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Abstract

Transport of GluA1-containing AMPA glutamate receptors to synapses in the nucleus accumbens,
a process that involves phosphorylation of key serine residues by CaMKII, is associated with the
reinstatement of cocaine-seeking behavior. A growing body of evidence indicates that the dorsal
striatum contributes to aspects of cocaine addiction. However, the potential role of CaMKII-
mediated phosphorylation of GIuA1 subunits in the dorsolateral (DL) striatum during cocaine
reinstatement has not been examined. In this study, rats were trained to self-administer cocaine
and were partnered with saline-yoked rats that received injections of saline. Following extinction,
each pair of rats received either a systemic priming injection of cocaine (10 mg/kg, i.p.) or saline.
As expected, cocaine-experienced rats displayed robust reinstatement of cocaine seeking in
response to a challenge injection, whereas yoked saline controls did not. The DL striatum was
dissected immediately following the reinstatement test session. Results from Western blotting
experiments showed increased pGluA1l-ser831 and pCaMKII-thr286 in the DL striatum of saline-
yoked rats given an acute injection of cocaine. This effect was absent in cocaine-experienced rats
that received a saline injection, and no changes were observed following a priming injection of
cocaine in cocaine-experienced rats. These results indicate that acute exposure to cocaine in drug
naive rats increased CaMKII-mediated phosphorylation of GluAl-containing AMPA receptors in
the DL striatum, an effect that was not observed during cocaine priming-induced reinstatement of
drug seeking. It is possible; therefore, that increased phosphorylation of CaMKII and GluAl
following acute cocaine is a compensatory mechanism in the DL striatum.
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Introduction

It is well documented that changes in glutamatergic transmission in subregions of the
striatum play a role in the reinstatement of cocaine seeking, an animal model of relapse [25].
Although the majority of this work has focused on the nucleus accumbens [1, 11, 27], recent
evidence indicates that pharmacological inhibition of the dorsolateral (DL) striatum
attenuates cocaine seeking in rats following short-access (1- or 2-hour daily) self-
administration [23, 29]. In terms of glutamatergic transmission, infusion ofa -amino-3-
hydroxy-5-methyl-4-isoxazolepropionic (AMPA) glutamate receptor antagonists into the DL
striatum blocked cue-controlled reinstatement and attenuated cocaine self-administration
when injected into the dorsomedial (DM) striatum [11, 22, 28, 31]. Though there is an
established role for the DL striatum in cue-induced reinstatement, there is little to no data on
DL striatum involvement in cocaine priming-induced reinstatement of drug seeking.

AMPA glutamate receptors are ionotropic, excitatory ion channels comprised of four
subunits (GIuA1-GluA4) that are involved in several forms of neuronal plasticity [6]. The
GIluA1l subunit in particular has been associated with synaptic plasticity in animals exposed
to cocaine [2, 5]. Activity-mediated autophosphorylation of calcium/calmodulin-dependent
protein kinase 11 (CaMKI|I) at threonine 286 promotes phosphorylation of GIuA1 at serine
831, resulting in enhanced GIuA1 subunit trafficking to the plasma membrane and
associated increases in synaptic strength [6, 18]. Indeed, there is evidence that reinstatement
of cocaine seeking in rats involves CaMKII phosphorylation of the GIuUAL subunit in the
nucleus accumbens, and pharmacological inhibition of CaMKII in the accumbens prevents
cocaine seeking [1, 19].

A single cocaine injection promotes glutamate release in the DL striatum of cocaine-naive
rats [3, 21]. Acute or repeated experimenter-delivered cocaine increases levels of
phosphorylated GIuA1 AMPA receptor subunits and GluA1 surface expression in the DL
striatum [12, 16]. Here, we extend this work by examining expression of phospho-CaMKII
and —GIuAl in the DL striatum during cocaine priming-induced reinstatement of drug
seeking.

