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ABSTRACT

Behavioral sensitization to cocaine is associated with increased AMPA receptor (AMPAR) surface
expression in the nucleus accumbens (NAc). This upregulation is withdrawal-dependent, as it is not
detected on withdrawal day (WD) 1, but is observed on WD7-21. Its underlying mechanisms have not
been clearly established. Nitric oxide (NO) regulates AMPAR trafficking in the brain by S-nitrosylation of
the AMPAR auxiliary subunit, stargazin, leading to increased AMPAR surface expression. Our goal was to
determine if stargazin S-nitrosylation contributes to AMPAR upregulation during sensitization. First, we
measured stargazin S-nitrosylation in NAc core and shell subregions on WD14 after 8 daily injections of
saline or 15 mg/kg cocaine. Stargazin S-nitrosylation was markedly increased in NAc shell but not core. To
determine if this is associated with AMPAR upregulation, rats received 8 cocaine or saline injections
followed by twice-daily treatments with vehicle or the nitric oxide synthase inhibitor .-NAME (50 mg/
kg) on WD1-6, the time when AMPAR upregulation is developing in cocaine-exposed rats. Cocaine/
vehicle rats showed elevated stargazin and GluA1 surface expression on WD7 compared to saline/vehicle
rats; the GluA1 increase was more robust in core, while stargazin increased more robustly in shell. These
effects of cocaine were attenuated in shell but not core when cocaine injections were followed by L-
NAME treatment on WD1-6. Together, these results indicate that elevated S-nitrosylation of stargazin
contributes to AMPAR upregulation during sensitization selectively in the NAc shell. It is possible that
AMPAR upregulation in core involves a different TARP, y4, which also upregulates in the NAc of sensitized
rats.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

incentive-motivational properties of cocaine that make it “wan-
ted” (Robinson and Berridge, 2008). The nucleus accumbens (NAc),

Repeated cocaine exposure leads to behavioral sensitization, a
progressive increase in behavioral responses to cocaine that per-
sists long after discontinuing cocaine treatment. Sensitization oc-
curs to cocaine’s locomotor activating effects as well as the
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receptor regulatory protein; WD, withdrawal day.
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an interface between corticolimbic and motor regions, is critical for
expression of motivated behaviors including behavioral sensitiza-
tion (Sesack and Grace, 2010). Medium spiny neurons, the output
neurons of the NAc, are excited primarily by AMPA-type glutamate
receptors (AMPARs). During the first week of withdrawal from a
sensitizing cocaine regimen, surface and synaptic levels of AMPARs
increase in core and shell subregions of the NAc (Boudreau and
Wolf, 2005; Boudreau et al., 2007, 2009; Kourrich et al., 2007;
Ghasemzadeh et al., 2009; Schumann and Yaka, 2009; Ferrario
et al.,, 2010; Schierberl et al., 2011). By increasing the reactivity of
NAc neurons to corticolimbic glutamate inputs, this AMPAR upre-
gulation is believed to augment cocaine-related behaviors (Wolf
and Ferrario, 2010; Wolf, 2010).

Stargazin is a member of the family of transmembrane AMPAR
regulatory proteins (TARPs) that serve as auxiliary AMPAR subunits
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(Jackson and Nicoll, 2011; Straub and Tomita, 2012). Stargazin is
physiologically nitrosylated, which enhances its binding to GluA1l
and thus increases AMPAR surface expression (Selvakumar et al.,
2009). Supporting this, mutations that prevent stargazin nitro-
sylation, as well as NO synthase (NOS) inhibitors and genetic
deletion of neuronal NOS (nNOS), decrease surface expression of
AMPARs (Selvakumar et al., 2009). NMDA receptor (NMDAR) acti-
vation stimulates nNOS (Garthwaite, 2008), generating the NO that
nitrosylates stargazin (Selvakumar et al., 2009). In the NAc of
cocaine-sensitized rats, NMDAR transmission contributes to
AMPAR upregulation (Schumann and Yaka, 2009; Huang et al.,
2009). Furthermore, acute and chronic cocaine administration
can increase NO levels via nNOS in the prefrontal cortex and dorsal
striatum (Sammut and West, 2008; Lee et al., 2010, 2011). Based on
these findings, we tested the hypothesis that nitrosylation of star-
gazin contributes to the upregulation of cell surface AMPARs that
occurs in the NAc during withdrawal from a sensitizing regimen of
cocaine. We also examined the surface expression of another TARP,
v-4, that is expressed in the NAc and regulated by cocaine (Ferrario
et al,, 2011a,b).

