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Cell Surface AMPA Receptors in the Rat Nucleus Accumbens
Increase during Cocaine Withdrawal But Internalize after
Cocaine Challenge in Association with Altered Activation of
Mitogen-Activated Protein Kinases

Amy C. Boudreau, Jeremy M. Reimers, Michael Milovanovic, and Marina E. Wolf
Department of Neuroscience, The Chicago Medical School at Rosalind Franklin University of Medicine and Science, North Chicago, Illinois 60064-3095

Although some studies report increased responsiveness of nucleus accumbens (NAc) AMPA receptors (AMPARs) after withdrawal from
repeated cocaine treatment, others report decreased responsiveness after withdrawal plus cocaine challenge. Here we examine this
apparent contradiction by quantifying cell surface and intracellular AMPAR subunits in the NAc before and after a challenge injection in
behaviorally sensitized rats. Because MAPKs (mitogen-activated protein kinases) regulate AMPAR trafficking and are implicated in
addiction, we also evaluated phosphorylation of extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38.
Glutamate receptor 1 (GluR1) and GluR2 surface/intracellular (S/I) ratios were increased after 14 d of withdrawal in sensitized rats but
were decreased 24 h after challenge with cocaine (which elicited a sensitized locomotor response) or saline (which elicited conditioned
locomotion). These findings suggested redistribution of GluR1/2-containing receptors, a possibility supported by immunoprecipitation
experiments indicating that most AMPARs in the NAc are GluR1/2 or GluR2/3, with few homomeric GluR1 or GluR1/3 receptors. In
sensitized rats, ERK phosphorylation in the NAc increased during withdrawal and normalized after cocaine challenge. JNK phosphory-
lation also increased after withdrawal, but after cocaine challenge, it was inversely related to GluR1 and GluR2 S/I ratios. After saline
challenge, p38 phosphorylation was increased. In summary, surface expression of GluR1/2-containing AMPARs increased in the NAc of
sensitized rats, but AMPARs internalized after a single reexposure to cocaine or cocaine-related cues. ERK phosphorylation paralleled
AMPAR surface expression. Although JNK results were complex, JNK and p38 may be involved in AMPAR internalization after cocaine or
saline challenge, respectively.
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Introduction
Recent studies indicate that AMPA receptor (AMPAR) transmis-
sion in the nucleus accumbens (NAc) is altered during behavioral
sensitization to psychomotor stimulants. However, some results
support a role for enhanced AMPAR transmission, whereas oth-
ers support a role for AMPAR internalization associated with
long-term depression (LTD). We hypothesize that the discrepant
results can be explained based on whether or not a cocaine chal-
lenge is administered before assessing AMPAR function.

In studies supporting enhanced AMPAR transmission, ani-
mals were tested drug-free, days to weeks after discontinuing
stimulant exposure. Pierce et al. (1996) showed an increased lo-
comotor response to intra-NAc injection of AMPA 3 weeks after

discontinuing cocaine injections. Suto et al. (2004) showed that
both noncontingent amphetamine and cocaine self-
administration produced significant enhancement of the prim-
ing effect of intra-NAc AMPA in tests of reinstatement of
cocaine-seeking conducted 2– 4 weeks after discontinuing drug
exposure. Yao et al. (2004) found enhancement of late LTP in
NAc slices from cocaine-treated mice recorded 2–3 d after the last
injection. Paired-pulse facilitation was not altered, so enhanced
LTP likely reflected postsynaptic alterations. Increased AMPAR
insertion is a strong candidate (Malinow and Malenka, 2002). We
used a protein cross-linking assay to directly demonstrate an in-
crease in AMPAR surface expression in the NAc of rats assessed 3
weeks after discontinuing cocaine (Boudreau and Wolf, 2005).

However, there is evidence for decreased AMPAR function
within 24 h of drug challenge. Thomas et al. (2001) treated mice
for 5 d with saline or cocaine, discontinued injections for 10 –14
d, challenged with cocaine, and recorded from NAc slices 24 h
later. Chronic cocaine mice exhibited decreased AMPA/NMDA
ratios at synapses in the NAc shell activated by cortical afferents.
This was interpreted as LTD, because there was no change in the
probability of transmitter release and the magnitude of LTD
evoked in vitro was reduced in cocaine-treated mice. Brebner et
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al. (2005) implicated AMPA receptor in-
ternalization in the expression of behavioral
sensitization to amphetamine. After treating
rats with repeated amphetamine injections
followed by 21–28 d of withdrawal, they
showed that intra-NAc delivery of a peptide
that interferes with AMPAR endocytosis, 60
min before amphetamine challenge, pre-
vented the expression of behavioral
sensitization.

To directly test our hypothesis, we used
the protein cross-linking assay developed
previously (Boudreau and Wolf, 2005) to
compare AMPAR subunit surface expres-
sion in the NAc after withdrawal from re-
peated cocaine or after withdrawal plus
cocaine or saline challenge. To help inter-
pret these results, we conducted immuno-
precipitation studies to characterize AM-
PAR subunit composition in the NAc.
Finally, in tissue from the same rats used to
monitor AMPAR trafficking, we exam-
ined the phosphorylation state of extracel-
lular signal-regulated protein kinase
(ERK), p38 mitogen-activated protein ki-
nase (p38 MAPK), and c-Jun N-terminal
kinase (JNK). Although best known as
regulators of gene expression, MAPK have
more recently been implicated in AMPAR
trafficking (Zhu et al., 2002, 2005; Huang
et al., 2004; Krapivinsky et al., 2004;
Brown et al., 2005). MAPK also play criti-
cal roles in addiction-related plasticity (Lu
et al., 2006; Girault et al., 2007).

Materials and Methods
Animals. Male Sprague Dawley rats weighing
250 –275 g (Harlan Laboratories, Indianapolis,
IN) were housed in groups of three with food
and water available ad libitum. A 12 h light/dark
cycle was used with the lights on at 7:00 A.M.
All saline or cocaine injections and behavioral
testing were performed between 11:00 A.M.
and 4:00 P.M. All procedures were approved by
the Institutional Animal Care and Use Com-
mittee of Rosalind Franklin University of Med-
icine and Science.

Repeated cocaine or saline treatment and be-
havioral analysis. Rats were assigned to saline
and cocaine treatment groups after 10 d in the
colony, including 7 d of handling. Twenty-four hours before the first
cocaine or saline injection, animals were habituated to the behavioral
testing procedure by placement in photocell cages (one animal/cage; San
Diego Instruments, San Diego, CA) for 20 min. They received a mock
injection (a syringe without the needle was touched to the abdomen) and
then remained for 2 h in the photocell cages. On the first day of treatment
(day 1), animals were habituated to photocell cages for 20 min before
injection of cocaine (15 mg/kg, i.p.; provided by the National Institute on
Drug Abuse) or saline (1 ml/kg, i.p.). Locomotor activity (total beam
breaks) was measured for 2 h. For the next 5 d, animals received cocaine
(30 mg/kg, i.p.) or saline (1 ml/kg, i.p.) in home cages. On the last day of
treatment (day 7), animals returned to photocell cages for 20 min of
habituation, cocaine (15 mg/kg, i.p.) or saline (1 ml/kg, i.p.) injections,
and 2 h of locomotor activity measurement. Sensitization was assessed as
described below. All rats were then returned to home cages for 14 d. On

day 14, some saline- and cocaine-pretreated rats were taken from home
cages and killed for cross-linking analysis without any drug challenge,
generating the withdrawal-only groups. Other saline and cocaine rats
were returned to activity cages on withdrawal day 14 and given a chal-
lenge injection of either saline (1 ml/kg, i.p.) or cocaine (15 mg/kg, i.p.)
according to the protocol described for day 7. These rats were killed 24 h
later, generating withdrawal-plus-challenge groups. The overall experi-
mental design is depicted schematically in Figure 1 A.

