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Abstract
Relapse to cocaine use after prolonged abstinence is an important clinical problem. This relapse is
often induced by exposure to cues associated with cocaine use. To account for the persistent
propensity for relapse, it has been suggested1 that cue-induced cocaine craving increases over the
first several weeks of abstinence and remains high for extended periods. We and others identified an
analogous phenomenon in rats that was termed ‘incubation of cocaine craving’: time-dependent
increases in cue-induced cocaine-seeking over the first months after withdrawal from self-
administered cocaine2–4. Cocaine-seeking requires the activation of glutamate projections that
excite receptors for α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) in the nucleus
accumbens5–7. Here we show that the number of synaptic AMPA receptors in the accumbens is
increased after prolonged withdrawal from cocaine self-administration by the addition of new AMPA
receptors lacking glutamate receptor 2 (GluR2). Furthermore, we show that these new receptors
mediate the incubation of cocaine craving. Our results indicate that GluR2-lacking AMPA receptors
could be a new target for drug development for the treatment of cocaine addiction. We propose that
after prolonged withdrawal from cocaine, increased numbers of synaptic AMPA receptors combined
with the higher conductance of GluR2-lacking AMPA receptors8,9 causes increased reactivity of
accumbens neurons to cocaine-related cues, leading to an intensification of drug craving and relapse.

For 10 days we trained rats for 6 h a day to nose-poke to receive intravenous cocaine or saline
infusions (Fig. 1a, b); these infusions were paired with a 5-s light cue. After 1 or 45 days of
withdrawal from self-administration of cocaine or saline, we assessed cue-induced cocaine-
seeking in a 30-min extinction test. In this test, rats were exposed to cues previously associated
with cocaine availability, but nose-poke responding in the previously active hole (a measure
of cocaine-seeking) did not result in cocaine infusions. Consistent with prior results2,3 was
our observation that cue-induced cocaine-seeking was significantly greater on withdrawal day
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45 than on withdrawal day 1 (Fig. 1c), confirming that cocaine craving incubates over time.
On the basis of a critical role for glutamate-dependent plasticity in other addiction
models10–12, and our previous work13,14, we proposed that time-dependent increases in
accumbens AMPA receptor transmission underlie the incubation of cocaine craving. To test
this hypothesis, we trained rats to self-administer cocaine or saline (as described above) for
subsequent biochemical analysis after 1 or 45 days of withdrawal. The experimental groups
were as follows: withdrawal day 1, saline (WD1-SAL); withdrawal day 1, cocaine (WD1-
COC); withdrawal day 45, saline (WD45-SAL); and withdrawal day 45, cocaine (WD45-
COC). We determined AMPA receptor distribution with a bis(sulphosuccinimidyl)suberate
(BS3) protein crosslinking assay that enables the quantification of surface and intracellular
receptor pools in tissue harvested after treatments in vivo13,14 (Supplementary Information).

We found substantial (2–3-fold) increases in surface, intracellular and total GluR1 levels in
the WD45-COC group compared with all other groups (Fig. 2a–c), as well as a more modest
increase in the surface/intracellular ratio of GluR1 (Fig. 2d). Thus, the major effect of prolonged
withdrawal from cocaine is increased expression of GluR1, rather than redistribution of pre-
existing GluR1, suggesting either increased GluR1 synthesis or decreased GluR1 degradation.
The magnitude of increased GluR1 expression indicates a locus in medium spiny neurons,
which make up more than 90% of accumbens neurons15. We found opposite changes in GluR1
on withdrawal day 1: rats in the WD1-COC group had significantly lower surface, intracellular
and total GluR1 levels (Fig. 2a–c). Intermediate effects were observed in an additional
experiment in which we examined receptor expression on withdrawal days 3 and 21
(Supplementary Fig. 1), indicating that GluR1 levels increase gradually after withdrawal from
cocaine. For GluR2 we found a small increase in the surface/intracellular ratio in cocaine-
exposed rats on withdrawal day 1, but no changes on withdrawal day 45 (Fig. 2h). For GluR3
we found increased surface expression on both withdrawal days 1 and 45, indicating a time-
independent effect (Fig. 2i).

These results suggest that after prolonged withdrawal from cocaine, the normal complement
of GluR2-containing AMPA receptors is supplemented by the addition of GluR2-lacking
receptors (GluR1/3 and/or homomeric GluR1). We obtained additional support for this
conclusion from a quantitative co-immunoprecipitation experiment (Supplementary Fig. 2).
This effect is specific to accumbens AMPA receptors: we found no evidence for the formation
of GluR2-lacking AMPA receptors in the ventral tegmental area or cingulate cortex after
withdrawal from cocaine (Supplementary Figs 3, 4), nor did we find significant changes in
accumbens N-methyl-D-aspartate receptor subunits (Supplementary Fig. 5).