Materials and Methods

Animals and Housing

Drugs

Surgery

Male Sprague-Dawley rats (Rattus novergicus) weighing 250-300 g were obtained from
Taconic Laboratories (Germantown, NY, USA). Animals were individually housed with
food and water available ad /ibitum. A 12h light/dark cycle was used and all experiments
were performed during the light cycle. All experiments used Med-Associates (East Fairfield,
VT, USA) operant chambers equipped with response levers, house light, and pumps for
injecting drugs intravenously. Operant chambers were enclosed within ventilated, sound
attenuating chambers. All experimental procedures were consistent with the ethical
guidelines of the U.S. National Institutes of Health and were approved by the University of
Pennsylvania School of Medicine Institutional Animal Care and Use Committee.

Cocaine hydrochloride was obtained from the National Institute on Drug Abuse (Rockville,
MD, USA) and dissolved in bacteriostatic 0.9% saline.

Prior to surgery, the rats were anesthetized with 80 mg/kg ketamine (i.p.; Sigma-Aldrich, St.
Louis, MO, USA) and 12 mg/kg xylazine (i.p.; Sigma-Aldrich, St. Louis, MO, USA). An
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indwelling silastic catheter (CamCaths, UK) was placed into the right jugular vein and
sutured in place. The catheter was routed to a mesh backmount platform and implanted
subcutaneously dorsal to the shoulder blades. Catheters were flushed daily with 0.3 ml of an
antibiotic (Timentin, 0.93 mg/ml, Henry Schein, Melville, NY, USA) dissolved in
heparinized saline. The catheters were sealed with plastic obturators when not in use.

Cocaine Self-Administration and Extinction

Following a 7-day recovery period from surgery, 50% of the rats were randomly selected to
self-administer cocaine. The remaining 50% were paired to a cocaine self-administering
animal as yoked-saline controls that only receive infusions of saline. Cocaine self-
administering rats were placed in operant chambers and allowed to lever press for
intravenous cocaine infusions (0.25 mg/59 pl saline over 5 s) over a 2-hour time period daily
for 16 days. Yoked-saline controls received the same number and temporal pattern of
infusions as the paired cocaine self-administering rat. Rats were initially trained using a
fixed ratio (FR) 1 schedule of reinforcement, with each daily self-administration session
initiated by a priming injection of cocaine (0.25 mg, i.v.) to fill the catheter (limited to 30
injections per 120 min). Once animals achieved stable responding, as defined by at least 20
infusions over the 2 h session for 2 consecutive days, they were transitioned to an FR5
schedule of reinforcement (limited to 30 injections per 120 min). For both schedules of
reinforcement, a 20s time-out period followed each cocaine infusion, during which time
active, drug-paired lever responses were tabulated but had no scheduled consequence. Each
operant chamber was also equipped with an inactive lever. Responses made on the inactive
lever, which had no scheduled consequence, were also recorded during all training sessions.

Following cocaine self-administration, drug-taking behavior in cocaine self-administering
rats was extinguished by replacing cocaine with 0.9% bacteriostatic saline. Extinction
continued until responding on the drug-paired lever was <15% of the response rate on the
last day of cocaine self-administration using the FR5 schedule of reinforcement. Typically,
it took rats 5 days to meet this criterion.

Cocaine Priming-Induced Reinstatement of Drug Seeking

Following extinction, animals entered the reinstatement phase of the experiment. During
reinstatement, satisfaction of the response requirements for FR5 resulted in saline rather than
cocaine infusions. The FR5 schedule was used for the reinstatement test session. Pairs of
cocaine self-administering/yoked-saline rats were randomly assigned to receive saline or
cocaine (10 mg/kg, i.p.) injections immediately prior to the start of the reinstatement test
session. Rats were placed into the operant chambers immediately following injection of
saline or cocaine. Responding was recorded for 30 minutes, after which the pairs of rats
were removed from the operant chambers and immediately decapitated. Whole brains were
extracted and flash-frozen in isopentane on dry ice, then stored at —80° C. Brains were sliced
on a cryostat (300 um sections) and striatal subregions (+1.7 mm to -0.08 mm A/P; -3.8
mm to —6.0mm D/V; DM: £1.2 mm — 2.8 mm M/L and DL: +2.8 mm — 4.4 mm M/L)
dissected by tissue punch (2.0 mm Harris Uni-core stainless steel punchers, Ted Pella, Inc.).
Tissue samples were stored at —80° C until processing for Western blot as described below.