2. Materials and methods
2.1. Animals and drug treatments

All experiments were approved by the Rosalind Franklin University of Medicine
and Science Institutional Animal Care and Use Committee. Adult male Sprague—
Dawley rats (275—300 g on arrival; Harlan, Indianapolis, IN) were housed 2—3/cage
and maintained on a 12 h light:dark cycle. They were acclimated to the colony for 7
days prior to beginning experiments. Four experiments were conducted. In
Experiment 1, rats received repeated injections (i.p.) of cocaine (15 mg/kg, Sigma—
Aldrich, St. Louis, MO) or saline (0.9%, 1 mL/kg) for 8 consecutive days. On each day,
rats were placed in photocell cages (San Diego Instruments, San Diego, CA), habit-
uated for 40 min, and injected with cocaine or saline. Locomotor activity (beam
breaks) was measured for 90 min. Locomotor sensitization was assessed by
comparing beam breaks on Day 1 and Day 8 of cocaine injections. Then, rats
remained in home cages until they were killed on withdrawal day (WD) 14 for
analysis of stargazin nitrosylation and neuronal NOS expression. For some of these
rats (n = 6/group), whole NAc tissue was harvested. For other rats (n = 16 saline,
n = 15 cocaine), core and shell subregions were harvested separately. In Experiment
2, rats were received 8 daily injections of saline or 15 mg/kg cocaine exactly as
described for Experiment 1 (n = 20 rats/group). Each group (saline and cocaine) was
then divided into two subgroups (n = 10 rats/group) that received twice-daily i.p.
injections of either vehicle (saline) or 50 mg/kg L-NG-Nitroarginine methyl ester (-
NAME) on WD1-6. This yielded 4 experimental groups: saline/vehicle, saline/t-
NAME, cocaine/vehicle, and cocaine/.-NAME (n = 10 rats/group). Rats were killed on
WD7 to measure AMPAR and TARP surface expression in NAc core and shell by
biotinylation as described in Section 2.3. In Experiment 3, drug-naive rats were used
to determine whether AMPAR surface expression is altered by acute inhibition or
activation of NOS. To inhibit NOS, rats (n = 10/group) were treated with vehicle or
the NOS inhibitor .-NAME (50 mg/kg) 3 times within a 24 h period (10 a.m., 6 p.m.,,
2 a.m.) and killed 7.5 h after the last injection to measure AMPAR surface expression
in NAc core and shell by protein crosslinking as described in Section 2.4. To activate
NOS, rats were treated with the NOS donor sodium nitroprusside (SNP; 5 mg/kg,
i.p.). After determining that the maximal elevation of NO occurred ~30 min after
SNP injection (see Electrochemical detection of NO), additional rats (n = 10 rats/
group) were injected with SNP or vehicle and killed 30 min later for determination
of AMPAR surface expression in NAc core and shell by protein crosslinking as
described in Section 2.4.

2.2. Biotin switch method

Nucleus accumbens tissue lysates from Experiment 1 were analyzed by the
biotin-switch assay as described before with modifications (Selvakumar et al., 2009).
Briefly, snap-frozen tissue was lysed using a glass homogenizer in HEN buffer
(250 mM Hepes/1 mM EDTA/0.1 mM Neocuproine, pH 7.7) containing Triton X-100
(1%). Extracts were treated with methyl methanethiosulfonate (Sigma—Aldrich) and
SDS (1%) at 50 °C for 20 min. Proteins were precipitated with acetone, and the
precipitate was labeled with biotin-HPDP (0.2 mM) (Pierce, Rockford, IL) with or
without ascorbate (50 mM) for 90 min at room temperature. Proteins were re-
precipitated with acetone, and the precipitate was incubated with anti-stargazin
antibody (1 pg/mg protein, AB9876, Millipore, Billerica, MA). The immune com-
plex was eluted with the GST-tagged C-terminal fragment of stargazin (immunizing
antigen), and the eluate was incubated with Glutathione-Sepharose beads to remove

the GST-fragments. The biotinylated proteins in the supernatant were purified by
using neutravidin beads (Pierce), separated by SDS/PAGE, and analyzed by Western
blotting.

2.3. Biotinylation

After completion of Experiment 2, bilateral core and shell subregions of the NAc
were rapidly dissected from a 2 mm coronal section obtained using a brain matrix
(ASI Instruments, Warren, MI) and minced with a scalpel. Biotinylation of surface-
expressed proteins was performed as described previously (Ferrario et al., 2011a).
Briefly, tissue was incubated (30 min with gentle agitation, 4 °C) with 1 mM sulfo-
NHS-S-S-Biotin (Thermo Scientific, Rockford, IL) dissolved in artificial cerebrospinal
fluid. The reaction was quenched with 100 mM glycine (10 min, 4 °C). The tissue was
pelleted, re-suspended in ice-cold lysis buffer [25 mM HEPES pH 7.4, 500 mM Nacl,
2 mM EDTA, 20 mM NaF, 10 mM NaPPi, 1 mM PMSF, 0.1% NP-40 (v/v), 1 mM NaOV,
1 uM okadaic acid, 1 pM microsystin-LF, 1X protease inhibitor cocktail (Calbiochem;
539131)], sonicated, and stored at —80 °C. Biotinylated proteins were purified using
NeutrAvidin beads (Thermo Scientific) and analyzed by SDS-PAGE and immuno-
blotting. The following primary antibodies were used: GluA1 (1:1000, 1308-1, Epi-
tomics, Burlingame, CA); GluA2 (1:200, AB78-002, UC Davis/NIH NeuroMab Facility,
Davis, CA); stargazin (1:1000, 1505-STAR, Phosphosolutions, Aurora, CO); y-4
(1:1000, AB5795, Millipore).

