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Relapse to cocaine seeking is associated with potentiated excitatory synapses in nucleus accumbens. �2�-1 is an auxiliary subunit of
voltage-gated calcium channels that affects calcium-channel trafficking and kinetics, initiates extracellular signaling cascades, and
promotes excitatory synaptogenesis. Previous data demonstrate that repeated exposure to alcohol, nicotine, methamphetamine, and
morphine upregulates �2�-1 in reward-related brain regions, but it was unclear whether this alteration generalized to cocaine. Here, we
show that �2�-1 protein was increased in nucleus accumbens after cocaine self-administration and extinction compared with saline
controls. Furthermore, the endogenous ligand thrombospondin-1, responsible for the synaptogenic properties of the �2�-1 receptor, was
likewise elevated. Using whole-cell patch-clamp recordings of EPSCs in nucleus accumbens, we demonstrated that gabapentin, a specific
�2�-1 antagonist, preferentially reduced the amplitude and increased the paired-pulse ratio of EPSCs evoked by electrical stimulation in
slices from cocaine-experienced rats compared with controls. In vivo, gabapentin microinjected in the nucleus accumbens core attenu-
ated cocaine-primed but not cue-induced reinstatement. Importantly, gabapentin’s effects on drug seeking were not due to a general
depression of spontaneous or cocaine-induced locomotor activity. Moreover, gabapentin had no effect on reinstatement of sucrose
seeking. These data indicate that �2�-1 contributes specifically to cocaine-reinstated drug seeking, and identifies this protein as a target
for the development of cocaine relapse medications. These results also inform ongoing discussion in the literature regarding efficacy of
gabapentin as a candidate addiction therapy.
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Introduction
Even after prolonged abstinence, drug users experience high rates
of relapse (Dennis and Scott, 2007). Pathological alterations in
physiological and structural plasticity mediated by enduring
changes in glutamatergic transmission are key features underly-
ing vulnerability to relapse (Kalivas, 2009; Wolf, 2010; Gipson et
al, 2013). Hence, investigation of mechanisms responsible for
this plasticity represents a priority of preclinical research.
Voltage-gated calcium channels (VGCCs) control neurotrans-
mitter release, influence neuronal excitability, regulate gene tran-
scription, and participate in multiple forms of short-term
plasticity, underscoring their importance in regulating normal
neurotransmission (Kawamoto et al., 2012). Moreover, VGCCs

have been implicated in drug-related plasticity and behavior.
Repeated noncontingent cocaine administration increases
voltage-sensitive calcium currents in response to membrane de-
polarization in medial prefrontal cortex, an effect reversed by an
L-type calcium channel (LTCC) antagonist (Nasif et al., 2005);
and the development and expression of cocaine locomotor sen-
sitization is dependent on VGCC function (Pierce et al., 1998;
Schierberl et al., 2011).

VGCCs are heteromeric complexes comprised of a pore-
forming �1 subunit with ancillary �, �2�, and � subunits (Dol-
phin, 2012). �2�-1 modulates VGCC kinetic properties,
including inactivation rate, in addition to regulating channel traf-
ficking and stability (Dolphin, 2012). Moreover, �2�-1 subunits
perform calcium-independent functions, including intracellular
or extracellular signaling and excitatory synaptogenesis. While a
number of reports have examined the involvement of individual
�1 subunits to drug-induced plasticity and reward, much less is
known about the contributions of accessory subunits. Repeated,
noncontingent treatment with nicotine, ethanol, and metham-
phetamine increases �2�-1 in cerebral cortex (Hayashida et al.,
2005; Katsura et al., 2006; Kurokawa et al., 2011). Preliminary
results from a proteomic screen indicate that �2�-1 is upregu-
lated in NAc postsynpatic density (PSD)-enriched subfraction
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from cocaine self-administering animals, compared with saline
controls, raising the possibility that �2�-1 is also regulated by
cocaine and by both contingent and noncontingent drug admin-
istration (Reissner et al., 2011).