Criteria for sensitization. Criteria were based on the coefficient of vari-
ance (CV) of the day 7/day 1 beam break ratio in the saline group (CV �
SD/mean). The CV provides a measure of variability within the saline
group. A cocaine rat was considered sensitized if its increase in activity
over the course of cocaine treatment (day 7/day 1 beam break ratio)
exceeded the CV of the saline group (e.g., a cocaine rat with day 7/day 1 �
1.57 would have a 57% increase in activity and would just meet criteria
for sensitization if the CV for the saline group was 0.56). Beam breaks

Figure 1. Repeated cocaine injections produce behavioral sensitization and conditioned locomotion. A, Schematic depiction of
experimental design. d1, Day 1. B, Locomotor activity data for cocaine-sensitized and -nonsensitized animals on the first day (Day
1) and last day (Day 7) of repeated cocaine injections; sum of five independent trials (see Materials and Methods for criteria for
sensitization); n � 37 sensitized; n � 49 nonsensitized. Rats shown in B were further divided such that some underwent 14 d of
withdrawal before biochemical analysis, whereas others received a challenge injection (cocaine or saline) on day 14 of withdrawal
and were killed 24 h later. This generated a total of six repeated cocaine groups: SENS-WD, NON-WD, SENS-COC, SENS-SAL,
NON-COC, and NON-SAL; n � 9 –20 per group. C, Locomotor activity, on the first and last day of repeated saline injections, of
SAL-WD or SAL-SAL rats before biochemical analysis; sum of five independent trials; n � 16 –30 per group. D, Locomotor activity
of sensitized and nonsensitized rats on the first day of cocaine treatment (Day 1, SENS; Day 1, NON) and after cocaine challenge on
withdrawal day 14 (WD 14, SENS-COC; WD 14, NON-COC). E, Locomotor activity after saline challenge after 14 d of withdrawal in
sensitized (WD 14, SENS-SAL), nonsensitized (WD 14, NON-SAL), and saline-treated rats (WD 14, SAL-SAL). All data are expressed
as mean � SEM total beam breaks. *p � 0.05; **p � 0.01; B, Day 1, sensitized versus Day 7, sensitized; D, Day 1, SENS versus WD
14, SENS-COC; E, WD 14, SAL-SAL versus WD 14, SENS-SAL and WD 14, NON-SAL.
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during the first 30 min after injection were used to determine the day
7/day 1 beam break ratio.

Surface receptor cross-linking with bis(sulfosuccinimidyl)suberate. Sur-
face and intracellular glutamate receptor 1 (GluR1)–GluR3 levels were
determined with a protein cross-linking assay (Boudreau and Wolf,
2005). After withdrawal only or withdrawal plus challenge, rats were
decapitated, brains were removed rapidly, a 2 mm coronal section con-
taining the NAc was obtained using a brain matrix, and the NAc (core
and shell) was dissected on an ice-cold platform. Bilateral pieces of NAc
tissue from each rat were then chopped into 400 �m slices using a McIl-
lwain tissue chopper (Vibratome, St. Louis, MO). Slices were added to
Eppendorf tubes containing ice-cold artificial CSF spiked with 2 mM

bis(sulfosuccinimidyl)suberate (BS 3; Pierce Biotechnology, Rockford,
IL). Incubation with gentle agitation proceeded for 15 min at 4°C. Cross-
linking was terminated by quenching the reaction with 100 mM glycine
(10 min at 4°C). The slices were pelleted by brief centrifugation, and the
supernatant was discarded. Pellets were resuspended in ice-cold lysis
buffer containing protease and phosphatase inhibitors [25 mM HEPES,
pH 7.4, 500 mM NaCl, 2 mM EDTA, 1 mM DTT, 1 mM phenylmethyl
sulfonyl fluoride (PMSF), 20 mM NaF, 1 mM sodium orthovanadate, 10
mM sodium pyrophosphate, 1 �M microcystin-LF, 1 �M okadaic acid, 1�
protease inhibitor mixture (EMD Biosciences, San Diego, CA), and 0.1%
Nonidet P-40 (v/v)] and homogenized rapidly by sonicating for 5 s. A
brief centrifugation was performed, and the supernatant fraction was
used for further studies. Total protein concentration of the supernatant
was determined by the Lowry method (Lowry et al., 1951). Samples were
aliquoted (�15 aliquots per rat) and stored at �80°C for future analysis.

Western blotting. Samples (20 –30 �g of total protein/lysate) were
loaded and electrophoresed on 4 –15% Tris-HCl (Bio-Rad, Hercules,
CA) or 3– 8% Tris acetate (Invitrogen, Carlsbad, CA) gradient gels under
reducing conditions, and proteins were transferred onto polyvinylidene
fluoride (PVDF) membranes for immunoblotting. Membranes were
washed in double-distilled H2O (ddH2O) and blocked with either 1%
goat serum/5% nonfat dry milk or 3% bovine serum albumin in TBS-
Tween 20 (TBS-T), pH 7.4, for 1 h at room temperature. Membranes
were then incubated overnight at 4°C with antibodies to AMPAR sub-
units (GluR1, immunogen sequence: SHSSGMPLGATGL, C terminus,
1:500; GluR2, immunogen sequence: AMLVALIEFCYKSRAE, C termi-
nus, 1:2000; GluR3, immunogen sequence: GFTDIVLERVMHGGAN-
ITGFQIVNNENPMVQQFIQRWVRLDEREFPEAKNAPLKYTSALTH-
DAILVIAEAFRYLRRQRVDVSRRGSAGDCLANPAVPWSQGIDIERA-
LKMVQVQGMTGNIQFDTYGRRTNYTIDVYEMKVSGSRKAGYWN-
EYERFVPFSDQQISNDSSSSENRTIVVTTILESPYVMYKKNHEQLEG-
NERYEGYCVD, N terminus, 1:500; all Millipore, Billerica, MA). Other
membranes were incubated overnight with phospho-specific antibodies
recognizing activated forms of ERK, p38 MAP kinase (p38), or JNK and
then stripped (62.5 mM Tris-HCl, pH 6.7, 100 mM �-mercaptoethanol,
and 2% SDS) before probing with phosphorylation-independent anti-
bodies to ERK, p38, or JNK [pERK1/2, 1:10,000; total ERK1/2, 1:20,000
(Millipore); p-p38, 1:10,000; total p38, 1:10,000; p-JNK, 1:5000; total
JNK, 1:5000 (Cell Signaling, Danvers, MA)]. Membranes were washed
extensively with TBS-T solution, incubated for 60 min with HRP-
conjugated anti-rabbit or anti-mouse IgG (1:10,000; Millipore), and
washed extensively again in TBS-T. Membranes were then rinsed with
ddH2O, immersed in chemiluminescence (ECL) detecting substrate (GE
Healthcare, Piscataway, NJ) for 30 s to 5 min (depending on the anti-
body), and exposed to HyperFilm ECL film. The diffuse densities of
surface (S) and intracellular (I) bands in each lane were determined using
TotalLab (Nonlinear Dynamics, Newcastle, UK). Total protein in each
lane was determined by staining membranes with Ponceau S (Sigma-
Aldrich, St. Louis, MO). A potential concern is that cross-linking might
interfere with immunodetection of the surface band, preventing accurate
determination of the S/I ratio. We ruled this out by comparing identical
amounts of cross-linked and non-cross-linked tissue probed with anti-
bodies to GluR1, GluR2, or GluR3. For each subunit, the sum of the
density of surface and intracellular bands in the cross-linked tissue was
equal to the density of the single subunit band in the non-cross-linked
tissue (data not shown). This demonstrates that all subunits in the tissue
were detected after cross-linking.

Coimmunoprecipitation. Two micrograms of GluR1 antibody, GluR2
antibody, or rabbit IgG (Millipore) were bound to 10 �g of protein A/G
Plus-agarose beads (Pierce Biotechnology) by end-over-end mixing for
4 h at 4°C. After washing away the unbound antibody, 100 �l of NAc
whole-cell lysate prepared in RIPA (radioimmunoprecipitation) assay
buffer [50 mM Tris-HCl, pH 7.4, 1% NP-40, 0.25% Na-deoxycholate, 150
mM NaCl, 1 mM EDTA, 1 mM PMSF, 1� protease inhibitor mixture
(EMD Biosciences), 1 mM Na3VO4, and 1 mM NaF] was added for an
overnight incubation at 4°C. The samples were then centrifuged, the
supernatant (unbound fraction) was removed, and the beads were
washed three times in ice-cold TBS-Triton [150 mM NaCl, 50 mM Tris-
HCl, pH 7.5, and 0.1% (v/v) Triton X-100]. The beads (bound fraction)
were then resuspended in reducing sample treatment buffer (STB) and
gently heated for 30 min at 37°C. A second round of immunoprecipita-
tion was performed by adding the supernatant to a separate tube of
antibody-conjugated protein A/G beads. Two rounds of immunopre-
cipitation resulted in a pull-down of �95% of the target proteins. After
completion of the second round, supernatants were collected and mixed
with reducing STB followed by heating for 30 min at 37°C. The A/G beads
from the second round were washed three times in ice-cold TBS-Triton,
resuspended in reducing STB, and gently heated for 30 min at 37°C. The
two bound fractions were not used for determination of the extent of
coimmunoprecipitation because confounding factors, such as incom-
plete recovery of proteins from the A/G resin, prevent quantitative anal-
ysis of these fractions (Wenthold et al., 1996). Instead, proteins in the
unbound fractions were separated by 4 –15% discontinuous SDS-PAGE
and transblotted to PVDF membranes for immunoblotting.