The accumbens consists of two major subregions, termed core and shell, which can be
distinguished on the basis of connectivity and morphology15. The core and shell have different
roles in drug-related behaviours, with some evidence suggesting that the core is more
significant in cue-induced cocaine-seeking16. To study potential core-shell differences, we
assessed another cohort of cocaine self-administering rats after 1 or 45 days of withdrawal. We
divided the accumbens into core and shell subregions, crosslinked with BS3, and analysed
GluR1–3 (Supplementary Fig. 6). In the core we found robust time-dependent increases in
GluR1 and modest increases in GluR3; in the shell we found that surface GluR1 was increased
on withdrawal day 45. These results suggest that GluR2-lacking AMPA receptors form in both
core and shell, but this effect may be more pronounced in the core.

Next we determined whether the time-dependent changes in AMPA receptor expression were
influenced by performing a test for cue-induced cocaine-seeking (under extinction conditions).
We trained rats to self-administer cocaine as described above. We assessed the brains of four
groups of rats that were either tested (‘test’) or not tested (‘no-test’) for cue-induced cocaine-
seeking after 1 or 45 days of withdrawal from cocaine; rats in the test condition were killed
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immediately after the 30-min cocaine-seeking test. We found increased surface and total GluR1
levels on withdrawal day 45 (Supplementary Fig. 7a–c) in both the test and no-test conditions,
replicating results from our first experiment (Fig. 2a–c). No-test rats also showed a small
decrease in the surface/intracellular ratio of GluR2 on withdrawal day 45 (Supplementary Fig.
7h). These data suggest that the test for cocaine-seeking had a minimal effect on AMPA
receptor distribution in the accumbens.

To confirm our biochemical results we performed whole-cell patch-clamp recordings of
medium spiny neurons in the accumbens core after 42–47 days of withdrawal from saline or
cocaine self-administration. GluR2-lacking AMPA receptors have unique properties:
permeability to Ca2+, resulting in greater conductance, and inwardly rectifying currents due to
voltage-dependent block by polyamines8,9. Current–voltage relationships of evoked
excitatory postsynaptic currents (EPSCs; Supplementary Information) in accumbens neurons
revealed significantly greater inward rectification in the cocaine-exposed group (Fig. 3a–c).
Furthermore, bath application of 1-naphthylacetylsperimine (Naspm), a selective blocker of
GluR2-lacking AMPA receptors, decreased evoked EPSC amplitude only in neurons recorded
from the cocaine-exposed group (Fig. 3d–g). Thus, GluR2-lacking AMPA receptors contribute
significantly to accumbens synaptic transmission only after prolonged withdrawal from
cocaine. In addition, we found that neurons from cocaine-exposed rats showed a change in the
distribution of spontaneous EPSC (sEPSC) amplitude as a result of an increased number of
high-amplitude sEPSC (Supplementary Fig. 8b). Both the results with Naspm and the increased
sEPSC amplitude predict enhanced responsiveness of accumbens neurons to excitatory inputs
after prolonged withdrawal from cocaine. Neurons from cocaine-exposed rats also showed an
increased frequency of AMPA-receptor-mediated sEPSCs (Supplementary Fig. 8a). This is
unlikely to reflect increased probability of release, because the paired-pulse ratio did not differ
between cocaine-exposed and saline-exposed rats (Supplementary Fig. 8c, d). Increased sEPSC
frequency may be due to the formation of new synaptic contacts in the accumbens after
withdrawal from cocaine17.

To test the functional role of new GluR2-lacking receptors, we injected Naspm (or vehicle)
into the accumbens of cocaine-exposed rats before tests for cue-induced cocaine-seeking.
Naspm decreased cue-induced cocaine-seeking on withdrawal day 45, demonstrating that
GluR2-lacking AMPA receptors mediate the expression of incubation of cocaine craving (Fig.
4a). Naspm did not alter cue-induced cocaine-seeking on withdrawal day 1 (Fig. 4a). This
finding is consistent with a lack of differences in AMPA receptor subunit expression and
distribution on cocaine withdrawal day 1 compared with the drug-naive saline condition (Fig.
2), in which GluR2-lacking receptors are expressed at very low levels and contribute minimally
to synaptic transmission in the accumbens (Fig. 3 and Supplementary Fig. 2). Naspm did not
alter stable cocaine or sucrose self-administration (Fig. 4b).