Gabapentin (GBP, Neurontin), an antiepileptic approved by
the U.S. Food and Drug Administration, is a high-affinity ligand
for �2�-1 (Gee et al., 1996). Chronic gabapentin reduces calcium
currents via inhibition of �2�-1 membrane trafficking, its pur-
ported primary mechanism of action in neuropathic pain. Effects
of acutely applied gabapentin on calcium currents are more
equivocal with some reports of inhibition and others showing no
effect (Uchitel et al., 2010). Gabapentin acting on presynaptic
�2�-1-containing VGCCs reduces the release of many neu-
rotransmitters and neuromodulators, explaining its indirect ef-
fects on GABAergic transmission and misleading nomenclature
(Uchitel et al., 2010). Moreover, gabapentin directly antagonizes
thrombospondin (TSP)-mediated excitatory synapse formation
(Eroglu et al., 2009). Astrocyte-secreted TSP proteins are endog-
enous ligands for �2�-1 whose binding promotes excitatory syn-
apse formation independent of calcium-channel activity (Eroglu
et al., 2009). The present study sought to verify the proteomic
identification of upregulated �2�-1 as a consequence of cocaine
self-administration, and uses gabapentin as a selective �2�-1 an-
tagonist in NAc core (NAcore) to demonstrate functional in-
volvement of upregulated �2�-1 in cocaine reinstatement and
cocaine-induced cellular adaptations.

Materials and Methods
Animals. Single-housed male Sprague Dawley rats (225–250 g) pur-
chased from Charles River Laboratories were acclimated to facilities 1
week before surgery. Subjects were kept on a 12 h reverse light/dark cycle.
Standard chow and water was provided ad libitum before self-adminis-
tration; however, food was restricted to �20 g/d throughout behavioral
testing. Procedures were preapproved by the Institutional Animal Care
and Use Committee at Medical University of South Carolina and per-
formed in compliance with National Institutes of Health guidelines.

Surgery. Rats were anesthetized with ketamine HCl (87.5 mg/kg of
Ketaset, Fort Dodge Animal Health)/xylazine (5 mg/kg Rompum, Bayer)
and implanted with intrajugular catheters and 26 gauge bilateral guide
cannulas (Plastics One) in NAcore: �1.5 mm anteroposterior, �2.0 mm
mediolateral, �5.0 mm dorsoventral (Paxinos and Watson, 2005). Ke-
torolac (3 mg/kg) was given postoperatively for analgesia. Prophylactic
antibiotic (cefazolin 10 mg/0.1 ml, i.v.) was administered during surgery
and 5 d postoperatively.

Self-administration. Catheters were flushed daily with heparin to
maintain patency. Rats acquired operant responding for food pellets in
one 15 h overnight session on a fixed-ratio (FR) 1 schedule before begin-
ning 2 h daily self-administration sessions. Rats self-administered co-
caine until reaching a criterion of 10 d �10 infusions (0.2 mg/0.05 ml),
followed by 2 weeks extinction as described previously (Reissner et al.,
2011). Training was performed in standard operant chambers containing
a house light, drug-paired tone and cue light, and two retractable levers
(Med Associates). Yoked-saline controls received a saline infusion for
each cocaine infusion. During extinction, active lever presses no longer
resulted in delivery of cocaine or cues. Cue-induced reinstatement en-
tailed the drug-free reintroduction of previously drug-paired light/tone
cues contingent upon lever pressing. Cocaine-primed reinstatement was
precipitated by a 10 mg/kg intraperitoneal cocaine injection without
cues.

Western blotting. Animals were rapidly decapitated and tissue samples
microdissected for sample preparation. PSD subcellular fractionation
samples were homogenized with 0.32 M sucrose, 10 mM HEPES, pH 7.4,
and protease/phosphatase inhibitor mixture (Thermo Fisher Scientific).
The PSD was isolated as a Triton X-100-insoluble fraction as described
previously (Reissner et al., 2011). Whole-cell lysates were prepared in
RIPA buffer supplemented with 1% SDS and inhibitors. Immunoblot-

ting was performed according to standard protocols (Reissner et al.,
2011). Primary antibodies were used as follows: �2�-1 (Sigma-Aldrich
#D219; 1:2000), ADAMTS1 (Abcam #39194; 1:1000), TSP-1 (Dr. Dean
Mosher, University of Wisconsin–Madison; 1:500), GAPDH (Cell Sig-
naling Technology #2118; 1:5000).