2.4. Protein crosslinking

Bis(sulfosuccinimidyl)suberate (BS®; Pierce Biotechnology, Rockford, IL) is a
bifunctional crosslinking reagent that does not cross membranes. Therefore, it
selectively modifies surface-expressed proteins, increasing their apparent molecular
weight and enabling them to be separated from unmodified intracellular proteins by
SDS-PAGE and quantified by immunoblotting (see Boudreau et al., 2012 for detailed
protocols). BS® protein crosslinking offers advantages over biotinylation for analysis
of AMPAR surface expression, but some antibodies (e.g., the stargazin antibody) do
not recognize their target protein after it has been crosslinked. Therefore bio-
tinylation was used when analyzing TARPs (Experiment 2), whereas BS® crosslinking
was used for experiments in which only AMPAR subunits were analyzed
(Experiment 3). Briefly, rats used for Experiment 3 were treated with .-NAME or SNP
as described in Section 2.1. NAc core and shell tissue was dissected and minced as
described in Section 2.3 and then incubated with 2 mM BS? (30 min with gentle
agitation, 4 °C). After quenching the reaction with 100 mM glycine, tissue was
processed as described for biotinylation and stored at —80 °C. BS® crosslinked
samples were electrophoresed on 4%—15% Bis—Tris gradient gels (BioRad) under
reducing conditions. Proteins were transferred (1.15 Amps, constant current, 1.25 h)
onto PVDF membranes (Amersham Biosciences, Piscataway, NJ). The following pri-
mary antibodies were used: GluA1 (1:1000, PA1-37776, Thermo Scientific); GluA2
(1:200, AB78-002, UC-Davis/NIH NeuroMab Facility). Values (diffuse densities) for
surface, intracellular and total (surface + intracellular) protein levels were
normalized to a loading control (DARPP-32; 1:5000, 611520, BD Transduction Lab-
oratories, San Jose, CA) analyzed in the same lane.

2.5. Electrochemical detection of NO

Extracellular levels of NO were measured in the NAc of urethane anesthetized
rats using an NO-selective, amperometric microsensor (amiNO-100, Innovative In-
struments, Inc., Tampa, FL). As previously described (Sammut and West, 2008; Park
and West, 2009), prior to each experiment, microsensors were calibrated in a
temperature controlled chamber using known solutions of the NO generating
compound S-nitroso-N-acetyl-penicillamine. Calibration curves were calculated in
order to determine the sensitivity of microsensors and confirm that the NO oxida-
tion current exhibited a linear response to NO concentrations ranging from 0.6 to
48 nM. The lower detection limit of NO microsensors was ~0.1-1.0 nM NO.
Following calibration, microsensors were implanted into the medial shell region of
the NAc over a 30 min period using a micromanipulator (coordinates from Bregma:
1.6 mm anterior, 0.7 mm lateral, and 7.8 mm ventral). All experiments were initiated
~1-2 h post-surgery. NO oxidation current (pA) was allowed to stabilize for at least
150 s prior to systemic administration of the NO generator sodium nitroprusside
(SNP). Drug-induced changes in NO oxidation current were measured as previously
described (Park and West, 2009). Briefly, the NO oxidation current recorded (50 Hz
sampling frequency) during the last 30 s of the pre-injection period was averaged
using Apollo 4000 software applications (WPI) and subtracted from the mean NO
oxidation current recorded during drug administration. The amplitude and latency
of the peak SNP-induced change in NO oxidation current was determined for each
animal and averaged to generate mean group values. Data are expressed as con-
centration of NO (nM) as determined from in vitro calibration curves.

2.6. Statistical analysis
Locomotor activity data for multiple groups were compared using two-way

repeated measures ANOVA, followed by Bonferroni t-tests. For behavioral and
biochemical experiments comparing two groups, data were analyzed using a
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Fig. 1. Cocaine-sensitized rats show increased S-nitrosylation of stargazin in NAc shell on withdrawal day 14. (A) Time-line for Experiment 1. Rats received 8 daily injections of
cocaine (Coc; 15 mg/kg, i.p.) or saline (Sal) in photocell cages. (B) Locomotor data (from animals used to generate whole NAc tissue) showing development of sensitization (main
effect of injection day for cocaine group: F; go = 13.28, P < 0.01; Bonferroni t-tests comparing individual time-points, *P < 0.05; n = 6/group). (C) Comparison of summed photocell
counts demonstrating locomotor sensitization in a separate cohort of identically treated animals used to generate core and shell samples [main effect of injection day: F; 29 = 5.28,
P < 0.05; Bonferroni t-tests indicated a significant effect within the cocaine group (*P = 0.01) but not the saline group; n = 16 Sal, n = 15 Coc]. (D—F) On withdrawal day 14,
nitrosylation of stargazin was measured as described previously (Selvakumar et al., 2009) in whole NAc samples obtained from one cohort of rats (behavioral data shown in panel B)
and in core and shell samples obtained from a different cohort of rats (behavioral data shown in panel C). Stargazin nitrosylation was significantly greater in whole NAc (D)
(t3 = 5.84, *P < 0.05) and NAc shell (F) (ts = 2.48, *P < 0.05) of cocaine-sensitized animals, with no difference in the NAc core (E).
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Fig. 2. nNOS expression is higher in NAc shell than core. nNOS protein was measured
from cocaine-sensitized and saline control rats killed on WD14 (rats from Experiment
1, Fig. 1). nNOS expression was significantly greater in shell compared to core
regardless of pretreatment (t; = 5.42, *P < 0.005 for the saline group; t; = 4.79,
**P < 0.005 for the cocaine group).

Student’s t-test (non-directional). Significance was set at P < 0.05. We utilized Sig-
maPlot 11 (Systat Software Inc., San Jose, CA, USA) and Microsoft Excel.

