
months of withdrawal (Ciccocioppo et al., 2004), and this behav-
ior is associated with neuroadaptations relevant to the etiology of
addiction. Our study complements these findings by demon-
strating that cue-induced cocaine seeking is enhanced as a func-
tion of time during the first 42 d of abstinence. Thus, even with
limited cocaine exposure and CS–US associations, drug-related
memories can be formed and acquire intrinsic motivational
properties that enhance drug craving over time. Therefore, the
influence of drug-associated cues on drug taking through learn-
ing processes such as conditioned reinforcement and pavlovian-
to-instrumental transfer (Everitt and Robbins, 2005) may also be
prone to time-dependent increases that potentiate subsequent
drug seeking and drug taking. Because drug-induced plasticity de-
velops following cocaine exposure independently of withdrawal

Figure 3. Distribution of AMPAR/NMDAR binding sites and mGluR1 mRNA in reward-related brain regions. Left, Schematic representation of the areas measured for densitometric evaluation of
receptor binding sites and mRNA levels in coronal sections through the mouse forebrain at bregma �2 mm, �1 mm, �1.3 mm, and �3.4 mm according to Paxinos and Franklin (2001).
Corresponding dark-field microphotographs from autoradiograms of receptor autoradiography for [ 3H]-AMPA and [ 3H]-MK-801 and in situ hybridization for mGluR1 mRNA (right) are shown under
baseline condition. Scale bar, 2 mm. CPu, caudate–putamen.
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(Dobi et al., 2011), we hypothesize that a single drug experience
might have a dramatic influence on subsequent drug intake by po-
tentiating the control that drug-associated cues have on drug use,
and consequently promoting the escalation of cocaine taking
(Ahmed and Koob, 1998; but see Jonkman et al., 2012).

The role of AMPARs in incubation of cocaine seeking
Consistent with observations that time-dependent adaptations in
glutamate transmission in the VTA and NAc (Pickens et al., 2011;
Wolf and Tseng, 2012) and glutamate activation in the CeA (Lu et

al., 2005a,b, 2007) play a critical role in the development of incu-
bation of cocaine seeking, our study uncovers significant changes
following limited cocaine experience in AMPAR and NMDAR
binding in most brain regions associated with reward processing.
Changes in glutamatergic transmission during cocaine with-
drawal involve modifications in AMPAR and NMDAR subunit
composition or receptor subcellular localization that cannot be
distinguished using binding studies. Nonetheless, we speculate
that time-dependent changes in receptor availability reflect re-
gional changes in neuronal excitability. AMPAR binding was

Figure 4. Differential regulation of AMPA and NMDA expression following a single cocaine exposure. Bar graphs illustrate quantitative analysis of [ 3H]-AMPA (top) and [ 3H]-MK-801 (NMDA;
bottom) binding sites in reward-related forebrain regions of C57BL/6N mice 8 d (white bar) and 42 d (black bar) after a single cocaine exposure. Data are normalized to respective saline control group
(saline group: 100% � 0) and expressed as mean � SEM. Statistical analysis is performed by regionwise two-way ANOVA followed by Fisher’s PLSD test and Bonferroni’s correction, n �
4 – 8/group, corrected p values: *p � 0.05, **p � 0.01, ***p � 0.001 versus controls. CPu, caudate–putamen.

Figure 5. Effects of a single cocaine exposure on mGluR1 mRNA levels following 9 and 43 d. Bar graphs illustrate quantitative analysis of mGluR1 mRNA levels 8 d (white bar) and 42 d (dark bar)
after a single exposure of cocaine in reward-related forebrain regions of C57BL/6N mice. Data are normalized to the respective saline control group (saline group: 100% � 0) and expressed as
mean � SEM. Statistical analysis is performed by regionwise two-way ANOVA followed by Fisher’s PLSD test and Bonferroni’s correction, n � 4 – 8/group, corrected p values: *p � 0.05, **p �
0.01, ***p � 0.001 versus controls. CPu, caudate–putamen.
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strongly reduced during early withdrawal from a single session of
cocaine self-administration in most brain areas examined, sug-
gesting that early homeostatic regulations take place following
limited cocaine exposure. While the functional relevance of AM-
PAR availability in cue-induced cocaine seeking still remains to
be determined, the widespread decrease in AMPAR binding may
result in the suppression of cue-maintained responding during
early withdrawal as a result of lower excitability of regions such as
the NAc. However, changes in the glutamate system following
protracted cocaine withdrawal suggest that the incubation of co-
caine seeking is also mediated by the time-sensitive onset of neu-
ronal modifications. Conrad et al. (2008) demonstrated that
increased NAc medium spiny neuron (MSN) excitability during

withdrawal mediates time-dependent increases in cocaine seek-
ing via the specific incorporation of CP-AMPAR. During early
withdrawal, we observed in the NAcC and NAcS significantly
lower levels of AMPAR in mice that self-administered cocaine, as
compared to saline. This cocaine-induced AMPAR downregula-
tion was inverted during late withdrawal; on Day 43 we observed
significantly higher levels of AMPAR in the cocaine group. It is
likely that increased excitability of MSNs in the NAc during with-
drawal results both from changes in the intrinsic physiological
properties of AMPAR incorporation (CP- vs CI-AMPAR) and
the availability of total receptors in this region.

