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Many studies have reported a withdrawal-dependent increase in synaptic AMPA receptor (AMPAR) levels in the nucleus accumbens
(NAc) of cocaine-sensitized rats; however, the exact relationship between the expression of sensitization and altered AMPAR surface
expression in the NAc has not yet been investigated. We demonstrated that the expression of behavioral sensitization was negatively
controlled by N-ethylmaleimide-sensitive factor (NSF)-GluR2 interactions in the NAc. The upregulation of NSF–GluR2 interactions,
which may be resulted by the increase in NSF S-nitrosylation after withdrawal from cocaine, was associated with the changes in the
expression of behavioral sensitization. Disruption of NSF–GluR2 interactions in the NAc with a specific peptide, TAT-pep-R845A,
increased the locomotor response of rats to cocaine by decreasing GluR2 surface insertion. In contrast, prevention of GluR2-containing
AMPARs removal from synapses with Pep2-EVKI attenuated the expression of behavioral sensitization. Similarly, treatment with the
nitric oxide donor, S-Nitroso-N-acetyl-DL-penicillamine (SNAP), attenuated the expression of locomotor sensitization by promoting
GluR2 surface expression. This effect was mediated by the binding of S-nitrosylated NSF to GluR2, which promoted the surface expression
of AMPARs. Noticeably, exogenous injection of SNAP into NAc also attenuated the expression of cocaine-induced conditioned place
preference. Thus, these results indicate that increased NSF–GluR2 interactions in the NAc after withdrawal from cocaine attenuated the
expression of behavioral sensitization and serves as a negative regulatory mechanism in drug-exposed individuals.

Introduction
The nucleus accumbens (NAc) occupies a key position in the
neuronal circuitry of motivation and reward, including drug
addiction (Kelley, 2004). Strong evidence has accumulated to
support a requirement for glutamate transmission in the devel-
opment of behavioral sensitization (Wolf, 1998). An increasing
amount of literature indicates that repeated contingent or non-
contingent exposure to cocaine followed by an abstinence period
increases synaptic AMPAR levels in the NAc (Schmidt and Pierce,
2010; Wolf and Ferrario, 2010; Wolf and Tseng, 2012). However,
subsequent studies indicate that the nature of increased synaptic
AMPARs in behavioral sensitization is more complex than it

seems (Boudreau and Wolf, 2005; Bachtell and Self, 2008; Fer-
rario et al., 2010; Wolf and Ferrario, 2010; Kourrich et al., 2012).
At 1–3 weeks of withdrawal, GluR1/2-containing AMPARs are
the major population that exhibits increased surface expression
in the NAc of cocaine-sensitized rats (Ferrario et al., 2010). How-
ever, increased surface GluR1/2-containing AMPARs are no lon-
ger detected on withdrawal 41 d (WD 41) after noncontingent
cocaine injections, whereas locomotor sensitization is still de-
tected (McCutcheon et al., 2011). Moreover, GluR2-lacking
AMPARs are added to NAc synapses after prolonged withdrawal
(30 – 47 d) from cocaine self-administration (Conrad et al., 2008;
Mameli et al., 2009; Ferrario et al., 2011). Calcium-permeable
GluR2-lacking AMPARs have larger single channel conductance,
and behavioral sensitization may be accompanied by a small in-
crease in NAc levels of GluR2-lacking AMPARs (Boudreau et al.,
2007). These findings raise the question of the exact significance
of increased GluR1/2-containing AMPARs observed on the early
withdrawal period.

What mechanisms underlie the upregulation of GluR1/2-
containing AMPARs after withdrawal from a sensitizing regimen
of cocaine? Positive correlations have been found between the
surface expression of GluR1 and mitogen-activated protein ki-
nase signaling in the NAc of sensitized rats (Boudreau et al., 2007;
Boudreau et al., 2009; Schumann and Yaka, 2009). A new study
indicates that the elevated S-nitrosylation of stargazin contrib-
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utes to the upregulation of AMPARs during cocaine sensitization
in the NAc shell (Selvakumar et al., 2013). The replacement of
synaptic AMPARs by GluR2/3 subunits requires the interaction
of GluR2 with N-ethylmaleimide-sensitive factor (NSF) (Shi et
al., 2001). NSF–GluR2 interactions are shown to be important
to maintain AMPA-mediated transmission at the synapses
(Nishimune et al., 1998; Song et al., 1998; Lüthi et al., 1999; Lee et
al., 2002). Thus, withdrawal from repeated cocaine exposure may
enable NSF to bind to GluR2 and promote the surface expression
of GluR2. NSF is physiologically S-nitrosylated by endogenous
nitric oxide (NO), and S-nitrosylated NSF mediates the surface
expression of AMPARs (Huang et al., 2005). Interestingly, previ-
ous studies have indicated that endogenous NO signal is impli-
cated in cocaine behavioral effects (Karatinos et al., 1995; Kim
and Park, 1995). Thus, a NO-NSF-GluR2 mechanism may un-
derlie the cocaine-induced synaptic adaptations. However, until
now, there are few reports about the role of NSF–GluR2 interac-
tions in locomotor sensitization.

In this study, we found that repeated cocaine injections aug-
mented NSF–GluR2 interactions in the NAc neurons. Moreover,
disrupted or further increased accumbal NSF–GluR2 interac-
tions enhanced or attenuated the expression of behavior sensiti-
zation, respectively.

Materials and Methods
Animals
Male Sprague-Dawley rats aged 3– 4 months weighing 250 –300 g were
used in the present study. The rats were housed individually on a con-
trolled 12 h light cycle at a constant temperature (22 � 2°C) and humid-
ity of 50 � 10% with food and water provided ad libitum at all times
unless specified. The research was conducted in accordance with the
Declaration of Helsinki and with the Guide for Care and Use of Laboratory
Animals as adopted and promulgated by the United National Institutes of
Health. All experimental protocols were approved by the Review Com-
mittee for the Use of Human or Animal Subjects of Huazhong University
of Science and Technology.

Agents
SNAP and NaNO2were purchased from Sigma-Aldrich. Cocaine
hydrochloride ( purity �98%) was obtained from Qinghai Pharma-
ceutical Factory. TAT-pep-R845A peptide (Biotin-YGRKKRRQRRR
KAMKVAKNPQ), TAT control peptide (Biotin-YGRKKRRQRRR),
Pep2-EVKI peptide (Biotin-YGRKKRRQRRRNVYGIEEVKI), and
Pep2-SVKE peptide (Biotin-YGRKKRRQRRRNVYGIESVKE) were
purchased from a commercial supplier (Jier). SNAP (1–2 �g/�l), NaNO2

(10 �g/�l), and peptides (50 �g/�l) were dissolved with artificial CSF
(aCSF) before use with aCSF as the vehicle in behavior test. The concen-
trations of SNAP and peptides in bath solution are 100 �M in aCSF.

Surgery and intracranial injections
Briefly, rats were anesthetized with chloral hydrate (40 mg/kg) before
surgery, and then placed in a stereotaxic apparatus. Two 22 gauge can-
nulas (stainless steel) were bilaterally implanted to the NAc (coordinates
are in reference to bregma: AP, �1.8 mm; ML, �1.6 mm; DV, �5.8
mm). The rats were allowed 5–7 d for recovery before behavioral testing
began. On the day of the experiment, the injection cannula was con-
nected via PE20 tubing to a 10 �l microsyringe, driven by a microinjec-
tion pump. Drugs were infused into the NAc in freely moving rats and
solution was injected at a rate of 0.5 �l/min with volume of 0.5 �l per
side. Following injection, the injection cannula was left for an additional
1.5 min before withdrawal to minimize dragging of injected liquid along
the injection track.

Behavioral measurements
Motor activity (distance traveled, cm) was recorded for 1 h in locomotion
cages (45 � 45 cm) immediately after each systemic injection by using
AniLab Software (Ningbo). Rats were given intraperitoneal (i.p.) injec-

tion of saline (1 ml/kg of body weight) or cocaine (15 mg/kg) once daily
for seven consecutive days. At day 14 after the last injection, behavioral
responses to a challenging dose of cocaine (10 mg/kg, i.p.) were analyzed
for 1 h and information about horizontal activities was recorded at 5 min
intervals. In the test day, rats were placed on the test environment for 1 h
habituation.

Cocaine place-conditioning (CPP) were conducted in a Plexiglas ap-
paratus (46 � 24 � 22 cm) with a sound-attenuating lid and a removable
center divider separating two compartments of equal size. Each side of
the apparatus differed in wall pattern and floor texture. On conditioning
sessions (45 min), the two compartments were separated by solid divider,
confining the animal to one compartment. On test session (15 min),
animals had free access to both compartments through a divider with a
door. Both dividers were opaque and colored on each side to match the
compartment-facing wall pattern, marble or wood, respectively. Condi-
tioning began with a preconditioning session for 15 min (pretest), in
which experimentally naive animals had free-access to both compart-
ments to establish initial compartment bias. This was followed by once
daily conditioning sessions for 8 d, alternating pairings of distinct com-
partments with either 15 mg/kg cocaine or saline. The CPP score was
defined as the time (in seconds) spent in the cocaine-paired chamber
minus the time spent in the saline-paired chamber during CPP testing.