3. Results
3.1. Experiment 1

Our first goal was to determine if a sensitizing regimen of
cocaine leads to altered S-nitrosylation of stargazin. To elicit loco-
motor sensitization, we treated rats with 15 mg/kg cocaine daily for
8 days (Fig. 1A—C). We harvested NAc tissue on WD14 based on
many results from our group and others demonstrating increased
AMPAR surface expression in the NAc core and shell between WD7
and WD21 (Boudreau and Wolf, 2005; Boudreau et al., 2007, 2009;
Kourrich et al., 2007; Ghasemzadeh et al., 2009; Schumann and
Yaka, 2009; Ferrario et al., 2010; Schierberl et al., 2011), as
confirmed in Experiment 2 (below). We measured stargazin
nitrosylation in whole NAc, as well as core and shell subregions
from a different cohort of identically treated animals. Sensitized
rats exhibited a 1.5-fold increase in stargazin nitrosylation in whole
NAc (Fig. 1D; t3 = 5.84, *P < 0.05), no change in the core (Fig. 1E),
and a 2.5-fold increase in the shell (Fig. 1F; ts = 2.48, *P < 0.05).
Levels of neuronal NOS were also measured in these animals.
Significantly higher levels were found in shell compared to core,
regardless of whether rats were pretreated with saline or cocaine
(Fig. 2; t; = 5.42, *P < 0.005 for the saline group; t; = 4.79,
**P < 0.005 for the cocaine group). These results indicate that the
shell subregion, but not the core, shows a robust increase in star-
gazin nitrosylation during cocaine withdrawal that corresponds to
higher NOS levels in shell compared to core.

3.2. Experiment 2

Next, we asked whether NO and nitrosylation of stargazin
contribute to the upregulation of surface AMPARs that occurs in the
NAc of cocaine-sensitized rats. Our prior studies have shown that
AMPAR upregulation in the NAc is not yet present on WD1 but can
be detected by WD?7, indicating that it develops during the first
week of withdrawal (Boudreau and Wolf, 2005; Boudreau et al.,
2009). Therefore, we tested whether AMPAR upregulation would

be prevented by NOS inhibition during this critical first week of
withdrawal. Rats received 8 daily injections of saline or cocaine.
Then, based on locomotor activity scores on day 8, saline and
cocaine groups were each subdivided into two behaviorally
equivalent groups, destined for treatment on WD1-6 with either
the NOS inhibitor .-NAME or vehicle (Fig. 3A—C). .-NAME or vehicle
injections (50 mg/kg) were given twice daily; this .L-NAME regimen
reduces NOS activity by >90% after 4 or more injections (Dwyer
et al., 1991). Thus, four experimental groups were generated: sa-
line/vehicle, saline/.-NAME, cocaine/vehicle, cocaine/.-NAME
(n = 10 rats/group). For each group, NAc core and shell were har-
vested on WD7, approximately 3 h after the final .-NAME or vehicle
injection, and biotinylated to measure cell surface levels of GluA1,
GluA2, and stargazin.

To achieve accurate results despite the many manipulations
involved in purifying biotinylated proteins (particularly when the
starting material is a small dissection from an individual rat), we
find that groups to be compared should be pulled down together
and analyzed on the same gel. Therefore, we first pulled down and
compared NAc core from saline/vehicle and cocaine/vehicle groups
(Fig. 3D) and NAc shell from saline/vehicle and cocaine/vehicle
groups (Fig. 3E). Our initial goal was to confirm AMPAR upregula-
tion in cocaine/vehicle rats. As expected based on prior results (see
Introduction), both shell and core regions from the cocaine/vehicle
group showed a significant elevation of surface GluA1l (core:
tig = 3.29, **P < 0.005; shell: t1g = 2.66, *P < 0.05), although the
elevation was greater in core (~60% increase) than shell (~20%
increase). Surface GluA2 was significantly elevated in the core (26%
increase; Fig. 3D; t1g = 2.46, *P < 0.05) but there was only a trend in
the shell (~10% increase; Fig. 3E). As discussed in Section 4.3, we
speculate that less robust increases in surface GluA2 after sensiti-
zation, as well as less robust effects of .-NAME on GluA2 (Fig. 4D),
reflect the existence of unresponsive GluA2A3 receptors that dilute
the effect of altering GluA1A2 receptor levels. Using the same
samples, we showed that stargazin surface expression was elevated
in both core and shell subregions of the cocaine/vehicle group
compared to the saline/vehicle group (core: tig = 3.84, *P < 0.05;
shell: t1g = 2.36, **P < 0.005). However, the elevation of stargazin
was more robust in the shell (~55% increase; Fig. 3E) than in the
core (~25% increase; Fig. 3D). Overall, results in Fig. 3 indicate that
surface expression of stargazin-associated AMPARs is increased
most prominently in the shell subregion of the NAc from cocaine-
sensitized rats.

Next, using new aliquots of tissue from Experiment 2, NAc core
samples from saline/vehicle and saline/.-NAME groups were pulled
down and immunoblotted in parallel (Fig. 4A). Similarly, NAc shell
samples from the same two groups were pulled down and immu-
noblotted in parallel (Fig. 4B). All saline/.-NAME data were
normalized to the saline/vehicle group. In these saline rats, we
found no significant effect of .-NAME treatment on WD1-6 on
GluA1 or stargazin surface expression in core or shell (Fig. 4A and
B), although there was a trend towards a reduction in surface
stargazin in the shell (Fig. 4B). Thus, NOS does not play a significant
role in regulating AMPAR surface expression in the NAc of saline
treated rats.