Several studies have shown that cocaine exposure strengthens
VTA excitatory synapses (Wolf and Tseng, 2012), and this phe-
nomenon persists during withdrawal and involves the synaptic
insertion of CP-AMPAR when drug intake is both contingent
(Chen et al., 2008; Mameli et al., 2009) and noncontingent (Ar-
gilli et al., 2008; Chen et al., 2008; but see Choi et al., 2011). Here,
the availability of total AMPAR was downregulated in the VTA
during early and late withdrawal following a single session of
cocaine self-administration, suggesting that limited cocaine self-
administration induces persistent adaptive mechanisms in VTA
excitatory transmission, and that CP-AMPAR synaptic insertion
may occur in distinct localizations (Lane et al., 2010, 2011), in
contrast to a “background” downregulation of AMPAR. Further
investigations will reveal whether VTA AMPAR downregulation
also takes place following extended cocaine self-administration,
and whether this phenomenon increases the importance of syn-
apses that undergo CP-AMPAR-mediated strengthening of ex-
citatory inputs.

The role of NMDARs in incubation of cocaine seeking
As previously shown in rats (Ben-Shahar et al., 2007), our study
demonstrates that limited cocaine exposure leads to lower avail-
ability of NMDAR in the IL during early withdrawal. Our data
suggest, however, that prefrontal cocaine-induced decreases in
NMDAR availability may persist over 42 d of abstinence, which
together with upregulation of mGluR1 may contribute to altered
functionality of frontal cortical areas associated with addiction
(Jentsch and Taylor, 1999; Kalivas and Volkow, 2005). Following
extended cocaine self-administration, changes in neuronal activ-
ity of the ventral prefrontal cortex have been shown to play a
regulatory role in the expression of cocaine incubation (Koya et
al., 2009). These structures provide important excitatory pro-
jections to the NAcS (Voorn et al., 2004), and may orchestrate
changes in glutamate receptors level observed in the ventral
striatum.

Interestingly, a single session of cocaine self-administration
significantly downregulated NMDAR expression in several sub-
regions of the amygdala and dorsal hippocampus following both
short and long withdrawal durations. The role of the amygdala in
reward-associated learning is well established (Buffalari and See,
2010). ERK activation in the CeA is critical for the expression of
incubation of cocaine seeking and depends upon glutamate sig-
naling on NMDAR (Lu et al., 2005a,b, 2007). Moreover, the hip-
pocampus, via its connectivity with the NAc and the VTA, has
been shown to be instrumental in cocaine seeking (Vorel et al.,
2001) and reward-associated learning (Luo et al., 2011). As the
exact nature of hippocampal and amygdala neuroadaptations
that influence incubation has yet to be defined, our data suggest
the potential role of changes in NMDAR and mGluR1 levels.

Figure 6. The mGluR1 antagonist A-841720 enhances cocaine seeking following prolonged
withdrawal. A, Schematic diagram of the experimental procedure. Cocaine self-administration
on Day 1 (TRAINING) is followed by seven repeated injections of A-841720 or vehicle. Cue-
induced drug seeking was measured on Day 43 (EXTINCTION TEST). B, The number of lever
presses for cocaine self-administration is similar in mice subsequently treated with A-841720 or
vehicle ( �p � 0.05, ���p � 0.001 vs Active). C, Similar cocaine self-administration expe-
rience (number of infusions) in mice before treatment with A-841720. D, The number of active
lever presses during cue-induced cocaine seeking is significantly increased in mice treated with
the mGluR1 antagonist A-841720 but unchanged in saline self-administrating mice (*p � 0.05
vs Vehicle treated; $p � 0.05 vs Saline; �p � 0.05, ��p � 0.01 and ���p � 0.001 vs
Active). Data are expressed as mean � SEM.
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The role of mGluR1 in incubation of cocaine seeking
Signaling through mGluR1 is key to the regulation of neuroplas-
ticity events that mediate the incubation of cocaine seeking. We
have shown that incubation following limited cocaine exposure is
associated with pronounced changes in mGluR1 levels in frontal
cortical regions, the ventral striatum and dorsal hippocampus. In
the NAcS, mGluR1 levels were considerably downregulated dur-
ing both early and late withdrawal. As cocaine-induced plasticity
can be reverted via the activation of mGluR1 in the NAc (Mc-
Cutcheon et al., 2011b), our results indicate that even limited
cocaine exposure may disrupt this protective mechanism by al-
tering the transcription of mGluR1. Although changes in mRNA
levels do not necessarily reflect changes in protein levels and
function, similar variations in mGluR1 protein levels have previ-
ously been described following both contingent (Ben-Shahar et
al., 2013) and noncontingent exposure to cocaine (Ary and
Szumlinski, 2007). Furthermore, in support of the hypothesis
that impaired mGluR1 function increases the vulnerability to
cocaine seeking, we have shown that blockade of mGluR1 signal-
ing with repeated injections of an mGluR1 antagonist following
self-administration potentiated cue-induced cocaine seeking af-
ter prolonged withdrawal. This finding provides a behavioral cor-
relate to the electrophysiological findings of Mameli et al. (2009),
who demonstrated that a single exposure to cocaine in mice,
followed by administration of the mGluR1 antagonist AIDA,
produced changes in cocaine-induced plasticity similar to re-
peated cocaine treatment, again suggesting that impaired
mGluR1 function may represent a gating mechanism responsible
for higher vulnerability to neuroadaptations associated with drug
dependence.

Conclusion
Our results show that a single session of cocaine self-
administration is sufficient to induce neuroplastic adaptations,
likely involving glutamate transmission, that enable neutral cues
to become powerful incentives, increasing the risk of drug seek-
ing even after protracted withdrawal. Furthermore, consistent
with previous reports that mGluR1 signaling controls cocaine-
induced plasticity, our results suggest that impaired glutamate
signaling through mGluR1 may increase the long-lasting vulner-
ability to drug-associated memories. As incubation may translate
to the human condition, occurring even as baseline craving rat-
ings decline (Bedi et al., 2011), our results suggest potentially
important clinical implications, namely that a single drug expo-
sure may render an individual vulnerable to an augmented risk of
cocaine seeking for a prolonged period, perhaps serving as a gate-
way to a chronic abuse pattern.
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