Data analysis. Two-way ANOVA with time as the repeated measure
was used to compare locomotor activity counts on days 1 and 7 of be-
havioral trials. Individual time points were compared between days using
a post hoc Tukey test. For Western blots, measurements of S, I, and S � I
were normalized to total protein in the lane, determined with Ponceau S
staining (above), to control for variation in loading. These values and S/I
(which is independent of protein loading) were normalized to saline
control values. Similarly, phospho-MAPK/total MAPK, phospho-
MAPK/total lane protein, and total MAPK/total lane protein in cocaine
rats were normalized to saline control values. Spearman rank order was
used for correlational analysis of proteins of interest. For immunopre-
cipitation studies, we determined the amount of GluR1 or GluR2 in the
unbound fraction after immunoprecipitation with anti-GluR1, anti-
GluR2, or control IgG and expressed the results as a percentage of the IgG
unbound fraction. For example, if the amount of GluR2 in the unbound
fraction after immunoprecipitation with anti-GluR1 was �40% of the
GluR2 in the unbound fraction after immunoprecipitation with control
IgG, we concluded that �60% of GluR2 had been associated with GluR1.
Differences between groups were determined using ANOVA followed by
a post hoc Tukey test. Significance was set at p � 0.05.

Results
Assessment of behavioral sensitization
Experimental design is shown in Figure 1A. First, all rats in the
study received seven daily injections of saline or cocaine. Behav-
ioral results from injection day 1, injection day 7, and withdrawal
day 14 are shown in Figure 1B–E. As expected from previous
studies using this regimen (Pierce et al., 1996; Churchill et al.,
1999; Boudreau and Wolf, 2005), approximately one-half of
cocaine-treated rats developed behavioral sensitization (Fig. 1B),
based on the ratio of locomotor activity counts on the last and
first days of cocaine treatment (day 7/day 1; for more details, see
Materials and Methods). Some of the saline-treated rats, cocaine-
sensitized rats, and cocaine-nonsensitized rats were killed for bio-
chemical analysis after 14 d of withdrawal (SAL-WD, SENS-WD,
and NON-WD groups, respectively). Other rats were challenged
with saline or cocaine on day 14 of withdrawal to generate five
additional experimental groups (SAL-SAL, SENS-COC, SENS-
SAL, NON-COC, and NON-SAL). Rats in the SAL-WD and SAL-
SAL groups exhibited similar activity levels on day 1 and day 7,
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indicating no significant behavioral differ-
ence between these two control groups
(Fig. 1C).

The behavioral response of repeated
cocaine and saline groups to a challenge
injection of cocaine on withdrawal day 14
is shown in Figure 1D. The same rats that
were classified as sensitized on day 7 also
expressed sensitization on withdrawal day
14. The behavioral response to a challenge
injection of saline on withdrawal day 14 is
shown in Figure 1E. Both SENS-SAL and
NON-SAL rats exhibited significantly
higher activity counts than SAL-SAL rats,
indicating that all cocaine-treated rats as-
sociated the activity box and injection pro-
cess with prior cocaine injections and
therefore expressed conditioned locomo-
tion. It is not surprising that this was ob-
served for nonsensitized as well as sensi-
tized rats, because all cocaine-treated rats,
regardless of whether they ultimately sen-
sitize or not, respond to each cocaine in-
jection in the test environment with en-
hanced locomotor activity and therefore
learn similar associations between cocaine
and the test environment. There was no
significant correlation between the magni-
tude of behavioral sensitization (day 7/day
1 or withdrawal day 14/day 1 ratios) and
conditioned locomotion for individual
rats (data not shown), consistent with our
previous report (Hotsenpiller and Wolf,
2002).

GluR1 and GluR2 subunits redistribute
to the cell surface during cocaine
withdrawal but internalize after
cocaine challenge
A protein cross-linking assay (Boudreau
and Wolf, 2005) was used to compare the
distribution of the AMPAR subunits
GluR1–3 in saline- and cocaine-treated
rats. Briefly, NAc tissue was removed and
cross-linked with BS 3, a membrane-
impermeant protein cross-linking agent.
BS 3 selectively cross-links cell surface (S)
proteins, forming high-molecular-weight
aggregates. Intracellular (I) proteins are

Figure 2. GluR1 S levels and S/I ratios are increased in sensitized rats after 14 d of withdrawal but decreased 24 h after a cocaine
or saline challenge. A, GluR1 S/I ratio. B, GluR1 S levels normalized to total protein in the lane (S/total protein). C, GluR1 I levels
normalized to total protein in the lane (I/total protein). D, GluR1 total protein levels normalized to total protein in the lane [(S �
I)/total protein]. Data (mean � SEM) are normalized to SAL-SAL controls and represent the sum of four independent experiments
(2 withdrawal only and 2 withdrawal plus challenge). Data to the left of the x-axis break represent values from withdrawal-only

4

groups. Data to the right of the x-axis break represent values
from withdrawal-plus-challenge groups. SAL-SAL (n � 12–
15; each group), SAL-WD (n � 14 –16), SENS-WD (n � 14 –
16), NON-WD (n � 16 –18), SENS-COC (n � 12), SENS-SAL
(n � 7–9), NON-COC (n � 12–14), and NON-SAL (n � 11–
13) are shown. Significant differences between withdrawal
and withdrawal plus challenge are indicated by brackets:
*p � 0.05; **p � 0.01. Comparisons among withdrawal
groups or withdrawal-plus-challenge groups: *p � 0.05, sig-
nificantly different from saline control groups (SAL-SAL and
SAL-WD) and NON-WD group; #p � 0.05, significantly differ-
ent from SAL-SAL group. E, Representative immunoblots.
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not modified and thus retain their normal mo-
lecular weight. This enables S and I pools of a
particular protein to be distinguished by SDS-
PAGE and Western blotting. A measure of total
receptor subunit protein is obtained by sum-
ming S � I.

Results for GluR1 are shown in Figure 2. Rats
treated repeatedly with cocaine or saline and
killed after 14 d of withdrawal (without chal-
lenge) are shown on the left side of the x-axis
break in Figure 2. SENS-WD rats had higher
GluR1 S/I and S values than SAL-WD or
NON-WD rats, indicating redistribution of
GluR1 from intracellular to cell surface com-
partments in the NAc of sensitized rats (Fig.
2A,B). This is not surprising, because both
shorter (7 d) and longer (21 d) periods of with-
drawal from the same cocaine regimen were as-
sociated with a significant elevation in the GluR1
S/I ratio in the NAc of cocaine-sensitized rats
(Boudreau and Wolf, 2005, 2006). It should be
noted that the GluR1 S/I ratio was not elevated in
cocaine-sensitized rats killed after 1 d of with-
drawal, a time point when locomotor sensitiza-
tion was evident (Boudreau and Wolf, 2005).
Thus, AMPAR upregulation is not a require-
ment for locomotor sensitization (see
Discussion).

GluR1 analysis from rats given a challenge
injection on withdrawal day 14 and killed 24 h
later is shown on the right side of the x-axis break
in Figure 2. Sensitized rats received a saline or
cocaine challenge (SENS-SAL and SENS-COC,
respectively), nonsensitized rats received a saline
or cocaine challenge (NON-SAL and NON-
COC, respectively), and saline-treated rats re-
ceived a saline challenge (SAL-SAL). Two SAL-
SAL groups were run as part of the experiment
depicted in Figure 2. One SAL-SAL group was
run and analyzed with the withdrawal-only
groups (left side of axis break), and one SAL-SAL
group was run and analyzed with the challenge
groups (right side of axis break). This enabled
SAL-SAL rats to serve as an internal control. Ac-
cordingly, all withdrawal and challenge groups
are normalized to their respective SAL-SAL con-
trol group.