To determine if NOS plays a more significant role in cocaine-
sensitized rats, we used additional aliquots to pull down and
compare NAc core from cocaine/vehicle and cocaine/.-NAME
groups (Fig. 4C), as well as NAc shell from cocaine/vehicle and
cocaine/.-NAME groups (Fig. 4D). All cocaine/i-NAME data were
normalized to the cocaine/vehicle group. The hypothesis to be
tested was that NOS-induced nitrosylation of stargazin mediates
the increases in AMPAR and stargazin surface expression observed
during cocaine withdrawal. If this hypothesis is correct, we pre-
dicted that NOS inhibition during withdrawal should prevent or
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(A) Time-line for Experiment 2. Rats received 8 days of saline or 15 mg/kg cocaine injections in photobeam cages as described in Fig. 1 (n = 20 rats/group). Data for all saline rats
(Sal/All) showed no change in activity between Day 1 and Day 8 (B), but locomotor sensitization developed in the cocaine-treated rats (Coc/All) on Injection Day 8 compared to
Injection Day 1 (t15 = 3.19, *P < 0.01) (C). After collecting Day 8 activity data, saline rats (n = 20) were divided into two equivalent subgroups, destined for treatment with vehicle
(Sal/Veh, n = 10) or .-NAME (Sal/.-NAME, n = 10) during the first week of withdrawal (B). Cocaine rats were similarly divided into Coc/Veh (n = 10) or Coc/.-NAME (n = 10)
subgroups (C). Vehicle or 50 mg/kg .-NAME was injected twice daily on withdrawal days (WD) 1—6. NAc core and shell were harvested from rats shown in panels B and C on WD7
(~3 h after the last .-NAME or vehicle injection), biotinylated, and analyzed by immunoblotting. (D) Surface GluA1, GIuA2 and stargazin levels increased in the NAc core of cocaine-
sensitized rats (cocaine/vehicle) compared to controls (saline/vehicle) (GluA1 t;g = 3.29, **P < 0.005; GluA2 t1g = 2.46, *P < 0.05; stargazin tig = 2.36, *P < 0.05). (E) Surface GluA1l
and surface stargazin levels increased in the NAc shell of cocaine-sensitized rats (cocaine/vehicle) compared to controls (saline/vehicle) (GluA1 t;g = 2.66, *P < 0.05; stargazin
tig = 3.84, **P < 0.005). Surface GluA2 did not increase significantly. Analysis of saline/.-NAME and cocaine/.-NAME treatment groups from this experiment is shown in Fig. 4.

attenuate these increases, i.e., there should be lower AMPAR and
stargazin surface expression in the cocaine/.-NAME group than the
cocaine/vehicle group. In accordance with this prediction, surface
expression of GluA1l and stargazin in the NAc shell were signifi-
cantly reduced in cocaine/L.-NAME rats compared to cocaine/vehicle
rats (Fig. 4D; GluAl: tig = 2.25, *P < 0.05; Stargazin: t;7 = 2.29,
*P < 0.05), while a trend towards a reduction was observed for
GluA2 (Fig. 4D). These results indicate that NOS activity during
withdrawal is required for the increase in AMPAR and stargazin
surface expression that occurs in the NAc shell. In contrast to the
shell, .-NAME treatment did not significantly reduce GIluAl or
stargazin surface expression in the core, i.e., the cocaine/.-NAME
and cocaine/vehicle groups did not differ significantly (Fig. 4C).
Thus, even though AMPAR upregulation during withdrawal occurs
in both core and shell subregions (Fig. 3D and E and prior studies

reviewed in Wolf and Ferrario, 2010), .L-NAME treatment selectively
interfered with this effect in the shell subregion.

It is possible that the differential response to .-NAME reflects
substantially higher levels of nNOS in shell compared to core (Fig. 2;
see Discussion). However, if a NOS/stargazin interaction is not
important in promoting AMPAR upregulation in the core, this raises
the question of whether a different regulatory mechanism and/or
TARP is important in the core. While a thorough examination of this
question is beyond the scope of this study, we returned to NAc
tissue pulled down to compare GluA1, GluA2 and stargazin in sa-
line/vehicle and cocaine/vehicle groups (Fig. 3D and E). Using this
tissue, we measured surface expression of another TARP, y4, that
we have previously shown is expressed in the NAc (Ferrario et al.,
2011a,b). Interestingly, significant increases in surface y4 were
found in cocaine-sensitized rats relative to saline/vehicle controls
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Fig. 4. Inhibition of NOS activity during cocaine withdrawal opposes upregulation of AMPAR and stargazin surface expression in the NAc shell. Data are from the same experimental
groups described in Fig. 3, except that here we directly compare saline/vehicle to saline/.-NAME rats (A and B) and cocaine/vehicle to cocaine/.-NAME rats (C and D). In saline
pretreated rats, .-NAME treatment during withdrawal had no effect in core (A) or shell (B). .--NAME treatment during withdrawal had no significant effects in the core (C) of
sensitized rats. However, in the NAc shell of cocaine-sensitized rats (D), L-NAME treatment during withdrawal reduced surface GluA1 (t;g = 2.25, *P < 0.05) and surface stargazin
(t17 = 2.29, *P < 0.05) as compared to cocaine-sensitized rats treated with vehicle during withdrawal (Student’s t-tests comparing cocaine/vehicle versus cocaine/.-NAME groups).

in both core and shell subregions (Core, saline/vehicle 100 + 9.74,
cocaine 159.42 + 6.32, t;g3 = 4.24, P < 0.001; Shell: saline/vehicle
100 + 14.72, cocaine/vehicle 150.74 + 7.30, tig = 3.09, P < 0.01;
Student’s t-tests; data expressed as percent of saline/vehicle
groups). These results suggest that y4 may play an important role in
AMPAR upregulation in the NAc of sensitized rats.