Sucrose preference test (SPT) was performed as follows. Cannulas
were bilaterally implanted to the NAc as described above. After a 7 d
recovery period, rats were exposed to a palatable sucrose solution (1%;
m/v) for 48 h to habit sucrose intake. After 6 h of water deprivation on the
third day, rats were exposed to two identical bottles, one was filled with
sucrose solution, and the other with water, for 1 h. Sucrose and water
consumption was determined by measuring the change in the volume of
fluid consumed. Sucrose preference was defined as the ratio of the vol-
ume of sucrose versus total volume of sucrose and water consumed dur-
ing the 1 h test.

Conditioned taste aversion (CTA) was performed according to previ-
ous reports (Ma et al., 2011). In brief, rats were deprived of water for 24 h
and then given two pipettes that were filled with water for 10 min once a
day. They were trained 3 d to get their daily water ration. On conditioning
day, the rats were presented with two pipettes filled with saccharin for 10
min. Forty minutes later, they were injected with 0.05 M LiCl (2% body
weight) intraperitoneally. On the next 2 d, rats were presented daily for
10 min with two pipettes filled with water. On the third day after condi-
tioning, the rats were presented with a random array of six pipettes, three
filled with saccharin and three filled with water for 10 min. The rats
explored to consume or avoid the contents of the pipettes, and their
liquid consumption was recorded to test CTA. For the high CTA condi-
tioning, all rats were trained as above, except that on the conditioning
day, rats received intraperitoneal injection of 0.15 M LiCl instead of 0.05
M LiCl. The results were quantified by an aversion index (AI), defined as
AI � [(milliliters of water)/(milliliters of water � milliliters of saccha-
rin)] �100% consumed in the test.

Peptides localization in brain
Rats were anesthetized 60 min following microinjection with peptides
and perfused intracardially with PBS followed by 4% paraformaldehyde
in PBS. After perfusion, rats were decapitated and the brains were re-
moved and placed for postfixation in 30% sucrose in PBS for 48 h at 4°C.
Brains were frozen and sliced at thickness of 20 �m with a microtome
(Leica, RM2245). Then, slices were incubated with PBS for 1 h, followed
by 1 h incubation with streptavidin-Alexa Fluor 568 (1:2000; S-11226,
Invitrogen) in PBS at room temperature to detect the biotin-labeled
peptide. Slices were then washed thrice with PBS and the third wash
contained Hoechst dye (1:5000, No. 33258, Invitrogen) in PBS for nu-
cleus staining. Slices were loaded on slides and examined using a laser
confocal microscope (LSM510 Carl Zeiss).

Immunostaining
Rats were anesthetized and perfused intracardially with PBS followed by
4% paraformaldehyde in PBS. After perfusion, rats were decapitated and
the brains removed and placed for postfixation in 30% sucrose in PBS for
48 h at 4°C. Brain sections (20 �m) that washed in blocking medium
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containing 0.1% Triton X-100 and 5% BSA,
and incubated overnight (4°C) with primary
antibodies against GluR2 (1:500 dilution;
Millipore) and NSF (1:1000 dilution; CST) fol-
lowed by Alexa dye-tagged secondary antibod-
ies. Slices were loaded on slides and examined
using a laser confocal microscope (LSM510,
Carl Zeiss).

Coimmunoprecipitation
After drug treatments, NAc slices were chilled
on ice and briefly washed with ice-cold ACSF.
Protein extracts were prepared by homogeni-
zation in buffer (50 mM Tris-base pH 7.4, 100
mM NaCl, 1% NP-40, 10 mM EDTA, 20 mM

NaF, 1 mM PMSF, 3 mM Na3VO4). Superna-
tants (500 �g) were then incubated with 10 �g
of NSF antibody overnight at 4°C with con-
stant shaking. The antibody-bound complexes
were incubated with Protein A/G PLUS-
Agarose (Santa Cruz Biotechnology) for 2 h at
4°C. The protein-bound beads were washed in
buffer and pelleted by centrifugation for 3 min
at 3000 � g. The beads were resuspended in
SDS sample buffer, and the immune complexes
were eluted by boiling. The eluted proteins
were subjected to electrophoresis and immu-
noblotted with anti-GluR2 (1:500 dilution;
Millipore) or anti-NSF (1:1000 dilution; CST).

Surface receptor cross-linking with BS 3

Protein crosslinking was performed according
to previous reports (Boudreau and Wolf, 2005;
Mao et al., 2009). The rats were decapitated
and their brains were rapidly removed to cut
into coronal sections (400 �m). Slices were in-
cubated in a holding chamber for 1 h in oxy-
genated ACSF at 30°C. The NAc slices were
dissected and added to Eppendorf tubes con-
taining ice-cold aCSF, which was spiked with 2
mM bis (sulfosuccinymidal) suberate (BS 3;
Pierce Biotechnology) immediately after addi-
tion of the tissue. The dissected pieces of tissue
contained both core and shell subregions of the
NAc. Then, the tissue was cross-linked for 60
min at 4°C with gentle agitation and this reac-
tion was terminated by quenching with 100 mM

glycine (15 min at 4°C). The tissue was pelleted
by brief centrifugation, resuspended in ice-
cold lysis buffer containing protease and phos-
phatase inhibitors, homogenized rapidly by
sonicating for 5 s, and centrifuged (12000 � g
for 15 min at 4°C). The supernatant fraction
was aliquoted and stored at �80°C before us-
ing for Western blot. The values (diffuse den-

Figure 1. Repeated cocaine injections increase surface expression of GluR1/2 and interactions between NSF and GluR2 in the
NAc after 14 d withdrawal. A, Regimen of behavioral sensitization: the immediate locomotor response to a fixed dose of cocaine (15
mg/kg) increased across days of testing, and a challenge dose of cocaine (10 mg/kg) at day 14 of withdrawal induced a robust
locomotor response (Sal: saline; Coc: cocaine, *p � 0.05 vs saline). B, Timeline of the experimental procedure. C, D, Cell surface,
intracellular, and total levels of GluR1 and GluR2 in the NAc. Withdrawal from cocaine increased both surface expression of GluR1
and GluR2. Data from the cocaine group were normalized to the mean of the saline group. (n � 5– 8 rats for saline and cocaine
group respectively; *p � 0.05 vs saline). E, Staining of NAc slices for NSF (left) and GluR2 (middle) in saline (top),

4

and cocaine-exposed (bottom) rats. Merged images (right)
showed increased colocalization of GluR2 (red) and NSF
(green) after withdrawal from cocaine (white arrows). Scale
bars, 50 �m. F, The NAc from saline and cocaine-exposed rats
were dissected on WD 14. Protein homogenates were immu-
noprecipitated with anti-NSF, and immunocomplex and ho-
mogenates (input) were immunoblotted for NSF and GluR2.
Data were first expressed as the ratio of the protein in the
immunocomplex (Co-IP) to total lysate. Then, data from the
cocaine group were normalized to the mean of the saline
group. (n � 4 per group, *p � 0.05 vs saline). All data are
mean � SEM.
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sities) for surface, intracellular, and total (surface � intracellular)
protein levels were normalized to a loading control (�-actin; 1:500 dilu-
tion; Santa Cruz Biotechnology).

S-nitrosylation assay (biotin switch assay)
Detection of S-nitrosylated NSF was according to the method in previous
study (Jaffrey et al., 2001, 2002). The rats were decapitated and their
brains were rapidly removed to cut into coronal sections (400 �m). The
NAc region was dissected and homogenized in 1 ml HEN buffer (250 mM

HEPES pH 7.7, 0.1 mM EDTA, 0.1 mM neocuproine) with 1% NP40
(Nonidet P-40), protease inhibitor mixture and 1 mM PMSF, sonicated
and then centrifuged at 12,000 g for 15 min at 4°C. The protein pellet was
resuspended in blocking buffer (HEN buffer with 2.5% SDS and 20 mM

methylmethanethiosulfonate; MMTS) to a final concentration. The free
thiols were blocked by MMTS at 50°C for 20 min. The excess MMTS was
removed by ice-cold acetone precipitation for 20 min followed by cen-
trifugation at 2000 g for 10 min. This precipitation was repeated several
times to remove the residual MMTS. After removal of the acetone, the
proteins were resuspended in HENS buffer. Then, the suspension was
added biotin HPDP prepared fresh as a 4 mM stock in dimethylsulfoxide
from a 50 mM stock suspension in dimethylformamide. Sodium ascor-
bate was added to a final concentration of 1 mM. After incubation for 2 h
at 25°C, biotinylated proteins were precipitated by streptavidin-agarose
beads. The streptavidin-agarose was then pelleted and washed five times
with HENS buffer. The biotinylated proteins were eluted by SDS/PAGE
sample buffer and S-nitrosylated NSF were detected by Western blot
using anti-NSF antibody (1:500 dilution; CST).