Whole-cell patch-clamp recordings. NAcore medium spiny neurons
(MSNs) were whole-cell patch clamped as described before (Kupchik et
al., 2012). Briefly, acute coronal brain slices were prepared using a Leica
VT1200S vibratome (Leica Microsystems) and kept in room temperature
aCSF (in mM: 126 NaCl, 1.4 NaH2PO4, 25 NaHCO3, 11 glucose, 1.2
MgCl2, 2.4 CaCl2, 2.5 KCl, 2.0 Na-pyruvate, 0.4 L-ascorbic acid, bubbled
with 95% O2 and 5% CO2) containing 5 mM kynurenic acid and 50 �M

D-(-)-2-amino-5-phosphonopentanoic acid until recording. Recordings
were performed at 32°C (TC-344B; Warner Instrument) in dorsomedial
NAcore using glass microelectrodes (1–2 M�) containing (in mM) 124
cesium methanesulfonate, 10 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid potassium, 1 ethylene glycol tetraacetic acid, 1 MgCl2, 10 NaCl, 2 magne-
sium adenosine triphosphate, 1 QX-314, pH 7.2–7.3, 272–275 mOsm.
EPSCs were evoked with a bipolar stimulating electrode (FHC) �200 �m
dorsomedial to recording electrode, amplified by a Multiclamp 700B
amplifier (Molecular Devices), and recorded using Axograph software
(Axograph Scientific). Each trace consisted of two identical stimulations
50 ms apart to provide the paired-pulse ratio (PPR). Recordings were
collected every 30 s. GABA-evoked inhibitory currents were blocked by
50 �M picrotoxin. Series resistance (Rs) was monitored with a �2 mV test
pulse and recordings with unstable Rs (20% change) or Rs � 20 M� were
discarded.

Sucrose self-administration and reinstatement. The parameters for su-
crose self-administration were similar to those for cocaine. Rats learned
to respond for sucrose pellets paired with light and tone cues on progres-
sively increasing schedules (FR1, FR2, FR5) until they stabilized their
responding on a FR5 schedule. Rats then entered 2 weeks extinction
wherein lever pressing had no consequence. During reinstatement, sub-
jects received two pellets immediately on session initiation and an addi-
tional 10 pellets at 2 min intervals for the first 20 min of the session. Lever
presses resulted in cue but not sucrose delivery.

Microinjections and histology. Gabapentin (Sigma-Aldrich) or aCSF
was microinjected into NAcore (2 mm below the guide cannula base)
before reinstatement. Microinjection (0.5 �l total volume) occurred over
a 2 min period followed by 2 min diffusion time. Reinstatement was
initiated after 10 min delay. Rats were tested in a random, crossover
design separated by 2–3 d of extinction for both within-subject and
between-subjects comparisons. For histology, animals were overdosed
with sodium pentobarbital (100 mg/kg, i.p.) and transcardially perfused
with 1� PBS followed by 4% paraformaldehyde. Coronal sections (100
�m) were stained with cresyl violet to validate cannula placement.

Locomotor activity. Rats were placed in a photocell apparatus to record
movement using software that estimated distance traveled based on con-
secutive breaking of adjacent photobeams for 60 min to assess effects of
gabapentin on exploratory/basal locomotor activity (AccuScan Instru-
ments). Effects of gabapentin on cocaine-induced activity (10 mg/kg,
i.p.) were assessed after 1 h habituation to chambers. Rats received mi-
croinjections of gabapentin/aCSF into NAcore immediately before
placement in photocell chambers.

Statistics. Electrophysiological and behavioral data were analyzed by
ANOVA followed by a Bonferroni’s or Dunnet’s post hoc test for multiple
comparisons. When only two groups were compared, as in Western blot-
ting, statistical probability was determined by two-tailed Student’s t test.
Between-subjects analysis was conducted for cue-induced reinstatement
due to ordering effect.