3.3. Experiment 3

Here, we investigated whether acute reduction or elevation of
NO signaling would alter AMPAR surface expression in the NAc of
drug naive rats. To reduce NO levels, rats were injected with the
NOS inhibitor .-NAME (50 mg/kg, n = 10) three times withina 24 h
period (10 a.m., 6 p.m., 2 a.m.), a regimen expected to reduce NOS
activity by 50—95% (Dwyer et al., 1991). Controls received vehicle
(saline) on the same schedule. Rats were killed 7.5 h after the last
injection. Using a BS> protein crosslinking assay, we found no
changes in surface, intracellular or total levels of GluA1 or GluA2 in
NAc core or shell (Fig. 5). Conversely, we tested the effect of acutely
elevating NO levels using the NO donor SNP (5 mg/kg, i.p.). Using
electrochemical methods, we determined that the maximal eleva-
tion of NO levels in the NAc shell occurred ~30 min after SNP in-
jection (Fig. 6A). Therefore, additional rats were killed 30 min after
injection of SNP or vehicle, and AMPAR subunit distribution was

examined using BS® protein crosslinking. No changes in surface,
intracellular or total levels of GluA1 or GluA2 were found in NAc
core or shell (Fig. 6B and C, respectively).

4. Discussion

We tested the hypothesis that S-nitrosylation of the AMPAR
auxiliary subunit stargazin contributes to the increased AMPAR
surface expression that occurs in the NAc after withdrawal from a
sensitizing regimen of cocaine (see Introduction). In Experiment 1,
we showed that cocaine sensitization is associated with an increase
in NOS-mediated S-nitrosylation of stargazin selectively in the NAc
shell. In Experiment 2, we found that cell surface levels of stargazin
and AMPAR subunits increase in both core and shell subregions of
the NAc in cocaine-sensitized rats. While the increase in AMPAR
surface expression was more robust in core, the increase in surface
stargazin was more robust in shell, suggesting that stargazin may
play a relatively more important role in AMPAR trafficking or
function in the shell. Furthermore, inhibition of NOS during the first
week of withdrawal, the time-period during which AMPAR upre-
gulation develops (Boudreau and Wolf, 2005; Boudreau et al.,
2009), decreases surface expression of both stargazin and GluAl
selectively in the NAc shell of cocaine-treated rats. These results
indicate a role for stargazin nitrosylation in AMPAR upregulation,
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Fig. 5. NOS activity is not required to maintain basal AMPAR surface expression in the NAc of drug-naive rats. Rats were injected with vehicle or the NOS inhibitor .-NAME (50 mg/
kg) three times within a 24 h period (n = 10 rats/group), and killed 7.5 h after the last injection. Core and shell subregions of the NAc were rapidly dissected and surface-expressed
proteins were selectively modified using BS® (Boudreau et al., 2012). Surface (S), intracellular (I) and total (S + I) levels of GluA1 (A) or GluA2 (B) were measured using SDS-PAGE and
immunoblotting. Student’s t-tests failed to reveal significant differences between vehicle and .-NAME groups.

selectively in the NAc shell, during withdrawal from a sensitizing
regimen of cocaine. In contrast to this effect of long-term NOS in-
hibition in cocaine-sensitized rats, we found in Experiment 3 that
AMPAR surface expression in the NAc was not affected by acutely
reducing or elevating NO signaling in drug-naive rats. This suggests
a requirement for more prolonged NO activation to accomplish the
cocaine withdrawal-dependent increase in AMPAR surface
expression, and/or a potential requirement for physiologically
stimulated NO and its associated spatio-temporal specificity (Hess
et al., 2005).

4.1. Mechanisms linking NO, S-nitrosylation, stargazin and AMPAR
trafficking

In the NAc shell, we observed increased stargazin and AMPAR
subunit surface expression after cocaine sensitization, and showed
that this was accompanied by increased S-nitrosylation of stargazin
and blocked by NOS inhibition. This is consistent with earlier re-
sults demonstrating a linkage between stargazin S-nitrosylation
and increased surface expression of both stargazin and GluAl