Western blot analysis
Protein samples (40 �g) were separated by 8% SDS-PAGE and then
transferred to nitrocellulose membranes (transfer buffer: 25 mM Tris, 190
mM glycine, 20% methanol, 0.5% SDS). The membranes were washed in
Tris-buffered saline (TBS; 20 mM Tris-HCl pH 7.6, 140 mM NaCl) and
blocked with 5% BSA in TBS containing 0.5% Tween 20 (TBS-T). Then
membranes were incubated overnight at 4°C with the following primary
antibodies: GluR1 (1:500 dilution; Millipore), GluR2 (1:500 dilution;
Millipore), nNOS (1:2000 dilution; Millipore). Membranes were washed
with TBS-T solution, incubated for 60 min with horseradish peroxidase
(HRP)-conjugated anti-rabbit IgG or anti-mouse IgG (1:5000 dilution;
Millipore), washed with TBS-T, rinsed with double-deionized water, and
immersed in enhanced chemiluminescence-detecting substrate (Super
Signal West Pico; Pierce Chemical). Images were captured with Micro
Chemi (DNR Bio-Imaging Systems) or visualized with x-ray films
(Kodak X-Omat). The pictures or films were scanned and the optical
density of the bands was determined using NIH ImageJ software.

NO assay
NO production was assessed by measuring the amount of nitrite, a stable
metabolic product of NO (Baratta et al., 2002). In brief, NAc tissue was
lysed (10 �l/mg) in Griess lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM

NaCl, 5 mM KCl, 1% NP40, 1 mM phenylmethylsulfonyl fluoride, 1 mM

bathocuproinedisulfonic acid, 1 mM diethylenetriaminepenta-acetic
acid, 10 mM N-ethylmaleimide). Tissue lysate (100 �l) was mixed with
100 �l Griess reagent, which was prepared by mixing equal volumes of
stock A (1% sulfanilamide and 5% phosphoric acid) and stock B (0.1%
N-[naphthyl]ethylenediamine dihydrochloride). After 10 min incuba-
tion at room temperature, the absorbance was measured at 540 nm in a
microplate reader.

Slice preparation
Briefly, under deep anesthesia, the brain was removed quickly after de-
capitation and 300-�m-thick sagittal slices containing NAc were made
with a Vibrate tissue slicer (VT 1000S; Leica) in ice-cold aCSF containing
119 sucrose, 3.5 mM KCl, 1.3 mM MgSO4, 2.5 mM CaCl2, 1 mM NaH2PO4,
26.2 mM NaHCO3, and 11 mM glucose that was maintained at pH 7.4 by
carbogen (95%O2/5%CO2). NaCl was replaced by sucrose to improve
the survival of neurons during slicing. Freshly cut slices were incubated in
an incubating chamber for at least 1.5 h before using in oxygenated aCSF
without sucrose but physiological concentration of NaCl (119 mM). The
solutions were saturated with 95% O2/5% CO2.

Specific experiments
Experiment 1: Effect of withdrawal from repeated cocaine exposure on sur-
face expression of GluR1/2 and NSF–GluR2 interactions in NAc. We ini-
tially assessed the effect of withdrawal from repeated cocaine exposure on
surface expression of GluR1/2 and NSF–GluR2 interactions in NAc. For
this purpose, we used two groups of rats (n � 13–17 per group) in an
experimental design that included the between-subjects factor of cocaine
dose (0 and 15 mg/kg); the dependent measures were surface expression
of GluR1/2, NSF–GluR2 colocalization and NSF–GluR2 interaction lev-
els. About half of the rats underwent saline injections (0.9%, 1 ml/kg),
whereas the other rats received cocaine injections (15 mg/kg) once per
day on seven consecutive days. On each pretreatment day, each rat was
placed in locomotion cages (45 � 45 cm). The NAc (core and shell) were
removed for assay 14 d after the last pretreatment injection (WD14). In
each experimental condition, approximately one-third of the rats (n �
5– 8 per group) were used for BS 3 cross-linked, one-third (n � 4 –5 per
group) were used for immunostaining experiment and the other one-
third (n � 4 per group) were used for coimmunoprecipitation.

Experiment 2: Effect of disruption of NAc NSF–GluR2 interactions on
surface expression of GluR2 and cocaine-induced locomotor sensitization.
We initially assessed the effect of specific NSF–GluR2 interaction block-
ing peptide (pep-R845A conjugated to TAT; Joels and Lamprecht, 2010)
on the surface expression of GluR2 in NAc of cocaine-exposed rats. For
this purpose, we used four groups of rats (n � 5– 8 per group) in an
experimental design that included the between-subjects factors of drug
(TAT-pep, TAT-pep-R845A) and drug delivery mode (ex vivo slices, in
vivo intracranial injection). The dependent measure was the GluR2 sur-
face expression. All rats received cocaine injections (15 mg/kg) once per
day on seven consecutive days and then withdrawal for 14 d. On each
pretreatment day, each rat was placed in locomotion cages (45 � 45 cm).
In ex vivo slices experimental condition, NAc slices from cocaine-
exposed rats were incubated with TAT-pep (100 �M) or TAT-pep-R845A
(100 �M) for 30 min before BS 3 cross-linked. In in vivo intracranial
injection experimental condition, TAT-pep (25 �g per side) or TAT-
pep-R845A (25 �g per side) was injected into NAc for 60 min before
decapitate.

To determine the role of the increased binding of NSF to GluR2 in
cocaine-induced locomotor sensitization, we used six groups of rats (n �
6 –12 per group) in an experimental design that included the between-
subjects factors of drug (aCSF, TAT-pep and TAT-pep-R845A) and co-
caine challenge (0 and 10 mg/kg). The dependent measure was travel
distance. All rats received cocaine injections (15 mg/kg) once per day on
seven consecutive days. On each pretreatment day, each rat was placed in
locomotion cages (45 � 45 cm). Fourteen days after the last pretreatment

4

Figure 2. Disruption of NSF–GluR2 interaction inhibits the transport of GluR2-containing
AMPARs to the cell surface in the NAc and increases the expression of behavioral sensitization to
cocaine. A, D, H, Timelines of the experimental procedure. B, Disruption of NSF–GluR2 interac-
tions by specific peptide TAT-pep-R845A (100 �M, 30 min) inhibited the surface expression of
GluR2 in ex vivo slices. Data from the TAT-pep-R845A group were normalized to the mean of the
TAT-pep group. (n � 5 rats for each group; **p � 0.01, different from control peptide). C,
Microinjection of TAT-pep or TAT-pep-R845A peptides led to internalization of peptides into
NAc cells. The big white arrow shows the site of injection (C1). Biotin-labeled TAT-pep (C2; n �
4), or TAT-pep-R845A (C3; n � 5) were microinjected into the NAc (50 �g/�l, 0.5 �l per side).
Transcellular translocation was detected by streptavidin conjugated to AlexaFluor 568 (red) and
to nuclear Hoechst (blue) staining. Small white arrows indicate the positive cells (red staining
and blue nuclei) and small yellow arrows indicate negative cells (blue nuclei only). E, Disruption
of NSF–GluR2 interactions by specific peptide TAT-pep-R845A intracranial injections inhibited
the surface expression of GluR2. Data from the TAT-pep-R845A group were normalized to the
mean of the TAT-pep group. (n � 5– 8 rats for each group; **p � 0.01, different from control
peptide). F, Pretreatment with TAT-pep-R845A for 60 min increased responses to the challenge
dose (black arrow) of cocaine. G, The bar diagram shows total travel distance in each group (n�
6 –12 rats for each group; *p � 0.05, different from the other experimental groups). I, Pre-
treatment with TAT-pep-R845A for 60 min did not alter acute cocaine or saline-induced (black
arrow) locomotor activity. All data are mean � SEM.

Lu et al. • GluR2-NSF Regulates Cocaine-Sensitization J. Neurosci., March 5, 2014 • 34(10):3493–3508 • 3497



injection (WD14), we bilaterally injected with aCSF (0.5 �l per side),
TAT-pep (25 �g per side), or TAT-pep-R845A (25 �g per side) into NAc
and assessed cocaine (0 and 10 mg/kg) induced locomotor sensitization
60 min later.

Experiment 3: Effect of TAT-pep-R845A on acute cocaine-induced loco-
motor activity. We further determined whether TAT-pep-R845Aaffected
acute cocaine-induced locomotor activity. For this purpose, we used six
groups of rats (n � 9 –11 per group) in an experimental design that
included the between-subjects factors of drug (aCSF, TAT-pep and TAT-
pep-R845A) and acute cocaine (0 and 10 mg/kg) administration. The
dependent measure was travel distance. All rats were placed in locomo-
tion cages (45 � 45 cm) for 1 h habituation. The rats were bilaterally
injected with aCSF (0.5 �l per side), TAT-pep (25 �g per side), or TAT-
pep-R845A (25 �g per side) into NAc and assessed acute cocaine-
induced (0 and 10 mg/kg) locomotor activity 60 min later.