Results
�2�-1 Protein is upregulated after cocaine self-administration
We performed Western blotting on a membrane-enriched frac-
tion and whole-cell lysates from NAcore comparing rats after
cocaine self-administration and extinction with saline controls to
validate a suggested increase in calcium-channel subunit �2�-1
from a proteomic screen (Reissner et al., 2011). �2�-1 levels were
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greater in cocaine-extinguished rats than in controls in NAcore
(Fig. 1A; t(33) � 2.087, *p � 0.045). We examined �2�-1 in dorsal
striatum because of concerns that microinjected GBP might
diffuse back up the cannula track into dorsal striatum in our
behavioral assays, but found no difference between cocaine and
yoked-saline animals (Fig. 1A) nor any effect of GBP on rein-
stated cocaine seeking when directly administered dorsal to NA-
core (see Fig. 4). We concurrently assessed whether cocaine
experience affected the levels of TSP-1, an endogenous se-
creted ligand for �2�-1, and found an increase in TSP-1 after
self-administration and extinction (Fig. 1B; t(10) � 2.214, *p �
0.05). Given the potential importance of post-translational pro-
cessing of TSP-1, we assessed levels of ADAMTS1 (A disintegrin
and metalloprotease with thrombospodin type 1 motifs), which
cleaves TSP-1, releasing the C-terminal tails from the trimeric
N-terminal domain (Lee et al., 2006), but observed no change in
ADAMTS-1 levels (Fig. 1C).

Gabapentin reduced evoked EPSC amplitude and
increased PPR
To examine the effects of gabapentin on cocaine-induced synap-
tic plasticity, we performed whole-cell patch-clamp recordings of
NAcore MSNs from cocaine-extinguished and yoked-saline rats.
Bath application of 50 �m gabapentin decreased evoked EPSC
amplitude normalized as a percentage of pregabapentin baseline
amplitude in cocaine but not saline rats (Fig. 2A,B; paired Student’s,
t(8) � 3.38, p 	 0.001). These data are consistent with a functional
increase in �2�-1 protein after cocaine self-administration and ex-
tinction. Additionally, gabapentin increased the PPR in cocaine rats
(Fig. 2A,C; paired Student’s, t(8) � 2.83, p � 0.022), suggesting pre-
synaptic inhibition of glutamate release.

Gabapentin inhibited cocaine-primed but not cue-
induced reinstatement
Next we examined whether pharmacological antagonism of the
�2�-1 subunit with gabapentin affects cocaine reinstatement.
Rats were trained to self-administer cocaine to criterion (�12 d),
then extinguished for an additional 12–16 d (Fig. 3A). Initial
studies using dual cocaine plus cue-primed reinstatement showed a
dose-dependent effect of gabapentin on reinstatement response
(Fig. 3B; one-way ANOVA with repeated measures, F(3,58) �
22.43, p 	 0.001; Fig. 3C, guide cannula placements). Impor-
tantly, the lower 10 �g gabapentin dose did not modify basal
locomotor activity or the acute locomotor stimulating effects of
cocaine (10 mg/kg, i.p.; Fig. 4A). The 33 �g gabapentin dose
showed no effect on baseline locomotor activity; however, it sig-

nificantly attenuated cocaine-induced locomotor activity, neces-
sitating the use of the 10 �g dose in subsequent experiments (Fig.
4B; repeated-measures two-way ANOVA, interaction F(23,460) �
3.67, p 	 0.001).

Because divergent neuronal mechanisms may underlie the
distinct modalities of reinstatement (cue-induced vs drug-
primed; Shaham et al., 2003; Epstein et al., 2006), we used a
separate cohort of rats to query gabapentin’s effects on each form

Figure 1. Cocaine self-administration upregulates �2�-1. A, �2�-1 is increased after co-
caine self-administration (C) compared with saline (S) in PSD subfractions and whole-cell ly-
sates (left). �2�-1 was unchanged in the dorsal striatum at this time point (right). B, TSP-1 was
elevated after extinction from cocaine self-administration compared with saline. C, ADAMTS-1
was unaltered by cocaine self-administration. Data shown as relative density to yoked-saline
values, and N is shown in the bars.

Figure 2. Gabapentin reduces evoked EPSC amplitude and increases PPR. A, Representative
traces of evoked EPSC recorded from NAcore MSNs of yoked-saline (left) and cocaine-
extinguished (right) rats before and after washing with 50 �m gabapentin. B, Gabapentin
decreased EPSCs only in cocaine-extinguished rats. C, Gabapentin increased PPR only in
cocaine-extinguished rats. *p 	 0.05, comparing effect of GBP with baseline.