(Selvakumar et al., 2009). Therefore, we propose that increased
NMDAR transmission during cocaine withdrawal (Schumann and
Yaka, 2009; Huang et al., 2009) activates NOS, which in turn leads
to S-nitrosylation of stargazin and increased AMPAR surface
expression. However, we acknowledge that there are other mech-
anisms by which NO may regulate AMPAR trafficking. First, nitro-
sylation of NSF enhances its binding to GluA2, thereby promoting
surface expression of GluA2-containing AMPARs (Huang et al.,
2005). However, this seems unlikely to explain our results, which
appear to reflect a selective effect on GluA1-containing AMPARs
(see Section 4.3). Second, activation of cGMP, a downstream
effector of NO, increases AMPAR surface expression in cultured
neurons (Serulle et al, 2007). However, our data implicate S-
nitrosylation, which is independent of cGMP signaling, as the
critical regulatory mechanism. Finally, while the present results
point to S-nitrosylation of stargazin as mediating AMPAR upregu-
lation in sensitized rats, S-nitrosylation of GluAl itself also in-
fluences AMPAR plasticity. Thus, we showed recently in cultured
neurons that GluA1 phosphorylation at S831, the site phosphory-
lated by protein kinase C and Ca?*/calmodulin-dependent protein
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Fig. 6. Acute administration of the NO donor, SNP, does not increase AMPAR surface expression in the NAc of drug-naive rats. NO oxidation current (i.e., NO efflux) was recorded
prior to and immediately following systemic administration of vehicle or sodium nitroprusside (SNP; 5 mg/kg, i.p.) using previously described methods (Park and West, 2009). (A)
Systemic administration of SNP induced an increase in NAc extracellular NO levels (mean concentration = 36.40 + 10.22 nM, n = 3) which typically peaked ~35 min post-injection
(mean peak time = 34.98 + 4.2 min, n = 3). Vehicle injection did not alter NO efflux and smaller effects were seen with 2.5 mg/kg SNP (data not shown). (B and C) Based on the
electrochemical data, additional drug-naive rats were injected with vehicle (n = 10) or 5 mg/kg SNP (n = 10), and killed 30 min later. Core and shell subregions of the NAc were
rapidly dissected and surface-expressed proteins were selectively modified using BS> (Boudreau et al., 2012). Surface (S), intracellular (I) and total (S + I) levels of GluA1 (B) or GluA2
(C) were measured using SDS-PAGE and immunoblotting. Student’s t-tests failed to reveal significant differences between vehicle and SNP groups (t-tests).

kinase II (CaMKII), is enhanced by the NMDAR-dependent genera-
tion of NO and subsequent S-nitrosylation of GluA1 (Selvakumar
et al,, 2012). However, at least in cultured neurons treated with
40 uM NMDA, this facilitates AMPAR endocytosis (Selvakumar et al.,
2012) and is therefore unlikely to be directly related to the

increased AMPAR surface expression observed in the NAc of
cocaine-sensitized rats. Together, these findings underscore the
complexity of mechanisms through which NO and S-nitrosylation
can regulate AMPAR function and localization. Thus, we cannot rule
out a contribution of other NOS-dependent events, beyond
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S-nitrosylation of stargazin, to AMPAR upregulation during with-
drawal (Selvakumar et al., 2012).

Our previous data demonstrating a mechanistic link between
stargazin S-nitrosylation and increased GluA1 surface expression
(Selvakumar et al., 2009) were obtained in expression systems and
in cerebellar granule cells; the latter express stargazin as their
primary TARP (Jackson and Nicoll, 2009). It is expected that the
relationship between stargazin and AMPAR trafficking has the po-
tential to be more complex in cells that express more than one
TARP. As discussed in the next section, this may help explain our
results in the core subregion of the NAc. Furthermore, while our
study has focused on TARPs, it should be noted that previous work
has implicated ERK (Boudreau et al., 2007; Schumann and Yaka,
2009) as well as other protein kinases including CaMKII
(Boudreau et al., 2009; Schierberl et al., 2011) in cocaine-induced
AMPAR upregulation in the NAc.

4.2. Selective effect of S-nitrosylation in the NAc shell

It is surprising that regulation by NO of cell surface stargazin and
GluA1 was restricted to the NAc shell of cocaine-sensitized rats,
given that sensitization to cocaine is associated with increased
AMPAR surface expression in both core and shell subregions (Wolf
and Ferrario, 2010; Wolf, 2010) and increased stargazin surface
expression in both subregions (present results). Selectivity of NO
regulation for the shell might reflect the substantially higher levels
of nNOS that we detect in the shell of saline- or cocaine-treated rats
contrasted to the core (Fig. 2), fitting with very recent observations
of greater NADPH diaphorase staining, reflecting nNOS activity, in
the NAc shell than core (Hoque and West, 2012). The nNOS-
expressing interneurons in the NAc shell differ from those in the
core in several respects. For example, nNOS cells localized in the
shell give rise to larger and more plentiful NOS-immunolabeled
terminals (Hidaka and Totterdell, 2001), suggesting that when
activated, shell interneurons produce more NO. Furthermore,
although nNOS interneurons in both the NAc shell and core receive
afferent glutamatergic and dopaminergic inputs from the hippo-
campal ventral subiculum and ventral tegmental area, respectively,
shell neurons exhibit a larger proportion of asymmetric (largely
glutamatergic) compared to symmetric (largely dopaminergic)
synapses (Hidaka and Totterdell, 2001; French et al., 2005). Thus,
nNOS interneurons in the shell are likely to be preferentially acti-
vated by glutamatergic input from the ventral subiculum compared
to core interneurons. Shell interneurons are also considerably more
responsive to dopamine and glutamate receptor manipulations
compared to counterparts in the core (Hoque and West, 2012).
Apart from differences in NO signaling, it is interesting that core
and shell also differ markedly in the responsiveness of extracellular
glutamate levels, measured using enzyme-based biosensors in
freely moving rats, to cocaine as well as other behavioral manipu-
lations; in all cases, shell was significantly more sensitive than core
(Wakabayashi and Kiyatkin, 2012).