Experiment 4: Effect of blocking PICK1-mediated GluR2 endocytosis in
NAc on surface expression of GluR2 and locomotor sensitization. We ini-
tially assessed the effect of specific blocking peptide for protein interact-
ing with C kinase 1 (PICK1)-GluR2 interaction on surface expression of
GluR2 in NAc of cocaine-exposed rats. For this purpose, we used four
groups of rats (n � 5–7 per group) in an experimental design that in-
cluded the between-subjects factors of drug (Pep2-SVKE, Pep2-EVKI)
and drug delivery mode (ex vivo slices, in vivo intracranial injection). The
dependent measure was the surface expression of GluR2. All rats received
cocaine injections (15 mg/kg) once per day on seven consecutive days
and then withdrawal for 14 d. On each pretreatment day, each rat was
placed in locomotion cages (45 � 45 cm). In ex vivo slices experimental
condition, NAc slices from cocaine-exposed rats were incubated with
Pep2-SVKE (100 �M) or Pep2-EVKI (100 �M) for 30 min before BS 3

cross-linked. In in vivo intracranial injection experimental condition,
Pep2-SVKE (25 �g per side) or Pep2-EVKI (25 �g per side) was injected
into NAc for 60 min before decapitation.

To determine whether inhibition of PICK1-mediated GluR2 endocy-
tosis in NAc affected cocaine-induced locomotor sensitization, we used
six groups of rats (n � 7–12 per group) in an experimental design that
included the between-subjects factors of drug (aCSF, Pep2-SVKE and
Pep2-EVKI) and cocaine challenge (0 and 10 mg/kg). The dependent
measure was travel distance. All rats received cocaine injections (15 mg/
kg) once per day on seven consecutive days. On each pretreatment day,
each rat was placed in locomotion cages (45 � 45 cm). Fourteen days
after the last pretreatment injection (WD14), the rats were bilaterally
injected with aCSF (0.5 �l per side), Pep2-SVKE (25 �g per side) or
Pep2-EVKI (25 �g per side) into NAc and assessed cocaine-induced (0
and 10 mg/kg) locomotor sensitization after 60 min.

Experiment 5: Effect of Pep2-EVKI on acute cocaine-induced locomotor
activity. We further determined whether Pep2-EVKIaffected acute
cocaine-induced locomotor activity. For this purpose, we used six groups
of rats (n � 8 –11 per group) in an experimental design that included the
between-subjects factors of drug (aCSF, Pep2-SVKE, and Pep2-EVKI)
and acute cocaine (0 and 10 mg/kg) administration. The dependent mea-
sure was travel distance. All rats were placed in locomotion cages (45 �
45 cm) for 1 h habituation. The rats were bilaterally injected with aCSF
(0.5 �l per side), Pep2-SVKE (25 �g per side) or Pep2-EVKI (25 �g per
side) into NAc and assessed acute cocaine-induced (0 and 10 mg/kg)
locomotor activity 60 min later.

Experiment 6: Effect of withdrawal from repeated cocaine exposure on
S-nitrosylated NSF levels, nNOS levels, and NO content in NAc. How
might cocaine treatment increase NSF–GluR2 interactions in the NAc?
To determine the relationship between NSF–GluR2 interactions and
S-nitrosylation of NSF, we used two groups of rats (n � 15 per group) in
an experimental design that included the between-subjects factor
of cocaine dose (0 and 15 mg/kg); the dependent measures were
S-nitrosylated NSF levels, nNOS levels and NO content in NAc. Half of
the rats underwent saline injections (0.9%, 1 ml/kg), whereas the other
rats received cocaine injections (15 mg/kg) once per day on seven con-
secutive days. On each pretreatment day, each rat was placed in locomo-
tion cages (45 � 45 cm). The NAc (core and shell) were removed for assay
14 d after the last pretreatment injection (WD14). In each experimental
condition, some rats (n � 4 per group) were used for S-nitrosylation

assay, some rats (n � 6 per group) were used for Western blot assays and
the other rats (n � 5 per group) were used for NO assay.

Experiment 7: Effect of bath application of NO donor on surface expres-
sion of GluR2, S-nitrosylated NSF levels, and GluR2–NSF interactions in
NAc. A finding in Experiment 4 was that withdrawal from repeated co-
caine injections increases S-nitrosylation of NSF and NO content in the
NAc. We determined whether exogenous NO could further influence
surface GluR2 expression, S-nitrosylated NSF levels and GluR2–NSF in-
teractions in NAc. We used two groups of rats (n � 14 per group) in an
experimental design that included the between-subjects factor of drug
(Vehicle, SNAP). The dependent measures were surface expression of
GluR2, S-nitrosylated NSF levels, and GluR2–NSF interactions. All rats
received cocaine injections (15 mg/kg) once per day on seven consecutive
days and withdrawal for 14 d. On each pretreatment day, each rat was
placed in locomotion cages (45 � 45 cm). NAc slices from cocaine-
exposed rats were incubated with SNAP (100 �M) or Vehicle for 30 min
before assays. In each experimental condition, some rats (n � 5 per
group) were used for S-nitrosylation assay, some rats (n � 4 per group)
were used for coimmunoprecipitation and the other rats (n � 5 per
group) were used for BS 3 cross-linked.

To determine whether exogenous NO promoted the surface expres-
sion of GluR2 by GluR2–NSF interactions, we used another two groups
of rats (n � 7 per group) in an experimental design that included the
between-subjects factor of drug (TAT-pep� SNAP, TAT-pep-R845A�
SNAP); the dependent measure was the GluR2 surface expression. All
rats received cocaine injections (15 mg/kg) once per day on seven con-
secutive days and withdrawal for 14 d. On each pretreatment day, each rat
was placed in locomotion cages (45 � 45 cm). NAc slices from cocaine-
exposed rats were incubated with TAT-pep (100 �M) or TAT-pep-R845A
(100 �M) for 60 min before BS 3 cross-linked; SNAP (100 �M) was ap-
plied for 30 min before BS 3 cross-linked.

Experiment 8: Effect of NO donor alone on spontaneous motor activity.
We determined whether NO donor alone affected the spontaneous mo-
tor activity. For this purpose, we used two groups of rats (n � 5– 6 per
group) in an experimental design that included the between-subjects
factor of SNAP (0 and 1 �g per side). The dependent measure was travel
distance. All rats received cocaine injections (15 mg/kg) once per day on
seven consecutive days. On each pretreatment day, each rat was placed in
locomotion cages (45 � 45 cm). Fourteen days after the last pretreatment
injection (WD14), we assessed spontaneous motor activity for 40 min
immediately after bilateral injection with aCSF or SNAP (1 �g per side)
into NAc.

Experiment 9: Effect of NO donor on the expression of behavioral sensi-
tization. We then determined whether the biochemical remodeling of
surface GluR2 by NO donor led to the changes in behavioral sensitivity to
cocaine. We used six groups of rats (n � 6 –12 per group) in an experi-
mental design that included the between-subjects factors of SNAP (0, 0.5
and 1 �g) and cocaine challenge (0 and 10 mg/kg). The dependent mea-
sure was travel distance. All rats received cocaine injections (15 mg/kg)
once per day on seven consecutive days. On each pretreatment day, each
rat was placed in locomotion cages (45 � 45 cm). Fourteen days after the
last pretreatment injection (WD14), the rats were bilaterally injected
with aCSF, SNAP (0.5 �g per side), or SNAP (1 �g per side) into NAc and
assessed cocaine-induced locomotor (0 and 10 mg/kg) sensitization after
30 min.

Experiment 10: Effect of nitrosylating agent NaNO2 on the expression
of behavioral sensitization. We determined whether sodium nitrite
(NaNO2) could mimic the effect of NO donor in vivo. We used four
groups of rats (n � 8 –9 per group) in an experimental design that in-
cluded the between-subjects factors of NaNO2 (0, 5 �g per side) and
cocaine challenge (0 and 10 mg/kg). The dependent measure was travel
distance. All rats received cocaine injections (15 mg/kg) once per day on
seven consecutive days. On each pretreatment day, each rat was placed in
locomotion cages (45 � 45 cm). Fourteen days after the last pretreatment
injection (WD14), the rats were bilaterally injected with aCSF or NaNO2

(5 �g per side) into NAc and assessed cocaine (0 and 10 mg/kg)-induced
locomotor sensitization 30 min later.