We propose that the synaptic incorporation of GluR2-lacking AMPA receptors enhances the
responsiveness of accumbens neurons to glutamate inputs from cortical and limbic regions, as
a result of increases in the absolute number of surface AMPA receptors (Fig. 2) as well as the
higher conductance of GluR2-lacking AMPA receptors8,9. Thus, when cocaine-associated
cues are presented after prolonged withdrawal from cocaine and glutamate is released in the
accumbens, neurons in this brain area respond more robustly, leading to enhanced cocaine-
seeking.

Our results are consistent with a large body of literature implicating increased AMPA receptor
transmission in the accumbens in cocaine-seeking5–7 and psychomotor sensitization13,14,
18–21 after prolonged withdrawal from cocaine, and with the finding that increased neuronal
activity in the accumbens correlates with the incubation of cocaine craving22. However, our
results differ from the finding that cue-induced cocaine-seeking after prolonged withdrawal is
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not decreased in GluR1-knockout mice23. These latter results should be interpreted with
caution in view of the potential for compensation during development and/or offsetting changes
in other neuronal pathways. A previous study found that viral overexpression of GluR1 or
GluR2 in the accumbens shell decreases cocaine-seeking during early withdrawal24. Many
differences exist between our study and this previous study, including focus on core versus
shell, long versus short withdrawal, and single versus multiple extinction tests. An important
consideration is that our conclusions are based on measuring and manipulating endogenous
surface AMPA receptors.

Recent work has highlighted the importance of GluR2-lacking AMPA receptors in long-term
potentiation (LTP) and depression (LTD), experience-dependent plasticity, and synaptic
scaling8,9. Synaptic scaling is a form of homeostatic plasticity in which prolonged activity
blockade causes enhanced excitatory synaptic transmission. Synaptic scaling may have
parallels to our model. After withdrawal from cocaine, cortical areas providing excitatory input
to the accumbens show metabolic hypoactivity10,25, raising the possibility that accumbens
GluR2-lacking AMPA receptors scale up as a homeostatic response to prolonged decreases in
synaptic activation. Scaling-induced increases in GluR1 have been reported to occur through
increased dendritic GluR1 synthesis26 as well as decreased GluR1 protein stability27.

Here we have demonstrated that GluR2-lacking AMPA receptors are produced in the
accumbens during prolonged withdrawal from cocaine and mediate the incubation of cocaine
craving. Our work adds to a growing consensus that perturbations in synaptic transmission
during disease states cause compensatory changes in AMPA receptor subunit composition that
alter the properties of neuronal networks8,9. For cocaine addiction, the production of GluR2-
lacking AMPA receptors may exacerbate disease processes by increasing the reactivity of
accumbens neurons to cocaine-associated cues that promote craving and relapse. A question
for future research is whether GluR2-lacking receptors in the accumbens also contribute to
drug-induced and stress-induced cocaine craving and relapse that also occur after prolonged
withdrawal3,10. Finally, our results, and those of others on the formation of GluR2-lacking
AMPA receptors in the ventral tegmental area after acute exposure to cocaine28,29, suggest
that these receptors could be a new drug target for the treatment of addiction.

Methods Summary
All procedures are based on our previous work2,3,13,14,30.

Behavioural procedures
Male rats were trained to nose-poke (biochemical and electrophysiology experiments) or lever-
press (Naspm behavioural experiment) for 6 h a day for 10–12 days; each cocaine infusion was
paired with a tone–light or light cue. After self-administration training, the rats were tested for
cue-induced cocaine-seeking after 1 or 45 days of withdrawal. During testing, responding with
a lever-press or a nose-poke led to contingent presentations of the cue previously paired with
cocaine infusions, but not cocaine. Responding on the previously active lever or hole was the
operational measure of cocaine-seeking.

Biochemistry
After the appropriate withdrawal period (or immediately after the drug-seeking test in
Supplementary Fig. 7), the rats were decapitated. The accumbens was rapidly dissected and
brain slices (400 μm thick) prepared with a tissue chopper. Crosslinking of slices with BS3 (30
min), subsequent tissue processing, and quantification of surface and intracellular protein levels
by SDS–PAGE and western blotting were performed as described in Methods. Values for
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surface, intracellular and total receptor subunit levels were normalized to total protein in the
lane determined with Ponceau S.