SENS-COC rats had significantly decreased
S/I and S values for GluR1 compared with
SENS-WD rats (Fig. 2A,B). GluR1 S/I values in
SENS-COC rats were also significantly decreased
compared with SAL-SAL rats (Fig. 2A). This in-
dicates that cocaine challenge not only reversed
the increase in GluR1 surface expression that oc-
curred during cocaine withdrawal, but brought
the S/I ratio below control levels. In saline-
treated rats, there were no differences between S,
I, and S/I values between SAL-WD and SAL-SAL
groups, indicating that saline challenge on with-
drawal day 14 had no effect on GluR1 distribu-
tion. Interestingly, however, SENS-SAL rats had
GluR1 S/I ratios significantly lower than both the
SENS-WD and SAL-SAL groups. The SENS-SAL

Figure 3. GluR2 S levels and S/I ratios are increased in sensitized rats after 14 d of withdrawal but decreased 24 h after
a cocaine or saline challenge. A, GluR2 S/I ratio. B, GluR2 S levels normalized to total protein in the lane (S/total protein).
C, GluR2 I levels normalized to total protein in the lane (I/total protein). D, GluR2 total protein levels normalized to total
protein in the lane [(S � I)/total protein]. Data (mean � SEM) are normalized to SAL-SAL controls and represent the sum
of four independent experiments (2 withdrawal only and 2 withdrawal plus challenge). Data to the left of the x-axis break
represent values from withdrawal-only groups. Data to the right of the x-axis break represent values from withdrawal-
plus-challenge groups. SAL-SAL (n � 12–15; each group), SAL-WD (n � 14 –16), SENS-WD (n � 14 –16), NON-WD
(n � 16 –18), SENS-COC (n � 12), SENS-SAL (n � 7–9), NON-COC (n � 12–14), and NON-SAL (n � 11–13) are shown.
Significant differences between withdrawal and withdrawal plus challenge are indicated by brackets: *p � 0.05; **p �
0.01. Comparisons among withdrawal groups: *p � 0.05, significantly different from saline control groups (SAL-SAL and
SAL-WD). E, Representative immunoblots.
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and SENS-WD groups were subjected to
identical cocaine treatment and with-
drawal, with the exception of the saline
challenge on withdrawal day 14. There-
fore, we conclude that the saline challenge
was responsible for producing GluR1 in-
ternalization in the SENS-SAL group. We
speculate that this is associated with ex-
pression of conditioned locomotion in
this group. However, this raises the ques-
tion of why saline challenge did not pro-
duce GluR1 internalization in the NON-
SAL group (Fig. 2A), because these rats
also exhibited conditioned locomotion
(Fig. 1E). The SENS-SAL group differed
from the NON-SAL group in that AMPAR
surface expression increased during with-
drawal in the former group only. Thus, on
withdrawal day 14, before the saline chal-
lenge, the SENS-SAL group was starting
from a higher level of AMPAR surface ex-
pression than the NON-SAL group. Per-
haps the new surface-expressed receptors
in sensitized rats have properties that
make them more prone to internalize in
response to saline challenge. Alternatively,
there may be some internalization occur-
ring in both groups, but because AMPAR
surface expression starts from a higher
level in the SENS-SAL group, the decrease
in the S/I ratio in response to saline chal-
lenge is detectable with our assay, whereas
the decrease is below the limit of detection
for the NON-SAL group. Possible mecha-
nisms by which saline challenge alters
AMPAR distribution are addressed in
Discussion.

Although S and S/I values increased
significantly for SENS-WD rats, there
were no significant changes in I or S � I,
raising the question of where the addi-
tional surface receptors come from. Three
additional analyses of these data indicated
that small changes in I and S � I, although
they did not reach statistical significance,
together contributed to the observed in-
creases in S and S/I values. First, there was
a modest (�20%) increase in S � I for
GluR1 in sensitized rats. Although it did
not reach statistical significance when all
experimental groups were compared by
ANOVA (Fig. 2D, left of axis break), S � I

Figure 4. Distribution of GluR3 is unchanged after 14 d of withdrawal and after withdrawal plus challenge. A, GluR3 S/I ratio.
B, GluR3 S levels normalized to total protein in the lane (S/total protein). C, GluR3 I levels normalized to total protein in the lane
(I/total protein). D, GluR3 total protein levels normalized to total protein in the lane [(S � I)/total protein]. Data (mean � SEM)
are normalized to SAL-SAL controls and represent the sum of four independent experiments (2 withdrawal only and 2 withdrawal

4

plus challenge). Data to the left of the x-axis break represent
values from withdrawal-only groups. Data to the right of the
x-axis break represent values from withdrawal-plus-
challenge groups. SAL-SAL (n � 12–15; each group),
SAL-WD (n � 14 –16), SENS-WD (n � 14 –16), NON-WD
(n � 16 –18), SENS-COC (n � 12), SENS-SAL (n � 7–9),
NON-COC (n � 12–14), and NON-SAL (n � 11–13) are
shown. ANOVA revealed no significant differences. E, Repre-
sentative immunoblots.
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was significantly higher when sensitized rats and saline controls
were compared with a t test ( p � 0.05), consistent with a previous
report using this same cocaine regimen (Churchill et al., 1999).
Next, we used Spearman rank order to test whether the increase
in GluR1 surface expression for individual cocaine-sensitized rats
was paralleled by a decrease in GluR1 intracellular levels. This
analysis revealed a trend toward an inverse relationship between
S and I values for GluR1 (r � �0.320; p � 0.39), indicating that

increased S and S/I values may be attribut-
able, at least in part, to a shift of GluR1
from I to S compartments. Finally, we ex-
amined relationships between GluR1 pa-
rameters after separating S values for
cocaine-sensitized rats into quartiles. In
the upper quartile of rats, defined based on
highest S values, I levels were decreased by
25%, whereas GluR1 total protein expres-
sion (S � I) was increased 35%. These re-
sults indicate that both a shift from intra-
cellular compartments (decreased I) and
an increase in GluR1 total protein (in-
creased S � I) contributed to the observed
increase in surface GluR1 levels in sensi-
tized rats. We speculate that a similar ex-
planation (small changes in I or S � I for
individual rats both contributed, although
neither reached statistical significance in
between-group analyses) accounts for lack
of significant changes in I or S � I in con-
junction with decreased GluR1 surface ex-
pression after cocaine challenge.

Other aliquots of tissue from each rat
were subjected to SDS-PAGE and Western
blotting using antibodies to GluR2 or
GluR3 subunits. For GluR2, we observed
results similar to those obtained for
GluR1. SENS-WD rats had higher GluR2
S/I and S values than SAL-WD rats, indi-
cating redistribution of GluR2-containing
AMPARs from intracellular to cell surface
compartments (Fig. 3A,B). SENS-COC
and SENS-SAL rats had significantly de-
creased GluR2 S/I and S values compared
with SENS-WD rats (Fig. 3A,B), indicat-
ing that either challenge produced GluR2
internalization in sensitized rats. How-
ever, saline challenge did not alter GluR2
distribution in saline-treated rats, because
SAL-SAL and SAL-WD groups did not
differ. When samples from the same rats
were immunoblotted for GluR3, we ob-
served no differences between any of the
groups for any GluR3 measure (S/I, S, I, or
S � I) (Fig. 4).

As was the case for GluR1, redistribu-
tion of GluR2 in the experimental groups
shown in Figure 3, A and B, occurred in
the absence of significant changes in I or S
� I values (Fig. 3C,D). It is likely that the
explanation for this is similar to that
presented above for GluR1, although in
the case of GluR2 there was no trend
toward an increase in S � I, either when

analyzed by ANOVA or by t test comparing SAL-WD and
SENS-WD rats (data not shown). Unfortunately, analysis of
the relationship between S and I values for GluR2 is compli-
cated by the presence of GluR2 in both GluR1/2- and GluR2/
3-containing AMPARs (see below). Our results suggest that
these populations respond differently in cocaine-sensitized
rats: GluR1/2 receptors redistribute (Figs. 2, 3), whereas
GluR3-containing receptors do not (Fig. 4).