Western Blot

Whole-cell tissue was processed for Western blot as described previously (Anderson et al.,
2008). For all samples, protein concentration was quantified using a Pierce BCA Protein
Assay Kit (Thermo Scientific). Equal amounts of protein (10 pg for whole-cell) were loaded
and separated in 10% Tris-Glycine gels (Invitrogen) and transferred to nitrocellulose
membranes using the i-Blot dry transfer system (Invitrogen). Membranes were blocked with
either 5% nonfat dry milk in TBST or 5% BSA in TBST, according to antibody instructions.
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Membranes were incubated overnight at 4° C with selective antibodies to: GIuA1 (1:1000,
Abcam), phosphorylated (p) GluA1-S831 (1:500, Millipore), CaMKII (1:1000, Millipore),
pCaMKII-T286 (1:1000, Cell Signaling), and GAPDH (1:2000, Cell Signaling). Membranes
were then incubated with fluorescent secondary antibodies (1:5000, IR-dye 680 or IR-dye
800), before being imaged on an Odyssey fluorescent scanner (Licor Biosciences). To
ensure equal loading, GAPDH expression was used as a loading control.

Behavioral Experiment Data Analyses

Drug-paired and inactive lever responding was analyzed using a two-way ANOVA. The
between subjects factors were pretreatment (cocaine self-administration or yoked-saline) and
drug challenge injection (10 mg/kg cocaine or saline). Bonferroni post-tests were used to
establish significant difference (p<0.05).

Western Blot Data Analyses

Results

Quantification was performed by normalizing the intensity of all bands with protein-specific
antibodies to the GAPDH intensity, followed by normalizing that value to saline-control
(yoked-saline, i.p. saline) values. The immunoblot analyses were performed using a two-
way ANOVA. The between-subjects factors were pretreatment (cocaine self-administration
or yoked-saline) and drug challenge injection (10 mg/kg cocaine i.p. or saline). Bonferroni
post-tests were used to establish significant difference (p<0.05).

A priming injection of cocaine, but not saline, elicits robust reinstatement of drug-seeking
behavior in animals with cocaine self-administration experience

Total drug-paired lever responding (mean +/— SEM) for the reinstatement test session are
plotted in Fig 1. Responding was analyzed using a two-way ANOVA. Analyses revealed a
significant main effect of pretreatment (F1 24=119.39, p<0.0001), a significant main effect of
challenge injection (F1 24=92.14, p<0.0001), as well as a significant pretreatment x
challenge interaction (F1 24=78.93, p<0.0001). Post-hoc tests revealed a significant
difference of drug-paired lever responding due to cocaine challenge injection (Bonferroni
<0.001). There was no significant effect of pretreatment (F1 24=0.03, p=0.8543) or
challenge (F1 24=3.68, p=0.0671) on inactive lever responding (data not shown).

Exposure to acute cocaine in drug naive animals increases expression of pGluAl-ser831
and pCaMKII-thr286 in the DL Striatum

The average fluorescent intensity for pGluA1-ser831 in the DL striatum was expressed as
percent change from control and is plotted in Fig 2A. Percentages were analyzed by two-
way ANOVA, which revealed a significant main effect of pretreatment (cocaine self-
administration vs. yoked-saline, F1 1,=14.03, p<0.005), a significant main effect of
challenge (10 mg/kg cocaine or saline, F1 1,=30.68, £<0.0001), as well as a significant
pretreatment x challenge interaction (F1 1o=20.75, p<0.0007). Post hoc tests revealed a
significant difference in pGluA1-ser831 expression between yoked-saline and cocaine self-
administering animals after cocaine challenge injection (Bonferroni p<0.001). There was no
significant effect of pretreatment or challenge on the native GIuAL protein (Fig 2B).

The average fluorescent intensity for pCaMKII-thr286 in the DL striatum was expressed as
percent change from control and plotted in Fig 2C. Percentages were analyzed by two-way
ANOVA, which revealed a significant main effect of pretreatment (F1 11=15.73, p<0.0022),
a significant main effect of challenge (F1 11=48.62, p<0.0001), as well as a significant
pretreatment x challenge interaction (Fq 11=9.78, p<0.0096). Post hoc tests revealed a
significant difference in pCaMKII-thr286 expression between yoked-saline and cocaine self-
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administering animals after cocaine challenge injection (Bonferroni p<0.01). There was no
significant effect of pretreatment or challenge on native CaMKI|I protein (Fig 2D).