Experiment 11: Effect of NO donor on acute cocaine-induced locomotor
activity. We further determined whether NO donor affected acute
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cocaine-induced locomotor activity. For this purpose, we used four
groups of rats (n � 7–13 per group) in an experimental design that
included the between-subjects factors of SNAP (0 and 1 �g per side) and
acute cocaine (0 and 10 mg/kg) administration. The dependent measure
was travel distance. All rats were placed in locomotion cages (45 � 45 cm)
for 1 h habituation. The rats were bilaterally injected with aCSF or SNAP
(1 �g per side) into NAc and assessed acute cocaine-induced (0 and 10
mg/kg) locomotor activity 30 min later.

Experiment 12: Effect of NaNO2 on acute cocaine-induced locomotor
activity. We further determined whether NaNO2 affected acute cocaine-
induced locomotor activity. For this purpose, we used four groups of rats
(n � 10 –11 per group) in an experimental design that included the
between-subjects factors of NaNO2 (0 and 5 �g per side) and acute
cocaine (0 and 10 mg/kg) administration. The dependent measure was
travel distance. All rats were placed in locomotion cages (45 � 45 cm) for
1 h habituation. The rats were bilaterally injected with aCSF or NaNO2 (5
�g per side) into NAc and assessed acute cocaine-induced (0 and 10
mg/kg) locomotor activity 30 min later.

Experiment 13: Effect of TAT-pep-R845A on the role of NO donor in the
expression of behavioral sensitization. We determined whether interac-
tions of NSF–GluR2 were required for the role of NO donor in the
expression of behavioral sensitization. For this purpose, we used eight
groups of rats (n � 5–11 per group) in an experimental design that
included the between-subjects factors of drug (aCSF and SNAP) and
peptides (TAT-pep, TAT-pep-R845A), and cocaine challenge (0 and 10
mg/kg). The dependent measure was travel distance. All rats received
cocaine injections (15 mg/kg) once per day on seven consecutive days
and withdrawal for 14 d. On each pretreatment day, each rat was placed
in locomotion cages (45 � 45 cm). TAT-pep (25 �g per side) or TAT-
pep-R845A (25 �g per side) was bilaterally injected into NAc 60 min
before cocaine challenge (0 and 10 mg/kg). SNAP (1 �g per side) or aCSF
(0.5 �l per side) was bilaterally injected into NAc 30 min before cocaine
challenge (0 and 10 mg/kg).

Experiment 14: Effect of NO donor on the expression of cocaine CPP. We
determined whether NO donor affected the expression of cocaine-
induced CPP. For this purpose, we used two groups of rats (n � 5–7 per
group) in an experimental design that included the between-subject fac-
tor of drug (aCSF, SNAP) and the within-subject factor of test phase
(pretraining baseline preference, post-training CPP test). The dependent
measure was the CPP score. The rats were trained for cocaine-induced
CPP. One day after cocaine-induced CPP training, the rats were bilater-
ally injected with either aCSF or SNAP (1 �g per side) into NAc and
measured the expression of CPP 30 min later.

Experiment 15: Effect of NO donor on SPT. We determined whether NO
donor affected sucrose preference. For this purpose, we used two groups
of rats (n � 7– 8 per group) in an experimental design that included the

between-subject factor of drug (aCSF, SNAP). The dependent measure
was the ratio of the volume of sucrose versus total volume of sucrose and
water. Rats were exposed to a palatable sucrose solution (1%; m/v) for
48 h to habit sucrose intake. One day after habituation, rats were water
deprived for 6 h before bilaterally injected with aCSF or SNAP (1 �g per
side) into NAc. Thirty minutes later, the rats were presented with two
identical bottles; one was filled with sucrose solution and the other with
water for 1 h.

Experiment 16: Effect of NO donor on the expression of CPA. We deter-
mined whether NO donor affected conditioned taste aversion. For this
purpose, we used four groups of rats (n � 8 –9 per group) in an experi-
mental design that included the between-subjects factors of drug (aCSF,
SNAP) and CTA conditioning (0.05 M LiCl, 0.15 M LiCl). The dependent
measure was AI. Two days after weak (0.05 M LiCl) or strong (0.15 M LiCl)
CTA training, the rats were bilaterally injected with aCSF or SNAP (1 �g
per side) into NAc. Thirty minutes later, the rats were presented with a
random array of six pipettes, three filled with saccharin and three filled
with water for 10 min.

Data analysis
Data from experiments were analyzed with the statistical program
SPSS. Data were analyzed with ANOVAs using the appropriate between-
and within-subjects factors for the different experiments (see Specific
experiments, and Results). Comparison between two groups was evalu-
ated by a two-sided and unpaired Student’s t test. Differences between
experimental conditions were considered statistically significant when
p � 0.05. Data are presented as mean � SEM.

Results
Increased NSF–GluR2 interactions in the NAc after
withdrawal from cocaine
We first established a rat model of behavioral sensitization by
repeated cocaine injection (Bachtell and Self, 2008; Ferrario et al.,
2010). Rats were injected with saline or cocaine (15 mg/kg) and
were repeatedly tested for 1–7 d. We analyzed the locomotor
activity using repeated-measures ANOVA with the between-
subjects factor of cocaine dose (0 and 15 mg/kg) and the within-
subjects factor of test day (1–7). Locomotor activity increased
across days of cocaine (15 mg/kg) injection, data analysis revealed
significant effects of cocaine dose (F(1,18) � 73.5, p � 0.01), test
day (F(6,13) � 3.328, p � 0.05), and an interaction between these
two factors (F(6,13) � 4.5, p � 0.05). And cocaine challenge (10
mg/kg) at day 14 of withdrawal induced a much greater locomo-
tor response in cocaine-pretreated rats than that in saline group
(Sal: 8801.58 � 697.21; Coc: 22965.56 � 1042.67; Student’s t test,
p � 0.05 vs saline; Fig. 1A). In Experiment 1, we determined the
effect of withdrawal from repeated cocaine exposure on surface
expression of GluR1/2 and NSF–GluR2 interactions in NAc. In
rats killed 14 d after the last cocaine or saline injection (Fig. 1B),
the surface expression of GluR1 (Sal: 100 � 11.21; Coc: 152.23 �
12.67), and GluR2 (Sal: 100 � 14.56; Coc: 158.06 � 15.11) were
significantly increased in rats that developed behavioral sensiti-
zation compared with saline controls (Student’s t test, p � 0.05 vs
saline; Fig. 1C,D). These results were consistent with previous
study showing that an increase in cell surface expression of
GluR1/2-containing AMPARs in the NAc of cocaine-sensitized
rats (Ferrario et al., 2010). Accordingly, we used immunostaining
experiments and found an increase in the proportion of GluR2
colocalized with NSF in NAc neurons of sensitized rats compared
with control rats (Fig. 1E; white arrows). Our coimmunoprecipi-
tation results revealed that NSF–GluR2 interactions were signif-
icantly higher in cocaine-exposed rats than in saline-exposed
ones (Sal: 100 � 16.82; Coc: 155.38 � 19.74; Student’s t test, p �
0.05 vs saline; Fig. 1F), providing further evidence for an increase
in the NSF–GluR2 binding in NAc neurons after withdrawal
from cocaine.