Figure 5. ERK2 phosphorylation is increased after 14 d of withdrawal but not 24 h after a cocaine or saline challenge. A,
Phospho-ERK2 normalized to total ERK2 protein (pERK2/total ERK2). B, Phospho-ERK2 normalized to total protein in the lane
(pERK2/total protein). C, Total ERK2 levels normalized to total protein in the lane (ERK2/total protein). Data (mean � SEM) are
normalized to SAL-SAL controls and represent the sum of four independent experiments (2 withdrawal only and 2 withdrawal plus
challenge). Data to the left of the x-axis break represent values from withdrawal-only groups. Data to the right of the x-axis break
represent values from withdrawal-plus-challenge groups. SAL-SAL (n � 12–15; each group), SAL-WD (n � 14 –16), SENS-WD
(n � 14 –16), NON-WD (n � 16 –18), SENS-COC (n � 12), SENS-SAL (n � 7–9), NON-COC (n � 12–14), and NON-SAL (n �
11–13) are shown. Significant differences between withdrawal and withdrawal plus challenge are indicated by brackets: *p �
0.05. Comparisons among withdrawal groups: *p � 0.05, significantly different from saline control groups (SAL-SAL and SAL-
WD). D, Representative immunoblots.
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ERK, JNK, and p38 activation state
during withdrawal and after
challenge injections
ERK, p38 MAPK, and JNK have been im-
plicated in AMPAR trafficking during syn-
aptic plasticity in the hippocampus. ERK
activation may mediate synaptic insertion
of AMPARs during LTP (Zhu et al., 2002),
whereas JNK activation is implicated in
AMPAR synaptic removal during depo-
tentiation (Zhu et al., 2005). p38 activa-
tion is implicated in AMPAR removal dur-
ing some forms of LTD (Zhu et al., 2002;
Huang et al., 2004) (but see Brown et al.,
2005), whereas decreased p38 activity is
associated with AMPAR insertion during
LTP (Krapivinsky et al., 2004).

To determine whether these MAPKs
are involved in AMPAR redistribution af-
ter cocaine treatment, their phosphoryla-
tion state was determined in aliquots of
NAc tissue from the same rats used to
measure AMPAR distribution. As in pre-
vious figures, rats that were treated repeat-
edly with cocaine or saline and killed after
14 d of withdrawal are shown on the left
side of the axis break, whereas rats chal-
lenged with saline or cocaine after 14 d of
withdrawal and killed 24 h later are shown
on the right side of the axis break (Figs.
5–7). SENS-WD rats exhibited signifi-
cantly higher ERK2 phosphorylation
(pERK2/total ERK2 and pERK2/total pro-
tein) than SAL-WD rats (Fig. 5A,B). This
increase in ERK2 phosphorylation oc-
curred in the absence of changes in total
ERK2 protein (Fig. 5C). In SENS-COC or
SENS-SAL rats, levels of ERK2 phosphor-
ylation were not significantly different
from SAL-SAL controls, indicating that a
single cocaine or saline challenge reversed
the increase in ERK2 phosphorylation that
had developed during withdrawal (Fig.
5A,B). ERK2 phosphorylation did not
correlate with AMPAR S/I ratios for indi-
vidual rats in SENS-WD, SENS-COC, or
SENS-SAL groups, although there was a
positive correlation in saline controls
(data not shown). Thus, although ERK2
phosphorylation parallels AMPAR S/I ra-
tios in the NAc of sensitized rats, the rela-
tionship is likely indirect and different
from the relationship that exists in control
rats. No differences in ERK1 phosphoryla-
tion or total protein were observed be-
tween any experimental groups (data not
shown). In the only other study to examine ERK phosphorylation
in the NAc during withdrawal from repeated cocaine injections,
ERK1 and ERK2 were quantified together and measured on day 7
of withdrawal (Mattson et al., 2005). No differences between sa-
line and cocaine groups were apparent after withdrawal only, but
cocaine rats showed greater ERK phosphorylation 20 min after
cocaine challenge. This is difficult to compare with our study, in

which ERK1 and ERK2 were quantified separately either after
14 d of withdrawal or 24 h after cocaine challenge.

JNK proteins, also known as stress-activated protein kinases
(SAPKs), are the products of three genes, JNK1/SAPK�, JNK2/
SAPK�, and JNK3/SAPK�. Transcripts from each gene undergo
alternative splicing, resulting in proteins with molecular weights
of �55 kDa (p54) and �46 kDa (p46) (Davis, 2000). In the

Figure 6. JNK p54 phosphorylation is increased in sensitized rats after 14 d of withdrawal, whereas total protein levels of JNK
p54 are increased 24 h after a cocaine challenge. A, Phospho-p54 normalized to total p54 protein (p-p54/total p54). B, Phospho-
p54 normalized to total protein in the lane (p-p54/total protein). C, Total p54 levels normalized to total protein in the lane
(p54/total protein). Data (mean � SEM) are normalized to SAL-SAL controls and represent the sum of four independent experi-
ments (2 withdrawal only and 2 withdrawal plus challenge). Data to the left of the x-axis break represent values from withdrawal-
only groups. Data to the right of the x-axis break represent values from withdrawal-plus-challenge groups. SAL-SAL (n � 12–15;
each group), SAL-WD (n � 14 –16), SENS-WD (n � 14 –16), NON-WD (n � 16 –18), SENS-COC (n � 12), SENS-SAL (n � 7–9),
NON-COC (n � 12–14), and NON-SAL (n � 11–13) are shown. Significant differences between withdrawal and withdrawal plus
challenge are indicated by brackets: *p � 0.05; **p � 0.01. Comparisons among withdrawal or withdrawal-plus-challenge
groups: **p � 0.01, significantly different from saline control groups (SAL-SAL and SAL-WD) and NON-WD group; #p � 0.05,
significantly different from SAL-SAL group. D, Representative immunoblots.
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caudate–putamen of the adult mouse, JNK3 protein is the most
abundant (Lee et al., 1999). Results for p54 and p46 are shown in
Figures 6 and 7, respectively. We observed significant increases in
phosphorylation of both p54 and p46 (phospho-p54/total p54
and phospho-p46/total p46) in SENS-WD rats compared with
SAL-WD rats (Figs. 6A, 7A). The increases in these ratios ap-
peared to reflect small increases in the numerator (phospho-p54

and phospho-p46 levels) (Figs. 6B, 7B)
and small decreases in the denominator
(p54 and p46 protein levels) (Figs. 6C,
7C). In SENS-COC rats, a pronounced de-
crease in the ratios of phospho-p54/total
p54 and phospho-p46/total p46 was ob-
served compared with SENS-WD rats
(Figs. 6A, 7A). This decrease in the ratio
was attributable to a robust increase in to-
tal levels of p54 and p46 after cocaine chal-
lenge (Figs. 6C, 7C). Thus, when phospho-
p54 and phospho-p46 were normalized to
total protein in the lane (Figs. 6B, 7B),
only a small change in phospho-p54 and
no change in phospho-p46 were observed
in the SENS-COC group. These data are
difficult to interpret, because we do not
know the relationship between regulation
of JNK protein levels and JNK phosphor-
ylation. As discussed below, analysis of
JNK phosphorylation for individual rats
in the SENS-COC group provided more
interpretable information. Phospho-p54/
total p54 was also decreased in SENS-SAL
rats compared with the SENS-WD group,
but the ratio did not decrease below con-
trol levels, and it was not associated with a
significant change in total p54 protein
(Fig. 6A–C).

Because S/I ratios for both GluR1 and
GluR2 were significantly decreased by co-
caine and saline challenge in cocaine-
sensitized rats and JNK phosphorylation is
implicated in AMPAR synaptic removal
(Zhu et al., 2005), we used Spearman rank
order to test for correlations between
GluR1 and GluR2 S/I ratios and JNK mea-
sures for individual rats in the SENS-COC
and SENS-SAL groups, as well as the
SENS-WD group. This analysis revealed a
significant inverse relationship between
the GluR1 S/I ratios and p54 phosphoryla-
tion (Fig. 8A) and a trend toward a similar
relationship between GluR2 S/I ratios and
p54 phosphorylation (Fig. 8C) in the
SENS-COC group. Tests comparing
GluR1 and GluR2 S/I ratios to p46 param-
eters in this same group yielded similar re-
sults. GluR2 S/I ratios had a significant in-
verse relationship to p46 phosphorylation
(Fig. 8D), whereas GluR1 S/I ratios tended
toward the same relationship (Fig. 8B).
These findings are not necessarily at odds
with results shown in Figures 6 and 7, in-
dicative of increased total JNK and no
change in phospho-JNK/total protein af-

ter cocaine challenge, because these data do not rule out increased
JNK phosphorylation in cellular compartments key for AMPAR
redistribution. Additional tests were conducted to determine
whether the same inverse relationship between AMPAR S/I ratios
and JNK phosphorylation existed in the SENS-WD group, in
which GluR1/2 surface expression was increased. We found no
significant relationships between the magnitude of AMPAR S/I