Electrophysiology
Coronal slices (300 μm thick) containing the accumbens were obtained after 42–47 days of
withdrawal from self-administration of saline or cocaine. Recordings were conducted in
voltage-clamp configuration at 33–35 °C with patch electrodes filled with caesium gluconate,
spermine (0.1 mM) and QX-314 (1 mM). Synaptic responses of medium spiny neurons were
elicited by local stimulation of excitatory inputs with a bipolar electrode. Stimulation intensity
(0.05–0.3 mA) was based on the minimum amount of current necessary to elicit a synaptic
response with less than 15% variability in amplitude 10 min after obtaining the whole-cell
configuration. Both spontaneous and evoked EPSCs were collected before and after bath
application of Naspm (100–200 μM) for 10 min.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Time-dependent increases in cue-induced cocaine-seeking (incubation of cocaine craving)
a, Experimental timeline. SA, self-administration. b, Training: the number of infusions (each
paired with a 5-s light cue) during training are shown (means ± s.e.m.). Cocaine (0.5 mg
kg−1 per infusion) supported self-administration, as indicated by high nose-poking in the active
hole. Responding in the inactive hole was very low (not shown). c, Drug-seeking tests: shown
are the number (means and s.e.m.) of nose-pokes in the previously active hole (a measure of
cocaine-seeking) and inactive hole during a 30-min test performed under extinction conditions
(nose-pokes deliver cue but not cocaine). Cocaine-seeking increased on withdrawal day 45
(withdrawal day × hole interaction: F1,12 = 14.9, P < 0.01) (n = 7 per group). Asterisk,
significantly different (P < 0.05) from withdrawal day 1.
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Figure 2. Accumbens GluR1 and GluR3 expression increase after withdrawal from cocaine self-
administration
a–d, GluR1 increased markedly in cocaine-exposed rats on withdrawal day 45 (surface (a),
intracellular (b) and total (c) GluR1; drug exposure × day interaction, F1,56 = 9.9, F1,56 = 9.2
and F1,56 = 12.1, respectively; P < 0.01). d, Surface/intracellular ratio. e–h, GluR2 was
unchanged except for a small increase in the surface/intracellular ratio in cocaine-exposed rats
on withdrawal day 1 (drug exposure × day interaction, F1,53 = 4.0; P < 0.01). i–l, Surface GluR3
and the surface/intracellular ratio increased after self-administration of cocaine (drug exposure,
F1,48 = 4.4 and F1,48 = 3.9, respectively; P < 0.05). Data (means and s.e.m., n = 12–18 per
group) are expressed as percentages of the values in the saline group on withdrawal day 1.
Asterisk, significantly different (P < 0.05) from other conditions; dagger, significantly different
(P < 0.05) from saline group on withdrawal day 1.
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Figure 3. GluR2-lacking AMPA receptors are detected in accumbens neurons after prolonged
withdrawal from self-administration of cocaine
a, Evoked EPSC recorded after 42–47 days of withdrawal from saline or cocaine self-
administration. b, Current–voltage relationships for neurons shown in a. c, Rectification index
(EPSC−70 mV/EPSC+40 mV; Supplementary Information) from 13 and 8 neurons recorded from
four cocaine-exposed and three saline-exposed rats (t19 = 3.47; asterisk, P < 0.01). Data are
means and s.e.m. d, e, Naspm (200 μM, 5–10 min) decreased evoked EPSC amplitude in
cocaine-exposed rats (e) (t6 = 4.72; asterisk, P < 0.01, baseline versus Naspm, seven cells per
group) but not in saline-exposed rats (d). f, The effect of Naspm illustrated as the evoked EPSC
amplitude normalized to baseline (t12 = 3.73; asterisk, P < 0.01). g, Representative traces
illustrating the effect of Naspm after 10 min of bath application. h, Location of recordings.
Numbers indicate distance rostral to Bregma (B) in mm.
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Figure 4. Enhanced cue-induced cocaine-seeking after prolonged withdrawal from cocaine self-
administration is inhibited by blockade of GluR2-lacking AMPA receptors
a, Cue-induced cocaine-seeking tests. Left: responses (means and s.e.m.) on the previously
active or inactive levers after injections of Naspm or vehicle into the accumbens 15 min before
extinction tests on withdrawal days 1 or 45 (n = 10–14 per group). Right: responses on
previously active lever at each hour of test (Naspm dose × withdrawal day × session hour ×
lever interaction, F1,45 = 4.6; asterisk, P < 0.05 compared with other groups). b, Injections of
Naspm into the accumbens had no effect on stable self-administration of oral sucrose or
intravenous cocaine. Results are numbers of oral sucrose deliveries (left; 0.75 ml per delivery,
n = 10) or intravenous cocaine deliveries (right; 0.75 mg kg−1 per infusion, n = 5) (means ±
s.e.m.). c, Placement of cannulae, showing injector tips.
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