While higher levels of NOS in the shell are likely to contribute
importantly to the core—shell differences observed in this study,
regional differences in TARP function may also contribute. Specif-
ically, we wondered if such differences could help explain our
observation that AMPAR upregulation occurs in core of sensitized
rats but is not opposed by .-NAME treatment. We were particularly
interested in TARP y-4. We previously showed that y-4 and star-
gazin are expressed at similar levels in the NAc, and that levels of
both proteins increase in the NAc after withdrawal from cocaine
self-administration (Ferrario et al., 2011a,b). In the present study,
we extended these findings by demonstrating significant increases
in y-4 surface expression in both shell and core of cocaine-
sensitized rats. An important contribution of y-4 in the core

could explain why we observed greater AMPAR surface expression
in the core than shell after sensitization (~65% increase versus
~20% increase), despite the fact that the increase in surface star-
gazin in the core was quite modest (~25% in core compared to
~60% in shell). However, interpretation of the y-4 data is compli-
cated for two reasons. First, y-4 is expressed primarily in extra-
synaptic membranes of the NAc whereas stargazin is expressed
primarily in the PSD (Ferrario et al., 2011a,b). Second, it is unknown
whether y-4 is regulated by nitrosylation. Overall, these results
suggest that further work is needed to understand the role of
different TARPs in AMPAR upregulation in the NAc of sensitized
rats.

4.3. Effects of cocaine and .-NAME on GluA1 versus GluA2

Some differences in results obtained for GluAl versus GluA2
deserve comment. In Experiment 2, cocaine-sensitized rats
(cocaine/vehicle group) showed a statistically significant increase
in surface GluA1 in both core and shell compared to saline/vehicle
controls. However, while a statistically significant increase in sur-
face GluA2 was also observed in core, only a trend ( ~ 10% increase)
was observed in the shell. Furthermore, NOS inhibition during the
first 6 days of withdrawal from cocaine (cocaine/.-NAME group)
significantly decreased GluA1l surface expression on WD7
compared to cocaine-sensitized animals receiving vehicle treat-
ment during withdrawal (cocaine/vehicle), but produced only a
very modest decrease in surface GluA2 in the NAc shell. These
findings might seem surprising because it is well established that
the AMPARs that upregulate after sensitization are GluA1A2 re-
ceptors (Boudreau and Wolf, 2005; Boudreau et al., 2007; Kourrich
et al., 2007; Ghasemzadeh et al., 2009; Ferrario et al., 2010;
Schierberl et al., 2011; McCutcheon et al., 2011). We speculate
that the absence of significant changes in GluA2 in some experi-
ments reflects the presence of a substantial pool of GIuA2A3 re-
ceptors in the NAc (Reimers et al., 2011) which dilute the effect of
changes in GIuA1A2 receptor surface expression. Given that star-
gazin S-nitrosylation enhances AMPAR surface expression by
increasing binding between stargazin and GluA1 (Selvakumar et al.,
2009), it is to be expected that inhibiting S-nitrosylation would
selectively interfere with maintenance of surface pools of GluA1-
containing AMPARs such as the GluA1A2 receptors implicated in
sensitization.

4.4. NO contributes to multiple aspects of cocaine’s actions

The present study identifies a role for NO in a neuroadaptation
(AMPAR upregulation in the NAc) that occurs during withdrawal,
after sensitization has already developed. In contrast, previous
studies have demonstrated a requirement for nNOS signaling in the
development of sensitization to cocaine (Haracz et al., 1997; Itzhak,
1997; Itzhak et al., 1998a; Byrnes et al., 2000; Nasif et al., 2011). This
latter effect of NO appears to involve the ventral tegmental area
(VTA), as bilateral infusions of a nNOS inhibitor directly into the
VTA prior to each cocaine injection completely blocked the devel-
opment of sensitization in rats (Byrnes et al., 2000). In addition,
several studies have examined the effect of NOS inhibition during
cocaine self-administration and found that it decreases mainte-
nance of cocaine seeking (Pulvirenti et al., 1996; Orsini et al., 2002;
Collins and Kantak, 2002; Pudiak and Bozarth, 2002) and rein-
statement (Orsini et al., 2002). Systemic pretreatment with nNOS
inhibitors also blocks cocaine-induced conditioned place prefer-
ence (Kim and Park, 1995; Itzhak et al., 1998b; Itzhak, 2008).
However, to our knowledge, none of these studies assessed the
effect of NOS inhibition during withdrawal in the absence of a
cocaine challenge. Our study is also the first to implicate NOS
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signaling in a sensitization-related adaptation in excitatory syn-
aptic transmission in the NAc.

5. Conclusions

Our findings suggest that activation of NOS in the NAc shell of
cocaine-sensitized rats leads to increased S-nitrosylation of star-
gazin, which in turn contributes to AMPAR upregulation. NOS
activation may occur as a result of increased NMDAR transmission
in the NAc during early cocaine withdrawal, a phenomenon that has
been previously linked to cocaine-induced AMPAR upregulation
(Schumann and Yaka, 2009; Huang et al., 2009). Given that sensi-
tization and the associated AMPAR upregulation may be steps
leading to increased drug craving (Wolf and Ferrario, 2010), our
results suggest NOS as a potential target for anti-craving
pharmacotherapies.
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