Figure 7. JNK p46 phosphorylation is increased in sensitized rats after 14 d of withdrawal, whereas total protein levels of JNK
p46 are increased 24 h after a cocaine challenge. A, Phospho-p46 normalized to total p46 protein (p-p46/total p46). B, Phospho-
p46 normalized to total protein in the lane (p-p46/total protein). C, Total p46 levels normalized to total protein in the lane (total
p46/total protein). Data (mean � SEM) are normalized to SAL-SAL controls and represent the sum of four independent experi-
ments (2 withdrawal only and 2 withdrawal plus challenge). Data to the left of the x-axis break represent values from withdrawal-
only groups. Data to the right of the x-axis break represent values from withdrawal-plus-challenge groups. SAL-SAL (n � 12–15;
each group), SAL-WD (n � 14 –16), SENS-WD (n � 14 –16), NON-WD (n � 16 –18), SENS-COC (n � 12), SENS-SAL (n � 7–9),
NON-COC (n � 12–14), and NON-SAL (n � 11–13) are shown. Significant differences between withdrawal and withdrawal plus
challenge are indicated by brackets: **p � 0.01. Comparisons among withdrawal-only groups: *p � 0.05, significantly different
from saline control groups (SAL-SAL and SAL-WD) and NON-WD group. Comparisons among withdrawal-plus-challenge groups:
#p � 0.05, relative to SAL-SAL and SENS-SAL groups; ##p � 0.01, relative to SAL-SAL, SENS-SAL, NON-COC, and NON-SAL groups.
D, Representative immunoblots.
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ratios and JNK phosphorylation (data not shown). Finally, no
significant relationships between GluR1 or GluR2 S/I ratios and
p54 or p46 parameters (phospho-p54 or phospho-p46/total p54
or p46; phospho-p54 or phospho-p46/total protein; total p54 or
p46/total protein) were found in SENS-SAL rats (data not
shown).

The final MAPK examined was p38. We observed no signifi-
cant differences in the phosphorylation or total levels of p38 be-
tween SAL-WD, SENS-WD, and NON-WD rats (Fig. 9A–C).
However, a significant increase in p38 phosphorylation (phos-
pho-p38/total protein) was observed in SENS-SAL rats com-
pared with SAL-SAL and SENS-WD rats. Interestingly, there was
no significant increase in p38 phosphorylation in SENS-COC rats
(Fig. 9B). Total protein levels of p38 were also increased in the
SENS-SAL group compared with the SENS-WD group, although
the SENS-SAL group did not differ significantly from SAL-SAL
controls (Fig. 9C). Analysis of correlations with Spearman rank
order revealed a near significant inverse relationship between p38
phosphorylation and GluR1 S/I ratios in the SENS-SAL group,
indicating that the higher the p38 phosphorylation is, the lower
the GluR1 surface expression is (r � �0.90; p � 0.08; data not
shown). This result is of particular interest, because p38 is the
only MAPK kinase examined that displayed a significant effect
specific to cocaine-sensitized rats that received a saline challenge
injection.

Correlations between S/I ratios for AMPAR subunits during
withdrawal and after challenge injections
Results from cross-linking experiments indicated that GluR1 and
GluR2 subunits both redistribute to the cell surface during co-

caine withdrawal and redistribute to intracellular compartments
after cocaine challenge. The simplest explanation for these results
is that GluR1/2-containing AMPARs are responding to cocaine.
This possibility is supported by positive correlations between S/I
ratios for GluR1 and GluR2 in cocaine-treated rats subjected to
withdrawal only (Fig. 10A) or withdrawal plus cocaine challenge
(Fig. 10B). All cocaine-treated rats were included in these analy-
ses, regardless of whether they sensitized. We also tested the cor-
relation between S/I ratios for GluR1 and GluR2 after separating
rats in Figure 10, A and B, into sensitized and nonsensitized co-
horts. For rats subjected to withdrawal but no challenge (Fig.
10A), the significant positive correlation between GluR1 and
GluR2 S/I ratios remained for NON-WD rats (Fig. 10C) but was
no longer significant for SENS-WD rats (Fig. 10D). For rats sub-
jected to withdrawal plus cocaine challenge, a positive correlation
between GluR1 and GluR2 S/I ratios was obtained for both sen-
sitized rats (r � 0.78; p � 0.01) and nonsensitized rats (r � 0.79;
p � 0.01). There was also a significant positive correlation be-
tween GluR1 and GluR2 S/I ratios for saline-treated rats
(SAL-WD and SAL-SAL groups were combined for this analysis;
r � 0.45; p � 0.01).

One possible explanation for loss of the correlation be-
tween GluR1 and GluR2 S/I ratios in the SENS-WD group is
related to selective changes in GluR1/2- versus GluR2/3-
containing AMPARs in the NAc. Because GluR2 is contained
in both GluR1/2- and GluR2/3-type AMPARs, the GluR2 S/I
ratio is actually a mixed measure of the distribution of these
two receptor populations. In rats that do not undergo AMPAR
redistribution during withdrawal (SAL-WD or NON-WD),
there is apparently a correlation between GluR1 and GluR2
regardless of the mixed GluR2 signal, perhaps because
GluR1/2 and GluR2/3 receptors are similarly distributed be-
tween S and I pools. Selective redistribution of GluR1/2 recep-
tors in sensitized rats would alter the relationship between
GluR1 distribution and the portion of the GluR2 signal con-
tributed by GluR2/3 receptors.

In our previous study, conducted after 21 d of withdrawal, we
reported a significant correlation for cocaine-treated rats be-
tween S/I ratios obtained with GluR1 antibody and antibody rec-
ognizing both GluR2 and GluR3 subunits (Boudreau and Wolf,
2005). This is not necessarily at odds with the present study
(which found no correlation between GluR1 and GluR2 S/I ratios
in sensitized rats), because the correlation reported by Boudreau
and Wolf (2005) could have reflected a relationship between
GluR1 and GluR3. To examine this possibility, we compared S/I
ratios between GluR1 and GluR3 in cocaine-sensitized, cocaine-
nonsensitized, and saline-treated rats on withdrawal day 21 (tis-
sue from Boudreau and Wolf, 2005) and on withdrawal day 14
(tissue from the present study). Spearman rank-order analysis of
tissue from both withdrawal times revealed a significant positive
relationship between GluR1 and GluR3 S/I ratios in cocaine-
sensitized but not saline-treated or nonsensitized rats (Fig. 11A–
F). These results suggest a sensitization-specific increase in asso-
ciation between GluR1 and GluR3 subunits that persists during
late withdrawal.

AMPAR subunit composition
As described above, cross-linking results led us to hypothesize
that a major effect in the NAc of sensitized rats was increased
surface expression of GluR1/2-containing receptors. Other re-
sults in sensitized rats (tendency toward increased total protein
levels of GluR1 but not GluR2 or GluR3; loss of correlation be-
tween GluR1 and GluR2 S/I ratios; and increased association

Figure 8. GluR1 and GluR2 S/I ratios are inversely proportional to JNK p54 and p46 phos-
phorylation in cocaine-sensitized rats 24 h after a cocaine challenge. A, Relationship between
phospho-p54 normalized to total protein in the lane (p-p54/total protein) and the GluR1 S/I
ratio after cocaine challenge in sensitized rats. B, Relationship between phospho-p46 normal-
ized to total protein in the lane (p-p46/total protein) and the GluR1 S/I ratio after cocaine
challenge in sensitized rats. C, Relationship between p-p54/total protein and the GluR2 S/I ratio
after cocaine challenge in sensitized rats. D, Relationship between p-p46/total protein and the
GluR2 S/I ratio after cocaine challenge in sensitized rats. r is the Spearman rank-order correla-
tion coefficient. We could not measure both parameters in some rats, because of technical
problems with one of the blots, accounting for a lower sample number in some of these analyses
than in behavioral analyses.
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between GluR1 and GluR3) might suggest an increase in GluR2-
lacking receptors in the NAc of sensitized rats. As a first step
toward evaluating both of these hypotheses, we conducted
immunoprecipitation studies to examine the subunit compo-
sition of AMPARs in the NAc of drug-naive rats. Tissue was
solubilized and immunoprecipitated with GluR1 or GluR2 an-
tibody. The unbound fraction that remained after immuno-
precipitation was immunoblotted for GluR1–3. Table 1 shows
that our immunoprecipitation protocol pulled down essen-

tially all of the target protein. For exam-
ple, after immunoprecipitation with
GluR1 antibody, �5% of GluR1 was
found in the unbound fraction. Immu-
noblotting for GluR2 and GluR3 re-
vealed that �40% of the GluR2 immu-
noreactivity and �90% of the GluR3
immunoreactivity was found in the un-
bound fraction, indicating that a sub-
stantial portion of the GluR2 and very
little of the GluR3 is in physical associa-
tion with GluR1. After immunoprecipi-
tation of GluR2, �5% of the GluR1 im-
munoreactivity and �5% of the GluR3
immunoreactivity was found in the un-
bound fraction, indicating that nearly all
of both GluR1 and GluR3 are in associ-
ation with GluR2 (Table 1). Together,
these data suggest that most AMPARs in
the NAc of naive rats are either GluR1/2
or GluR2/3, whereas �10% are homo-
meric GluR1 or GluR1/3.