Spencer et al. • �2�-1 Required for Cocaine-Induced Drug Seeking J. Neurosci., June 18, 2014 • 34(25):8605– 8611 • 8607



of reinstatement independently. Rats similarly underwent co-
caine self-administration and extinction (Fig. 3D). Using the pre-
viously validated 10 �g dose, we found that gabapentin
significantly decreased cocaine seeking elicited by a noncontin-
gent cocaine priming injection (Fig. 3E, left; one-way ANOVA
with repeated measures, F(2,23) � 22.55, p 	 0.001). In contrast,
gabapentin was ineffective at altering cue-induced reinstatement
(Fig. 3E, right; one-way ANOVA between subjects, F(2,23) �
32.55, p 	 0.001; Fig. 3F, guide cannula placements). When one
or both of the injector tips was located outside of the NAcore,
generally just dorsal to the boundary, the effect of gabapentin on
cocaine-primed reinstatement was lost (Fig. 4C–E). Importantly,
in sucrose self-administration controls, gabapentin likewise had
no effect on pellet plus cue-primed reinstatement (Fig. 4F–H).

Discussion
Here we show that VGCC �2�-1 subunit is elevated in NAcore
after cocaine self-administration and extinction. While we can-
not rule out an influence by extinction training, the two other
studies found elevated �2�-1 at 24 h after a final noncontingent
daily drug injection (methamphetamine or nicotine), suggesting
that the increase may not depend on extinction training or a
withdrawal period (Hayashida et al., 2005; Kurokawa et al.,
2011). In agreement with elevated �2�-1 levels, cocaine-
extinguished rats were more sensitive to the EPSC-inhibiting ef-
fects of gabapentin. Additionally, the levels of �2�-1 ligand TSP-1
were increased after cocaine. When �2�-1 was acutely antago-
nized with gabapentin, there was a decrease in cocaine-primed
reinstatement with no effect on reinstatement of a natural re-
ward, sucrose. These results point to a pivotal role for elevated
�2�-1 in cocaine-reinstated drug seeking, an animal model of
relapse (Shaham et al., 2003).

This is the first report directly targeting drug-induced �2�-1 in
a brain region critical to reward during reinstatement. Notably,
the possibility that altered �2�-1 function is a shared neuropa-
thology in addiction is indicated by the fact that it is increased by

chronic noncontingent treatment with other classes of addictive
drug (Hayashida et al., 2005; Kurokawa et al., 2011). �2�-1 Inter-
acts with multiple subtypes of voltage-sensitive calcium channels,
including presynaptic release-regulating N-type and P/Q-type
channels, as well as with postsynaptic L-type channels, which
have been implicated in animal models of addiction (Rajadhyak-
sha and Kosofsky, 2005; Dolphin, 2012). In association with pre-
synaptic VGCCs, �2�-1-inhibiting gabapentinoid drugs decrease
evoked release of many neurotransmitters, including glutamate
and dopamine (Reimann, 1983; Quintero et al., 2011). Cortico-
accumbens glutamate transmission is increased during reinstated
cocaine seeking (Kalivas, 2009), and the GBP-induced decrease
in eEPSCs and increase in PPR in NAcore MSNs of cocaine ani-
mals supports this presynaptic mechanism. Alternatively, GBP
also reduces dopamine release (Reimann, 1983), and inactivation
of the VTA or systemic delivery of dopamine antagonists pre-
vents cocaine-induced reinstatement and associated synaptic
plasticity (Shen et al., 2014). A predominant influence on dopa-
mine rather than glutamate release could explain gabapentin’s
preferential effects on cocaine or cocaine plus cue-primed rein-
statement compared with conditioned cues as a noncontingent
cocaine injection causes greater release of dopamine compared
with cue (Ito et al., 2000).