Acute cocaine decreases expression of pGluAl-ser831, but not pCaMKII-thr286, in the DM
striatum regardless of cocaine exposure

The average fluorescent intensity for pGluA1-ser831 in the DM striatum was expressed as
percent change from control and plotted in Fig 3A. Percentages were analyzed with a two-
way ANOVA, which revealed no significant effect of pretreatment (p=0.3542) and no
pretreatment x challenge interaction (p=0.9403), but a significant main effect of challenge
(F1,24=4.33, p<0.05). There was no significant effect of pretreatment or challenge on the
average fluorescent intensity of native GIuA1l protein in the DM striatum (Fig 3B).

The average fluorescent intensity for pCaMKII-thr286 in the DM striatum was expressed as
percent change from control and is plotted in Fig 3C. Percentages were analyzed with a two-
way ANOVA, which revealed no significant effect of pretreatment (p=0.1615) or challenge
(0=0.2906). There was no significant effect of pretreatment or challenge on the average
fluorescent intensity of native CaMKI|I protein in the DM striatum (Fig 3D).

Discussion

The present findings indicate that an acute injection of cocaine increased expression of
pCaMKII-thr286 and pGluAl-ser831 in the DL, but not the DM, striatum of drug-naive rats.
Since the phosphorylation of CaMKII at threonine 286 is associated with increased
phosphorylation of GIUAL at serine 831 and subsequent trafficking of these subunits [4],
these results suggest that an acute cocaine injection may increase the surface expression of
AMPA receptors in the DL striatum. However, following cocaine self-administration and
extinction, a cocaine challenge injection had no effect on DL striatal pCaMKII-thr286 or
pGluAl-ser831 expression. Taken together, these results indicated that tolerance to cocaine-
induced increases in the phosphorylation of DL striatal CaMKIl and GluA1l develops
following cocaine self-administration.

Our findings are consistent with previous work that showed increased pCaMKII-thr286 and
pGluAl-ser831 in the DL striatum following acute cocaine [10, 15]. A single exposure to
cocaine also increases immediate early gene expression in the dorsal striatum [14, 17, 24].
Additionally, a single microinjection of cocaine into the dorsal striatum enhances locomotor
activity [9]. Taken together, these results indicate that cocaine-induced hyperlocomotion is
associated with increased neuronal activation in the DL striatum and increased
phosphorylation of CaMKII and GluAl. Future studies are required to determine the
functional significance of increased phosphorylation of CaMKII and GluAl following acute
cocaine exposure.

There also is evidence of altered glutamatergic transmission in the DL striatum following
prolonged cocaine administration [26]. Animals identified as vulnerable to cocaine relapse
following cocaine self-administration showed down-regulation of genes for GIuA1 and
activity-regulated cytoskeletal protein, both of which are involved in synaptic plasticity and
AMPA receptor trafficking [7]. While we did not investigate alternate phosphorylation sites
of GIuA1 subunits in this study, there is also evidence of decreased expression of phospho-
GluA1l ser845, a known target of protein kinase A, in the dorsal striatum in animals with
chronic cocaine self-administration experience [10, 20]. Functionally, pharmacological
inactivation of the DL striatum attenuates cocaine seeking in rats with a history of short- or
long-access to cocaine self-administration [23]. Moreover, an intra-striatal infusion of an
AMPA/Kkainate receptor antagonist attenuates cue-controlled cocaine seeking [23, 30].
Furthermore, overexpression of a dominant negative peptide that prevents trafficking of
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GIluALl to the membrane surface in the DL striatum attenuated cocaine-induced behavioral
sensitization in juvenile mice [15]. It is important to note, however, that unlike adult mice,
the juveniles exhibited increased GIuA1 surface expression following repeated cocaine,
suggesting that age at time of cocaine exposure influences DL striatal glutamatergic
plasticity. Transgenic mice that express constitutively active CaMKII, where threonine 286
is replaced with aspartic acid, in the dorsal striatum exhibit impairments in goal-directed
behaviors, with impairments in both cue-and reward-primed reinstatement [32]. As a whole,
these results indicate that the changes in AMPA receptor transmission in adult rodents that
contribute to cocaine sensitization and reinstatement are not likely due to increases in
CaMKII or GluAl phosphorylation in the DL striatum. Our data showed changes the
phosphorylation state of CaMKII and GIuAl in DL striatum of drug naive rats following
acute cocaine only, offering novel biochemical support for such conclusions.