4

Figure 3. Increase in accumbal surface GluR2 by reducing PICK1-dependent AMPAR endo-
cytosis prevents the expression of behavioral sensitization to cocaine. A, D, H, Timeline of the
experimental procedure. B, Blocking PICK1-mediated GluR2 endocytosis by specific peptide
Pep2-EVKI (100 �M, 30 min) promoted surface expression of GluR2 in ex vivo slices. Data from
the Pep2-EVKI group were normalized to the mean of the Pep2-SVKE group. (n �5 rats for each
group; *p � 0.05, different from control peptide). C, Microinjection of Pep2-SVKE or Pep2-EVKI
peptides led to internalization of peptides into NAc cells. The big white arrow shows the site of
injection (C1). Biotin-labeled Pep2-SVKE (C2; n � 4), or Pep2-EVKI (C3; n � 4) were microin-
jected into the NAc (50 �g/�l, 0.5 �l per NAc). Transcellular translocation was detected by
streptavidin conjugated to AlexaFluor 568 (red) and to nuclear Hoechst (blue) staining. Small
white arrows indicate the positive cells (red staining and blue nuclei) and small yellow arrows
indicate negative cells (blue nuclei only). E, Blocking PICK1-mediated GluR2 endocytosis by
specific peptide Pep2-EVKI (100 �M, 30 min) intracranial injections promoted surface expres-
sion of GluR2. Data from the Pep2-EVKI group were normalized to the mean of the Pep2-SVKE
group. (n � 7 rats for each group; *p � 0.05, different from control peptide). F, Pretreatment
with Pep2-EVKI for 60 min blocked the responses to the challenge dose (black arrow) of cocaine.
G, The bar diagram shows total travel distance in each group (n � 7–12 rats for each group;
*p � 0.05, different from the other experimental groups). I, Pretreatment with Pep2-EVKI for
60 min did not alter acute cocaine or saline-induced (black arrow) locomotor activity. All data
are mean � SEM.
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NSF–GluR2 interaction disrupting peptide reduces the
surface expression of GluR2 and increases the expression of
locomotor sensitization to cocaine
In Experiment 2, we used the specific NSF–GluR2 interaction
blocking peptide (pep-R845A conjugated to TAT; Joels and Lam-
precht, 2010) to determine the role of the increased binding of
NSF to GluR2 in cocaine sensitization. In rats killed 14 d after the
last cocaine injection (Fig. 2A), the level of surface GluR2 was
decreased after bath incubation of NAc slices from cocaine-
exposed rats with TAT-pep-R845A (ANOVA, F(1,23) � 30.71, p �
0.01, for drug; TAT-pep, TAT-pep-R845A; Fig. 2B). To deter-
mine whether the effect of TAT-pep-R845A incubation occurs
locally in the NAc, as shown in Figure 2D, we performed a micro-
injection study in cocaine-exposed rats. Intracranial injections of
this peptide into the NAc produced the same effect as that seen
when peptides were bath-applied to slices (ANOVA, F(1,23) �
8.32, p � 0.01), for drugs TAT-pep, TAT-pep-R845A; Fig. 2E). In
behavioral test, rats were decapitated after behavioral experi-
ments to check the localization of cannulas, and only rats with
correct localization were enrolled in the statistics (Fig. 2C1, white
arrow). Microinjection of TAT-pep or TAT-pep-R845A peptides
into NAc led to their internalization into cells 30 min later, and
immunostaining results showed equal distribution of the pep-
tides in neurons (Fig. 2C2,C3, white arrows). To evaluate a direct
effect of TAT-pep-R845A on locomotor sensitization to cocaine,
the cocaine-exposed rats were microinjected with TAT-pep-
R845A into NAc (Fig. 2D; the experimental procedure of chal-
lenge). It was found that TAT-pep-R845A significantly increased
the response to cocaine (ANOVA, F(2,52) � 4.796, p � 0.012, for
drugs aCSF, TAT-pep, and TAT-pep-R845A; F(1,52) � 207.462,
p � 0.01, for cocaine challenge, 0 and 10 mg/kg; Fig. 2F,G). We
next examined whether the effect was specific to the cocaine-
exposed rats. In Experiment 3, injection of TAT-pep-R845A into
NAc (Fig. 2H) had no effect on locomotor activity induced by
cocaine in saline-exposed rats (Fig. 2I).

Increase in accumbal surface expression of GluR2 by reducing
PICK1-dependent AMPAR endocytosis attenuates the
expression of behavioral sensitization to cocaine
The aforementioned results indicate that disrupting the increased
binding of NSF to GluR2 in NAc neurons elevated the expres-
sion of behavioral sensitization to cocaine, suggesting that in-
creased NSF–GluR2 interactions might confer protection against
cocaine-related behaviors. Previous studies showed that NSF sta-
bilized AMPARs at synapses, presumably by preventing PICK1-
mediated endocytosis (Hanley et al., 2002; Lee et al., 2002). We
reasoned that disruption of GluR2–PICK1 interactions would
mimic the role of NSF in the surface expression of GluR2. To test
this hypothesis, we therefore used a peptide that specifically dis-
rupts the interaction of GluR2 with PICK1, a molecule that pro-
motes internalization and retains GluR2 intracellularly (Famous
et al., 2008). As expected in Experiment 4, in rats killed 14 d after
the last cocaine injection (Fig. 3A), bath incubation of NAc slices
from cocaine-exposed rats with Pep2-EVKI (100 �M, 30 min)
increased the level of surface expression of GluR2 compared with
the Pep2-SVKE controls (ANOVA, F(1,22) � 7.506, p � 0.05, for
drugs Pep2-SVKE, Pep2-EVKI; Fig. 3B). To determine whether
the effect of Pep2-EVKI incubation occurs locally in the NAc, as
shown in Figure 3D, we performed a microinjection study in
cocaine-exposed rats. Intracranial injections of this peptide into
the NAc produced the same effect as that seen when peptides were
bath-applied to slices (ANOVA, F(1,22) � 7.181, p � 0.05, for
drugs Pep2-SVKE, Pep2-EVKI; Fig. 3E). To investigate whether
Pep2-EVKI had effect on locomotor sensitization to cocaine,
Pep2-EVKI, Pep2-SVKE, or aCSF were microinjected into the
NAc 1 h before a systemic injection of cocaine challenge on
WD14 (Fig. 3D; the experimental procedure of challenge). Im-
munostaining also showed correct cannula localization (Fig. 3C1,
white arrow) and equal distribution of the peptides in neurons
(Fig. 3C2,C3, white arrows). Behavioral results showed that rats
pretreated with Pep2-EVKI significantly attenuated the respon-

Figure 4. Withdrawal from repeated cocaine injections increases S-nitrosylation of NSF and NO content in the NAc. A, Timeline of the experimental procedure. B, Withdrawn from cocaine
increased S-nitrosylation of NSF in the NAc. Data were first expressed as the ratio of the S-nitrosylated NSF to input. Then, data from the cocaine group were normalized to the mean of the saline
group. (n � 4 rats for each group; *p � 0.05 vs saline). C, Withdrawal from cocaine increased the expression of nNOS in the NAc. Data were first expressed as the ratio of the nNOS to �-actin. Then,
data from the cocaine group were normalized to the mean of the saline group. (n � 6 rats for each group; *p � 0.05 vs saline). D, Withdrawal from cocaine increased the NO content in the NAc. Data
from the cocaine group were normalized to the mean of the saline group. (n � 5 rats for each group; *p � 0.05 vs saline). All data are mean � SEM.
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siveness to cocaine (ANOVA, F(2,48) �
4.583, p � 0.015, for drugs aCSF, Pep2-
SVKE, and Pep2-EVKI; F(1,48) � 44.107,
p � 0.01, for cocaine challenge, 0 and 10
mg/kg; Fig. 3F,G). As expected in Exper-
iment 5, in saline-exposed rats (Fig. 3H),
Pep2-EVKI did not cause the behavioral
effects (Fig. 3I). These results suggested
that the impairment of endocytosis of
GluR2-containing AMPARs disrupted
the response of rats to cocaine. These find-
ings indicate that promotion of the move-
ment of GluR2-containing AMPARs to
the cell surface of accumbal neurons at-
tenuate the expression of behavioral sen-
sitization to cocaine.

S-nitrosylation of NSF enhances the
interactions of NSF and GluR2
Because the NSF–GluR2 interactions have
been proposed to influence the behavioral
sensitization through regulation of the
surface expression of GluR2. How might
cocaine treatment increase NSF–GluR2
interactions in the NAc? In Experiment 6,
we examined a possible relationship be-
tween the NSF–GluR2 interactions and
S-nitrosylation of NSF, with the hypothe-
sis that withdrawal from repeated cocaine
increased the S-nitrosylation of NSF. In
cocaine or saline-exposed rats (Fig. 4A),
we used the biotin-switch technique and
found that the S-nitrosylated NSF level in
the NAc of cocaine-exposed rats was in-
creased (Sal: 100 � 12.33; Coc: 151.89 �
13.71; Student’s t test, p � 0.05 vs saline;
Fig. 4B). In addition, we detected neuro-
nal NO synthase (nNOS) in the NAc and
found that withdrawal from cocaine
significantly increased nNOS expression
(Sal: 100 � 14.03; Coc: 149.81 � 11.01;
Student’s t test, p � 0.05 vs saline; Fig.
4C). Consistent with these Western blot
results, nitrite content in the NAc also
showed a slight but significant increase in
cocaine rats (Sal: 100 � 8.28; Coc:
122.78 � 7.71; Student’s t test, p � 0.05 vs
saline; Fig. 4D). These results suggest
that withdrawal from cocaine promote
S-nitrosylation of NSF, which is associ-
ated with the increased level of NO in the
NAc.