Despite the above-mentioned evidence, we cannot discount
the possible contribution of dendritically expressed �2�-1 cou-
pling to primarily postsynaptic LTCCs. Several studies have
linked LTCC-mediated signaling to cocaine-induced changes in
AMPA receptor plasticity observed in NAc that are essential for
cocaine-induced reinstatement (Pierce et al., 1998; Anderson et
al., 2008). Thus, increased �2�-1 in concert with LTCCs may
contribute to the dynamic excitability of NAc neurons whereby
the intrinsic membrane excitability is decreased at early with-
drawal, restored after protracted withdrawal, and ultimately aug-
mented upon re-exposure to cocaine (Mu et al., 2010). Finally,
calcium channel-independent mechanisms may play a role in

Figure 3. Gabapentin attenuates cocaine-induced reinstatement. A, Active lever pressing during self-administration and extinction training corresponding to data in B. B, Microinjection of
gabapentin into the NAcore dose-dependently reduced cocaine plus cue reinstatement compared with vehicle. EXT, Average active lever presses over the 2 d of extinction before each reinstatement
trial. C, Histological verification of injection sites corresponding to data in B; numbers are millimeters rostral to bregma. D, Active lever pressing during self-administration and extinction training
corresponding to data in E. E, Gabapentin (10 �g/side) significantly reduced cocaine-primed reinstatement (left) but had no impact on cue-induced reinstatement (right). F, Histological verification
of injection sites corresponding to data in E. �p 	 0.05 compared with extinction levels of active lever pressing using a Bonferroni’s post hoc analysis. *p 	 0.05, comparing aCSF to gabapentin.
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Figure 4. Gabapentin control experiments. A, 10 �g/side microinjection of gabapentin did not alter basal locomotor activity or cocaine-induced hyperactivity (10 mg/kg, i.p., cocaine injection
at arrow). B, 33 �g/side GBP did not alter basal locomotor activity but blunted cocaine-induced hyperactivity. C, Active lever pressing during self-administration and extinction training for cocaine
reinstatement in D. D, Microinjection of GBP (10 �g/side) in dorsal striatum has no effect on cocaine-induced reinstatement. E, Histological verification of injection placement in dorsal striatum
corresponding to data in D; numbers refer to millimeters rostral to bregma. F, Active lever pressing during self-administration and extinction training for sucrose reinstatement in G. G, Microinjection
of GBP (10 �g/side) in NAcore had no effect on sucrose pellet plus cue-primed reinstatement of sucrose seeking. H, Histological verification of injection placement in NAcore corresponding to data
in G. *p 	 0.05, comparing GBP with aCSF microinjection using a Bonferroni’s post hoc analysis.
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gabapentin’s effects since �2�-1 stimulation by TSPs promotes
the formation of excitatory synapses (Eroglu et al., 2009). With-
drawal from chronic cocaine is associated with LTP-like increases
in dendritic spine density and diameter with a further LTP-like
augmentation of synaptic strength accompanying reinstated co-
caine seeking (Gipson et al, 2013; Shen et al., 2014). Therefore
gabapentin’s inhibition of TSP/�2�-1-mediated excitatory
synaptogenesis may contribute to its ability to reduce cocaine
reinstatement, although the LTP-like changes occur after rein-
statement elicited by either cues or cocaine injection. While our
finding elevated TSP-1 in NAcore of cocaine-trained subjects is
consistent with this possibility, it is also worth noting that TSP-1
catabolic products can interact directly with integrins indepen-
dent of binding �2�-1. A peptide modulator used to disrupt this
interaction also inhibits cocaine-induced, but not cue-induced,
reinstatement of cocaine seeking (Wiggins et al., 2011). This sup-
ports an involvement of TSP-1 binding to integrins.

In accord with our present findings, Kurokawa et al.
showed that intracerebroventricular delivery of gabapentin
blocks methamphetamine-induced sensitization and condi-
tioned place preference ( 2011), but other studies have examined
the effects of a single systemic injection of gabapentin on cocaine
self-administration or cocaine-primed reinstatement with nega-
tive results (Filip et al., 2007; Peng et al., 2008). The differing
effects in these studies may be related to the poor bioavailability
of systemic GBP to the brain (Bockbrader et al., 2010). This is
supported by reductions in cocaine seeking elicited by condi-
tioned cues and pharmacological stressors after systemic admin-
istration of another �2�-1 antagonist, pregabalin, with improved
bioavailability (de Guglielmo et al., 2013). Perhaps due to these
bioavailability issues, GBP has had mixed results in clinical ad-
diction studies as well (Minozzi et al., 2008; Mason et al., 2009,
2012). Our study highlights the potential importance of cocaine-
induced alterations in �2�-1 in NAcore, and the efficacy of GBP
on only cocaine-induced reinstatement suggests that its utility in
controlling cocaine relapse will be in combination with other
treatments.
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