To specifically examine whether
there was an increase in the abundance
of GluR2-lacking AMPARs in the NAc of
sensitized rats, we conducted a final
study in which NAc tissue was immuno-
precipitated with GluR2 antibody, leav-
ing GluR2-lacking receptors in the un-
bound fraction. This was confirmed by
showing that �2% of GluR2 immunore-
activity was detected when the unbound
fraction was immunoblotted with
GluR2 antibody (data not shown). By
immunoblotting the unbound fraction
with GluR1 antibody, we determined the
percentage of total AMPARs that con-
tained GluR1 but not GluR2 (that is, ei-
ther homomeric GluR1 or GluR1/3) for
three experimental groups: saline-
treated, cocaine-sensitized rats, and
nonsensitized rats. To obtain the tissue
for this analysis, three to four represen-
tative rats from each group were se-
lected, based on day 7 and day 1 activity
counts, from larger experimental groups
run specifically for these studies (re-
peated saline, n � 6; repeated cocaine,
n � 9). Tissue from naive rats was pro-
cessed in parallel. We found that GluR1-
containing, GluR2-lacking AMPARs
represented �10% of the total popula-
tion in all groups, confirming results in
Table 1. However, although our method

is not adequate for establishing group differences in this range
of values, it is interesting that there was a tendency toward
increased abundance of these receptors in cocaine-sensitized
rats (5, 11, and 14% for individual cocaine-sensitized rats)
compared with saline-treated controls (3, 3, 4, and 5% for
individual saline-treated rats) and nonsensitized rats (3, 4, and
6% for individual nonsensitized rats), supporting the idea that
sensitization may be accompanied by a small increase in NAc
levels of AMPARs that contain GluR1 but lack GluR2.

Figure 9. p38 phosphorylation is increased only after saline challenge in cocaine-sensitized rats. A, Phospho-p38 normalized to
total p38 protein (p-p38/total p38). B, Phospho-p38 normalized to total protein in the lane (p-p38/total protein). C, Total p38
levels normalized to total protein in the lane (p38/total protein). Data (mean � SEM) are normalized to SAL-SAL controls and
represent the sum of four independent experiments (2 withdrawal only and 2 withdrawal plus challenge). Data to the left of the
x-axis break represent values from withdrawal-only groups. Data to the right of the x-axis break represent values from
withdrawal-plus-challenge groups. SAL-SAL (n � 12–15; each group), SAL-WD (n � 14 –16), SENS-WD (n � 14 –16), NON-WD
(n � 16 –18), SENS-COC (n � 12), SENS-SAL (n � 7–9), NON-COC (n � 12–14), and NON-SAL (n � 11–13) are shown.
Significant differences between withdrawal and withdrawal plus challenge are indicated by brackets: *p � 0.05; **p � 0.01.
Significant differences among withdrawal-plus-challenge groups: #p � 0.05, relative to the SAL-SAL group. D, Representative
immunoblots.
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Discussion
Withdrawal and cocaine challenge have opposite effects on
AMPAR trafficking
We have shown that AMPARs in NAc neurons redistribute to the
cell surface during cocaine withdrawal in sensitized but not non-
sensitized rats. Thus, AMPAR subunit S/I ratios were increased
after withdrawal for 7 d (Boudreau and Wolf, 2006), 14 d (present
results), and 21 d (Boudreau and Wolf, 2005), but not 1 d (Bou-
dreau and Wolf, 2005). However, when sensitized rats were chal-
lenged with saline or cocaine, the AMPAR S/I ratio decreased,
indicating a reduction in cell surface expression. These results
confirm that discrepancies in the literature discussed in the In-
troduction are attributable to the effect of cocaine challenge. A
preliminary study reached the same conclusion using electro-
physiological approaches (Kourrich et al., 2006).

The increased AMPAR S/I ratio that occurs during withdrawal
could reflect either increased AMPAR insertion into the mem-
brane or a decrease in the rate of AMPAR removal. We favor the
former explanation because the increased AMPAR S/I ratio is
accompanied by ERK activation, which is associated with AM-
PAR insertion in the hippocampus (Zhu et al., 2002), and is also
accompanied by activation of other signaling pathways impli-
cated in AMPAR insertion (Boudreau and Wolf, unpublished
results). The decreased AMPAR S/I ratio after cocaine challenge
is likely to reflect AMPAR internalization, as discussed in detail
below.

AMPAR subunit composition
In sensitized rats, both GluR1 and GluR2 S/I ratios increased
during withdrawal. After cocaine challenge, both decreased sig-
nificantly compared with withdrawal levels. The GluR1 S/I ratio
was also significantly decreased compared with saline controls.
Similar results were found after saline challenge. The GluR3 S/I

ratio did not change significantly during withdrawal or challenge.
These results suggest that GluR1/2-containing AMPARs redis-
tribute in sensitized rats.

Supporting this, we conducted immunoprecipitation studies
in NAc tissue from naive rats and found that most AMPARs were
GluR1/2 or GluR2/3, whereas �10% were homomeric GluR1 or
GluR1/3. These results are similar to those obtained in hip-
pocampal tissue by Wenthold et al. (1996), although our results
are not as quantitative for several methodological reasons. Nev-
ertheless, they provide a useful estimate of the relative abundance
of AMPAR populations in the NAc.

We also estimated the prevalence of GluR2-lacking receptors
in sensitized, nonsensitized, and saline control rats after 14 d of
withdrawal, based on observations suggesting that they may con-
tribute to some cocaine effects (see Results). Although they rep-
resented �10% of the population in all groups, their prevalence
may increase slightly in sensitized rats. Thus, although the major
AMPAR adaptations during cocaine withdrawal and challenge
reflect redistribution of GluR1/2-containing AMPARs, addi-
tional investigation of minor shifts in subunit composition is
warranted. Interestingly, a very robust increase in GluR2-lacking
receptors occurred in the NAc in association with “incubation” of
cocaine craving during withdrawal from cocaine self-
administration (Conrad et al., 2006).

Functional significance of AMPAR redistribution
Increased AMPAR surface expression in the NAc of sensitized
rats is not responsible for locomotor sensitization, because rats
expressed sensitization before the increase in AMPAR surface
expression was observed (Boudreau and Wolf, 2005). Instead, we
speculated that increased AMPAR surface expression is impor-
tant for sensitization of incentive-motivational effects (Boudreau
and Wolf, 2005). This would explain the observation that prior
exposure to sensitizing regimens enhances the ability of intra-
NAc AMPA to reinstate drug-seeking behavior (Suto et al., 2004).
Under physiological conditions, drug seeking is not elicited by
AMPA injection, but rather by stress, a priming injection of co-
caine, or cocaine-conditioned cues. These stimuli trigger drug
seeking in part by activating limbic and cortical glutamate pro-
jections that terminate in the NAc (Kalivas and McFarland,
2003). This may occur more effectively in cocaine-sensitized rats
as a result of increased AMPAR surface expression on NAc
neurons.

The functional significance of AMPAR internalization in re-
sponse to cocaine challenge is less clear. Brebner et al. (2005)
blocked the expression of amphetamine sensitization with intra-
NAc injection of a peptide that prevents AMPAR internalization
and concluded that LTD-like effects are necessary for the behav-
ioral response. An alternative explanation is that after AMPARs
have been activated, internalization and subsequent recycling to
the surface is necessary for overcoming desensitization and en-
abling a prolonged response sufficient for motor activation. Ei-
ther theory is consistent with the ability of intra-NAc injection of
an AMPAR antagonist to block expression of cocaine sensitiza-
tion (Pierce et al., 1996). It is difficult to compare Brebner et al.
(2005) to the present results, because we find that withdrawal
from repeated amphetamine, unlike cocaine, is not associated
with increased AMPAR surface expression (Nelson et al., 2006).
Consistent with this, Li and Kauer (2004) observed no change in
LTP in NAc slices from rats treated with repeated amphetamine
and withdrawn for 8 –10 d. However, Li and Kauer (2004) used a
robust LTP protocol, whereas a study showing enhanced LTP

Figure 10. GluR1 and GluR2 S/I ratios are positively correlated in all cocaine rats subjected to
withdrawal, but the relationship is lost when sensitized rats subjected to withdrawal are ana-
lyzed separately. A, GluR1 S/I ratios versus GluR2 S/I ratios in all COC-WD rats. B, GluR1 S/I ratio
versus GluR2 S/I ratio in all COC-COC rats. C, GluR1 S/I ratios versus GluR2 S/I ratios in NON-WD
rats. D, GluR1 S/I ratios versus GluR2 S/I ratios in SENS-WD rats. r is the Spearman rank-order
correlation coefficient. For some rats, S/I ratio data were only obtained for one subunit (GluR1 or
GluR2), accounting for a lower sample number in some of these analyses than in behavioral
analyses.
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after repeated cocaine used a minimal tetanus protocol to probe
for changes in NAc cell responsiveness (Yao et al., 2004).