Exogenous NO promotes the surface
expression of GluR2 containing-
AMPARs in the NAc and inhibits
cocaine sensitization via S-nitrosylation
of NSF
In Experiment 7, we therefore asked whether exogenous NO
could influence the NSF–GluR2 interactions to attenuate
cocaine-induced locomotor sensitization through regulation of
GluR2 surface expression. In cocaine-exposed rats (Fig. 5A),
treatment of NAc slices with SNAP (100 �M, 30 min) significantly

increased the level of NSF nitrosylation (vehicle: 100 � 13.09;
SNAP: 153.19 � 15.45; Student’s t test, p � 0.05 vs vehicle; Fig.
5B) and augmented NSF–GluR2 binding in cocaine-exposed rats
(vehicle: 100 � 15.33; SNAP: 150.11 � 13.21; Student’s t test, p �
0.05 vs vehicle; Fig. 5C). Surface GluR2 expression in the NAc was

Figure 5. Bath application of NO donor upregulates the surface expression of GluR2 by S-nitrosylation of NSF and enhances the
interaction of GluR2–NSF. A, Timeline of the experimental procedure. B, SNAP (100 �M, 30 min) increased S-nitrosylation of NSF
in NAc slices from cocaine rats. Data were first expressed as the ratio of the S-nitrosylated NSF to input. Then, data from the SNAP
group were normalized to the mean of the vehicle group. (n � 5 rats for each group; *p � 0.05 vs vehicle). C, SNAP (100 �M, 30
min) obviously increased GluR2–NSF interactions in NAc slices from cocaine rats. Data were first expressed as the ratio of the
protein in the immunocomplex (Co-IP) to total lysate. Then, data from the SNAP group were normalized to the mean of the vehicle
group. (n � 4 rats for each group; *p � 0.05 vs vehicle). D, SNAP (100 �M, 30 min) obviously increased surface GluR2 in NAc slices
from cocaine rats. Data from the SNAP group were normalized to the mean of the vehicle group. (n � 5 rats for each group; *p �
0.05 vs vehicle). E, TAT-pep-R845A (100 �M, 30 min) that disrupted the interaction of NSF–GluR2 prevented the role of NO in
surface GluR2 expression. Data from the (TAT-pep-R845A�SNAP) group were normalized to the mean of the (TAT-pep�SNAP)
group. (n � 7 rats for each group; *p � 0.05 vs TAT-pep�SNAP). All data are mean � SEM.
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also obviously increased after treatment with SNAP (100 �M, 30
min) in cocaine-exposed rats (vehicle: 100 � 19.33; SNAP:
163.89 � 22.45; Student’s t test, p � 0.05 vs vehicle; Fig. 5D).
Compared with control peptide TAT-pep, TAT-pep-R845A (100
�M, 30 min) pretreatment obviously prevented SNAP-induced
increase in surface GluR2 expression (TAT-pep�SNAP: 100 �
18.67; TAT-pep-R845A�SNAP: 45.07 � 22.33; Student’s t test,
p � 0.05 vs TAT-pep�SNAP; Fig. 5E).

We then determined whether the biochemical remodeling of
surface GluR2 led to the changes in behavioral sensitivity to co-
caine. Rats received SNAP or aCSF displayed indistinguishable
spontaneous motor activity in Experiment 8 (Fig. 6B). As de-
scribed in Figure 6C, intra-accumbal infusion of SNAP (0.5 or 1
�g per side) 30 min before cocaine challenge dose-dependently
attenuated locomotor behavior in Experiment 9 (ANOVA,
F(2,59) � 10.715, p � 0.01, for SNAP 0, 0.5, and 1 �g; F(1,59) �
108.847, p � 0.01, for cocaine challenge, 0 and 10 mg/kg; Fig.
6D,E). In Experiment 10, intra-accumbal infusion of nitrosylat-
ing agent sodium nitrite (NaNO2, 5 �g) also produced similar
effect (ANOVA, F(1,35) � 12.814, p � 0.01, for NaNO2, 0, 5 �g per
side; F(1,35) � 170.021, p � 0.01, for cocaine challenge, 0 and 10
mg/kg; Fig. 6F,G), confirming that S-nitrosylation mediates the
role of SNAP. However, intra-accumbal infusion of SNAP or
NaNO2 (Fig. 6H) before acute treatment with cocaine had no
effect on locomotor behavior in Experiments 11 and 12 (Fig.
6 I, J). These results suggested that NO specifically attenuated the
expression of behavioral sensitization. We next asked whether
interactions of NSF–GluR2 were required. As described in Figure
6K, we performed Experiment 13 and found that preinfusion of
TAT-pep-R845A into NAc eliminated the attenuation of behav-
ioral sensitization by SNAP (1 �g per side; ANOVA, F(3,61) �
2.972, p � 0.05, for SNAP � TAT-pep-R845A; F(1,61) � 171.977,
p � 0.01, for cocaine challenge, 0 and 10 mg/kg; Fig. 6L,M).
These results establish that NO-induced attenuation of the
expression of behavioral sensitization was mediated by NSF
S-nitrosylation and consequent increase in surface GluR2
through NSF–GluR2 interactions.

Accumbal application of NO donor attenuates the expression
of cocaine-induced CPP, but not sucrose preference test or
conditioned taste aversion
Sensitization to the locomotor-stimulating effects of psycho-
stimulants has been suggested as a behavioral mechanism that

may model aspects of human drug addiction, particularly drug
craving (Robinson and Berridge, 1993) but it does not model
many components of addiction (Koya et al., 2012). In Experi-
ment 14, we assessed the effect of NO on CPP, which reflects the
rewarding effect of cocaine. After cocaine CPP training, bilateral
accumbal injection of SNAP (1 �g per side) 30 min before test
significantly attenuated the expression of cocaine conditioned
place preference (ANOVA, F(1,18) � 18.08, p � 0.01 for a SNAP
effect; Fig. 7A). However, the results in Figure 7A indicated that
SNAP appeared to do more than just reduce CPP; it may have
been aversive. To further determine the rewarding versus aversive
effects of SNAP alone, we successfully established a rat model of
conditioned taste aversion (Fig. 7C) and assessed the effect of
accumbens SNAP injections on sucrose preference (Fig. 7B) and
saccharin-LiCl-paired aversive cues (Fig. 7D). No significant ef-
fects were observed for SNAP in the sucrose preference test or
conditioned taste aversion in Experiment 15 and 16 (Fig. 7B,D).
Our results suggest that NO can attenuate the rewarding effect of
cocaine, but did not appear to represent a general disruption of
reward behavior or aversive behavior.

Discussion
Our study provides two key findings. First, withdrawal from
repeated cocaine exposure increases NSF–GluR2 interactions
and enhances NSF nitrosylation, which is associated with in-
creased endogenous NO. Second, inhibition or further pro-
motion of the transport of GluR2-containing AMPARs to the
cell surface enhanced or attenuated cocaine-induced locomo-
tor sensitization. Collectively, these results suggest that en-
hanced NSF–GluR2 interactions in the NAc in cocaine-
sensitized rats serves as a protective mechanism to cocaine-
induced locomotor sensitization.

NSF–GluR2 interactions in the nucleus accumbens and the
expression of behavioral sensitization to cocaine
In the present study, we discovered a novel mechanism asso-
ciated with the upregulation of GluR2-containing AMPARs
after withdrawal from a sensitizing cocaine regimen. Our find-
ings showed that WD 14 from repeated cocaine exposure in-
creased NO content and nitrosylation of NSF in the NAc. We
also found enhanced GluR2-NSF interactions, which was as-
sociated with increased surface expression of the calcium-
impermeable GluR2-containing AMPARs. The present results
are consistent with previous findings that surface GluR2-
containing AMPARs at synapses is physiologically regulated
by NO via a NSF-dependent manner (Huang et al., 2005).
Disruption of the increased binding of NSF to GluR2 in NAc neu-
rons increased the expression of behavioral sensitization to cocaine,
suggesting that enhanced NSF–GluR2 interactions might confer a
protective mechanism against cocaine-induced sensitization. Mean-
while, our findings revealed S-nitrosylation of NSF by SNAP en-
hanced its binding to GluR2, and regulated the surface expression of
receptor. Moreover, intra-accumbal infusion of SNAP before co-
caine challenge dose-dependently attenuated locomotor behavior.
The effects of exogenous NO in vitro and in vivo were blocked by a
peptide, TAT-pep-R845A, that disrupt the interaction between
GluR2 subunits and NSF. These results supported our hypothesis
that withdrawal-induced upregulation of NSF–GluR2 interactions
would be a compensatory mechanism to counteract cocaine psy-
chomotor sensitization (Fig. 8).