The present findings suggest differential involvement of the glutamatergic system in the DL
striatum relative to the ventral striatum, particularly after cocaine self-administration and the
reinstatement of cocaine seeking. It is well known that CaMKII plays a key role in
phosphorylating GIuA1 subunits at serine 831 and promotes AMPA receptor trafficking to
the membrane surface [4]. In fact, plasticity of the glutamatergic system in the ventral
striatum, including increased phosphorylation of CaMKII and GluAl as well as increased
GluA1l surface expression occurs in a variety of paradigms involving chronic cocaine
exposure [5, 8, 13]. More specifically, during cocaine priming-induced reinstatement, there
is increased phosphorylation of CaMKII and GluA1 AMPA receptor subunits, as well as
increased trafficking of GIuA1l to the plasma membrane in the accumbens shell [1].
Inhibiting CaMKII or preventing the trafficking of GIuA1 subunits in the shell is sufficient
to block reinstatement of cocaine seeking [1]. These findings coupled with the data
presented here suggest that phosphorylation of CaMKII and GIuA1l in the ventral, but not
DL, striatum is required for reinstatement of cocaine seeking. Thus, changes in phospho-
CaMKII and —GluAl in the DL striatum likely reflect a compensatory mechanism in
response to acute cocaine.

Conclusions

Our results indicate that acute cocaine increases expression of pCaMKII-thr286 and
pGluAl-ser831 in the DL, but not DM, striatum and that these effects are not associated
with the reinstatement of cocaine seeking. Therefore, changes in phospho-CaMKII and —
GluAl most likely reflect a compensatory adaptation in the DL striatum during early stages
of drug use. It is possible that acute cocaine promotes transient biochemical modifications in
the DL striatum that reverse with additional input from areas like the ventral striatum and/or
prefrontal cortex as cocaine experience is extended [10].
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Figure 1.
An acute, priming injection of cocaine elicits robust reinstatement of drug-seeking behavior

in rats with cocaine self-administration experience. Total drug-paired lever responding for
the 30-minute reinstatement test session is plotted for animals that received saline or cocaine
challenge injection. There was a significant increase of drug-paired lever responding for
cocaine-experienced rats that received cocaine compared to animals that received a saline
injection. N = 7/group, “SA” = self-administration (The asterisk represents a significant
difference from yoked-saline controls. 2-way ANOVA: Bonferroni £<0.001)
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Acute cocaine exposure increases expression of pGluAl-ser831 and pCaMKII-thr286 in the
DL striatum and these effects are reversed after cocaine self-administration. Following an
acute cocaine injection, yoked-saline controls show a significant increase in pGluA1-ser831
(A) and pCaMKII-thr286 (B) protein expression in the DL striatum. No significant changes
in pGluA1-ser831 (A) and pCaMKII-thr286 (B) protein expression were observed in
cocaine-experienced animals when compared to yoked-saline controls that received saline
injections. There was no significant effect of training or challenge injection on native GIuA1
(C) or native CaMKII (D) protein expression for any treatment. N = 4-7/group, “SA” = self-
adminstration (Asterisks represent significant differences from yoked-saline controls that
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received a saline challenge injection. 2-way ANOVA: pGluAl Bonferroni p<0.001;
pCaMKII Bonferroni p<0.01)
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Figure 3.
An acute, priming cocaine injection decreases pGluA1-ser831 in the DM striatum regardless

of cocaine experience. (A) pGIluA1-ser831 protein expression was decreased in both
cocaine-experienced rats and yoked-saline controls in the DM striatum after a cocaine
challenge injection. There is no change in native GIuA1 (B), pCaMKII-286 (C), or native
CaMKII (D) protein expression in the DM striatum, regardless of cocaine experience. N =
4-T7/group, “SA” = self-administration (The # represents a significant effect of challenge
injection, p<0.05. There was no significant effect of pretreatment and no significant
interaction.)
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