Cellular mechanisms underlying AMPAR redistribution
We speculated previously about mechanisms that trigger in-
creased AMPAR surface expression during cocaine withdrawal
(Boudreau and Wolf, 2005). The strongest hypothesis is that de-
creased glutamate transmission onto NAc neurons during co-
caine withdrawal (Goldstein and Volkow, 2002; Baker et al.,
2003) combined with decreased intrinsic excitability of NAc neu-
rons (Zhang et al., 1998, 2002; Hu et al., 2004) leads to a compen-
satory increase in postsynaptic AMPARs via synaptic scaling, a
form of homeostatic plasticity (Turrigiano and Nelson, 2004).

We hypothesize that cocaine challenge produces AMPAR in-
ternalization by acutely increasing glutamate levels in the NAc. As
in other cell types, glutamate produces rapid AMPAR internal-
ization in cultured NAc neurons (Mangiavacchi and Wolf,
2004b). In vivo, challenge with 15 mg/kg cocaine increases gluta-
mate levels in the NAc of sensitized rats, but not nonsensitized or
control rats (Pierce et al., 1996; Reid and Berger, 1996; Bell et al.,
2000), reflecting activation of glutamate inputs originating in
prefrontal cortex (Park et al., 2002). A selective rise in glutamate
in the NAc of sensitized rats would explain our observation that
cocaine challenge produces AMPAR internalization only in sen-
sitized rats. Cocaine challenge also increases extracellular dopa-

mine (DA) levels, but this is unlikely to
mediate AMPAR internalization, because
DA agonists increase AMPAR surface ex-
pression in cultured NAc neurons
(Mangiavacchi and Wolf, 2004a).

Saline challenge decreased the GluR1
S/I ratio in cocaine-sensitized rats to ap-
proximately the same extent as cocaine
challenge. Saline challenge also elicited
conditioned locomotion. We hypothesize
that the two are related. Exposure to
cocaine-related cues may activate gluta-
mate transmission in the NAc, although
the ability to study this is constrained by
limitations of the microdialysis method
(Hotsenpiller et al., 2001). Furthermore,
AMPAR blockade attenuates conditioned
locomotion (Cervo and Samanin, 1996;
Mead et al., 1999; Hotsenpiller et al.,
2001). Thus, exposure to cocaine-related
cues and cocaine challenge may have in
common the ability to increase extracellu-
lar glutamate levels in the NAc and thus
trigger AMPAR internalization.

MAPK phosphorylation correlates with
AMPAR redistribution
Our experiments, the first to examine

MAPK involvement in AMPAR trafficking in striatal neurons,
showed that sensitized rats withdrawn for 14 d exhibited in-
creased ERK phosphorylation in parallel with increased AMPAR
S/I ratios. ERK phosphorylation has been linked to AMPAR syn-
aptic insertion during hippocampal LTP (Zhu et al., 2002). How-
ever, LTP is unlikely to be involved in AMPAR redistribution
during cocaine withdrawal. Redistribution during withdrawal
occurs gradually and may be triggered by decreased excitatory
drive to NAc neurons (see above), whereas LTP occurs rapidly
and is triggered by increased afferent activity. Thus, our results,
while falling short of demonstrating a causal link between ERK
activation and AMPAR trafficking during cocaine withdrawal,
raise the possibility that ERK contributes to both rapid (LTP) and
slowly induced (cocaine withdrawal) increases in AMPAR sur-
face expression. After cocaine challenge, AMPAR internalization
is accompanied by normalization of ERK phosphorylation. Thus,
ERK activation parallels AMPAR surface expression during with-
drawal and after challenge. It is well established that ERK phos-
phorylation in NAc neurons occurs after psychostimulant ad-
ministration, is an important regulator of transcription, and is
required for several behavioral adaptations resulting from re-
peated psychostimulant exposure (Lu et al., 2006; Girault et al.,
2007). Our results extend this by suggesting a nongenomic con-
tribution of ERK to addiction-related plasticity.

Less is known about p38 and JNK in addiction. p38 MAPK is
not activated by acute cocaine (Valjent et al., 2000; Zhang et al.,
2004), but is implicated in amphetamine-conditioned place pref-
erence (Gerdjikov et al., 2004) and mediation of glutamate and
PKA signaling in the striatum (Vincent et al., 1998; Choe and
McGinty, 2000, 2001). JNK has not been previously linked to
psychostimulant actions (Valjent et al., 2000; Gerdjikov et al.,
2004; Zhang et al., 2004). Like ERK, JNK phosphorylation in-
creased in the SENS-WD group. In the SENS-COC group, JNK
results were complex, but we were intrigued to discover a signif-
icant inverse relationship between GluR1 and GluR2 S/I ratios

Table 1. Coimmunoprecipitation of AMPA receptor subunits in NAc tissue from
naive adult rats

IB

IP

GluR1 GluR2

GluR1 2, 3, 3 5, 6, 6, 6
GluR2 39, 42, 42, 43 0, 1, 2, 2
GluR3 81, 85, 94, 101, 103 5, 6, 6

IB, Immunoblot; IP, immunoprecipitation. Values are percentage immunoreactivity in unbound fraction.

Figure 11. GluR1 and GluR3 S/I ratios are positively correlated in sensitized rats, but not nonsensitized or saline-treated rats, at
both 14 and 21 d of withdrawal. A, GluR1 S/I ratios versus GluR3 S/I ratios in saline-treated rats after 14 d of withdrawal (SAL, 14d).
B, GluR1 S/I ratios versus GluR3 S/I ratios in nonsensitized rats after 14 d of withdrawal (NON, 14d). C, GluR1 S/I ratios versus GluR3
S/I ratios in sensitized rats after 14 d of withdrawal (SENS, 14d). D, GluR1 S/I ratios versus GluR3 S/I ratios in saline-treated rats after
21 d of withdrawal (SAL, 21d). E, GluR1 S/I ratios versus GluR3 S/I ratios in nonsensitized rats after 21 d of withdrawal (NON, 21d).
F, GluR1 S/I ratios versus GluR3 S/I ratios in sensitized rats after 21 d of withdrawal (SENS, 21d). r is the Spearman rank-order
correlation coefficient. For some rats, S/I ratio data were only obtained for one subunit (GluR1 or GluR3), accounting for a lower
sample number in some of these analyses than in behavioral analyses. Samples from withdrawal day 21 were from rats generated
as part of a previous study (Boudreau and Wolf, 2005).
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and the phosphorylation of JNK proteins, p54 and p46, indicat-
ing that the greater the phosphorylation of JNK proteins is, the
lower the AMPAR surface expression is. In the SENS-SAL group,
we found a significant increase in p38 phosphorylation as well as
a near-significant inverse relationship between p38 phosphoryla-
tion and GluR1 S/I ratios. Thus, whereas JNK phosphorylation
may be related to AMPAR internalization after cocaine challenge,
p38 phosphorylation may be related to AMPAR internalization
after saline challenge. This, combined with the ability of intra-
NAc injection of a p38 inhibitor to prevent establishment of con-
ditioned place preference for amphetamine (Gerdjikov et al.,
2004), may suggest a role for p38 in psychostimulant-
conditioned responses.

Conclusions
GluR1/2-containing AMPARs redistributed to the surface of NAc
neurons during withdrawal from repeated cocaine and internal-
ized after cocaine or saline challenge. ERK phosphorylation par-
alleled AMPAR surface expression. Results for JNK were com-
plex, but some findings suggested that phosphorylation of JNK
and p38 may be involved in AMPAR internalization after cocaine
or saline challenge, respectively.

Note added in proof. While this manuscript was under review,
complementary electrophysiological findings, cited here in ab-
stract form, were published (Kourrich et al., 2007).
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