4

Figure 6. Nitrosylating agent prevents the expression of behavioral sensitization by enhanc-
ing NSF–GluR2 interactions. A, Maps illustrating the location of microinjection sites in the NAc.
B, Bilateral accumbal injection (black arrow) of SNAP (1 �g per side) did not alter spontaneous
motor activity. C, H, K, Timeline of the experimental procedure. D, Intra-accumbal injection of
SNAP (0.5 or 1 �g per side, 30 min before cocaine challenge) dose-dependently attenuated
cocaine but not saline-induced (black arrow) behavioral activity in cocaine rats. E, Bar diagram
shows total traveled distance in each group from D (n � 6 –12 rats for each group; **p � 0.01,
different from the other experimental groups). F, Administration of NaNO2 (5 �g per side)
weakened cocaine but not saline-induced (black arrow) behavioral sensitization in cocaine rats.
G, Bar diagram shows total traveled distance in each group from F (n�8 –9 rats for each group;
**p �0.01, different from the other experimental groups). I, Administration of SNAP (1 �g per
side; 30 min before cocaine at 10 mg per kg, i.p.) did not alter acute cocaine or saline-induced
(black arrow) locomotor activity. J, Administration of NaNO2 (5 �g per side; 30 min before
cocaine at 10 mg per kg, i.p.) did not alter acute cocaine or saline-induced (black arrow) loco-
motor activity. L, M, Coadministration of TAT-pep-R845A that disrupted NSF–GluR2 interaction
(25 �g per side; 30 min before SNAP) prevented the role of NO in expression of behavioral
sensitization, whereas control peptide TAT-pep did not affect this response. The bar diagram
shows total travel distance in each group (n � 5–11 rats for each group; *p � 0.05, different
from the other experimental groups). All data are mean � SEM.
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Trafficking of GluR2-containing AMPARs in the nucleus
accumbens and the expression of behavioral sensitization to
cocaine
On the other hand, we ascribed this effect to a suppressive action
of NSF–GluR2 interactions on the increased surface expression of
GluR2-containing AMPARs. We used a peptide, TAT-pep-

R845A, that facilitates the internalization of GluR2-containing
AMPARs into cells. Administration of TAT-pep-R845A directly
into the NAc increased the locomotor activity to cocaine, suggest-
ing that this behavior was at least partially dependent on the
removal of GluR2-containing AMPARs from synapses in the
NAc. Another peptide, Pep2-EVKI, which mimics C terminus

Figure 7. NO treatment prevents the expression of CPP but not SPT or CPA. A, Bilateral accumbal injections of SNAP (1 �g) 30 min before test attenuated the expression of CPP in cocaine-treated
rats (n � 5–7 rats per group, **p � 0.01, different from aCSF). B, Bilateral accumbal injections of SNAP (1 �g) did not affect sucrose preference. C, AI was measured during CTA test in the control
(CS � saline), weak CTA (CS � 0.05 M LiCl) and strong CTA (CS � 0.15 M LiCl) groups. Rats in the strong CTA group showed a significantly higher AI after conditioning compared with animals in the
other two groups (n � 6 – 8 rats per group; one-way ANOVA, **p � 0.01). D, AI was measured during CTA test in the weak CTA with aCSF (CS � 0.05 M LiCl � aCSF), weak CTA with SNAP (CS �
0.05 M LiCl � SNAP), strong CTA with aCSF (CS � 0.15 M LiCl � aCSF), and strong CTA with SNAP (CS � 0.15 M LiCl � SNAP) groups. Bilateral accumbal injections of SNAP (1 �g) did not affect weak
CTA or strong CTA (n � 6 – 8 rats per group). All data are mean � SEM.

Lu et al. • GluR2-NSF Regulates Cocaine-Sensitization J. Neurosci., March 5, 2014 • 34(10):3493–3508 • 3505



residues of GluR2, disrupts the interactions between GluR2 and
PICK1. Our results showed that administration of Pep2-EVKI
directly into the NAc attenuated the expression of behavioral
sensitization to cocaine, which provided further evidence that
impairment of the internalization of GluR2-containing AMPARs
in the NAc disrupted the cocaine sensitization. Similarly, intra-
accumbal administration of a peptide (Tat-GluR23Y) that specif-
ically blocks the endocytosis of postsynaptic GluR2-containing
AMPARs attenuates the expression of behavioral sensitization to
amphetamine (Brebner et al., 2005). Prevention of the removal of
GluR2-containing AMPARs from synapses in the NAc shell at-
tenuates the reinstatement of cocaine seeking (Famous et al.,
2008). A recent study indicates that disrupted the trafficking of
GluA2-containing AMPARs by inhibition of PICK1 in the shell
attenuates cocaine seeking (Schmidt et al., 2013). Thus, promot-
ing GluR2-containing AMPARs transport to accumbens cell sur-
face or disrupting GluR2-containing AMPARs endocytosis could
attenuate cocaine-induced behavior sensitization. It seems very
interesting that surface AMPARs upregulation is no longer de-
tected on WD41 whereas locomotor sensitization was still de-
tected on WD41–WD44 after noncontingent cocaine injections
(McCutcheon et al., 2011). One explanation, proposed previ-
ously, is that although increased surface expression of AMPARs
in the NAc represents a mechanism of tolerance to locomotor
sensitization during earlier withdrawal times, this compensatory
mechanism may break down after prolonged withdrawal from
noncontingent cocaine exposure.

It has been shown that HSV-gluR2-mediated overexpression
of GluR2 in the NAc markedly enhances the place conditioning to
cocaine (Kelz et al., 1999). Transient increases in the expression
of GluR2 decreases intracranial self-stimulation thresholds, an
effect similar to that caused by rewarding treatments (Todten-
kopf et al., 2006). However, the mechanisms that enhanced re-
warding effect in these studies by overexpression of GluR2
remain unclear. The cellular location of new AMPARs subunit
overexpressed by viral cannot be assumed to be synaptic (Shi et
al., 1999). Furthermore, overexpression of GluR2 could influence

the availability of AMPAR-interacting proteins that regulate en-
dogenous AMPARs trafficking or alter the normal profile of
AMPAR subunit composition. Thus, overexpression of GluR2
cannot rule out possible confounding effects on synaptic func-
tions. Considering these observations, our results suggest that
increase in synaptic GluR2-containing AMPARs may produce a
beneficial effect on addiction-related behaviors.

NO signal and cocaine behavioral effects
It is known that NO transmission modulates neuronal excitabil-
ity and synaptic plasticity (Nowicky and Bindman, 1993; Sardo et
al., 2003; Fejgin et al., 2008). As a secondary messenger, NO
produces wide biological effects via activating GC-cGMP-PKG
signaling (Arnold et al., 1977; Miki et al., 1977; Karatinos et al.,
1995; Mustafa et al., 2009; Garthwaite, 2010). The evidence dem-
onstrates that acute and repeated cocaine administration upregu-
lates NO levels in the medial prefrontal cortex and the dorsal
striatum, respectively (Sammut and West, 2008; Lee et al., 2010).
It has been suggested that NO may play a major role in initiating
and maintaining the behavioral effects of psychostimulant drugs
(Karatinos et al., 1995; Kim and Park, 1995; Bhargava and Ku-
mar, 1997; Nugent et al., 2007) and the behavioral sensitization
caused by repeated cocaine exposure is prevented by pretreat-
ment of previously drug-naive animals with the nNOS inhibitor
7-nitroindazole or the pan NOS inhibitor N-�-nitro-L-arginine
methyl ester (Itzhak, 1996; Haracz et al., 1997; Byrnes et al.,
2000). Recent studies have revealed that GC-cGMP-PKG signal-
ing regulates the release of dopamine, the trafficking of GluR1
and locomotor activity after repeated cocaine administration
(Lee et al., 2013; Seo et al., 2013). Thus, NO-GC-cGMP-PKG
signaling contributes to behavioral changes in response to re-
peated exposure to cocaine. It should be noted that NO can ini-
tiate other effects via reacting directly with proteins sulfhydryl
groups of cysteine, a phenomenon called protein S-nitrosylation
(Stamler et al., 2001; Garthwaite, 2008). Recent study reports that
15 mg/kg doses of cocaine triggers the formation of nitrosylated
GAPDH/Siah1 complex leading to increased expression of CREB
genes (Xu et al., 2013), and cocaine-induced activation of CREB
signaling is considered to be an important compensatory re-
sponse that decreases the motivational properties of the drug
(Carlezon et al., 1998; McClung and Nestler, 2003). In this study,
we observed that withdrawal from repeated cocaine increased the
S-nitrosylation of NSF, which may promote its binding to the
GluR2 subunit of AMPAR and prevent behavioral adaptations to
stimulant drugs. However, there may be other mechanisms by
which NO may regulate AMPAR trafficking. For instance, Selva-
kumar et al. (2013) found that S-nitrosylation of the AMPAR
auxiliary subunit stargazin contributed to the increased surface
expression of AMPAR in the NAc shell after withdrawal from a
sensitizing regimen of cocaine. Activation of cGMP, a down-
stream effector of NO, increased surface expression of AMPARs
in cultured neurons (Serulle et al., 2007). Moreover, an unex-
pected basis for the reverse of cocaine-induced conditioned place
preference by NO was unresolved in the present study. Thus, the
precise mechanism for the effect of NO on addiction requires
further investigation.

Conclusions
The present study indicated that after withdrawal from noncon-
tingent cocaine injections increased NSF–GluR2 interactions in
the NAc. Disrupted or further increased accumbal NSF–GluR2
interactions enhanced or attenuated the responses of rat to co-
caine by inhibiting or promoting the surface expression of

Figure 8. Proposed model of signaling molecules involved in NO-mediated regulation of
GluR2-containing AMPAR trafficking. Withdrawal from repeated cocaine exposure activates
nNOS, causing NO formation. NO generated in close proximity to NSF nitrosylates NSF.
S-nitrosylation of NSF increases its binding to the GluR2 subunit and promotes the surface
expression of GluR2-containing AMPARs.
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GluR2-containing AMPARs. Together, these results suggest that
the expression of behavioral sensitization negative regulated by
NSF–GluR2 interactions in the NAc.
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