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Abstract
We have recently shown in rats that cocaine-induced behavioral sensitization can be reversed by a
5-day treatment with ondansetron given 3.5 h after daily pergolide injections. In this study we further
investigated the molecular/neurochemical alterations underlying cocaine sensitization and pergolide/
ondansetron-mediated reversal. Results revealed that GAD65 and GAD67 are higher abundant in the
NAc than that in the caudate and mPFC, while GABAA receptor α2 subunit level in the NAc shell
is less abundant than that in the NAc core, mPFC and caudate. Cocaine sensitization leaded to 1)
decrease in GAD67 expression, increase in total PKC ζ and phosphorylated PKC ζ/λ levels in the
NAc core; 2) decrease in GAD67 and GABAA receptor α2 subunit expression, and increase in
phosphorylated PKC ζ/λ levels in the NAc shell; 3) increase in GAD67 expression in the caudate.
Importantly, pergolide/ondansetron treatment reversed these alterations. These results suggest that
reversal of cocaine-induced behavioral sensitization is associated with reversal of region-specific
changes in GABA function and PKC activity in the striatum.
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Introduction
In rodents, behavioral sensitization, as established by repeated administration of cocaine, has
long been considered the reflection of intensification of cocaine craving in humans that
characterizes addiction and promotes relapse [1,2]. We have recently demonstrated in rats that
sensitization established previously by 5 daily cocaine injections and a subsequent 9-day
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withdrawal period can be reversed by daily pergolide administration if each injection is
followed 3.5 h later with the 5-HT3 antagonist ondansetron [3,4]. Furthermore, similar
treatment with ondansetron can decrease the break-point under progressive-ratio self-
administration [5] and reduce cocaine intake under oral self-administration [6]. However, the
molecular mechanisms of cocaine-induced behavioral sensitization and pergolide/
ondansetron-induced behavioral reversal have not been elucidated.

Our previous studies have demonstrated that cocaine induces changes in expression and
phosphorylated levels of the NR2B subunit of the NMDA receptors and the phosphorylated
levels of GluR1 subunit of the AMPA receptors in the nucleus accumbens (NAc), and
pergolide-ondansetron treatment normalizes these changes [3]. However, the mechanisms how
a 5-HT3 receptor antagonist influences NAc dopamine and glutamate transmission are unclear.
Previous studies revealed that 5-HT3 receptors in the NAc mediate the modulatory action of
5-HT3 antagonists on mesolimbic DA-mediated behaviors (e.g. locomotor activity) or
accumbal DA outflow [7]. Microstructural research demonstrated that serotonergic cells
typically contact GABAergic cells in the NAc, indicating that 5-HT3 receptors indirectly
modulate DA via GABAergic contacts with DA cells bodies [8,9]. Hence, the 5-HT3 receptor
antagonist may also serve to influence synaptic plasticity of NMDA and AMPA receptors
within NAc by normalizing GABA function, such as glutamic acid decarboxylase (GAD)
expression and GABAA receptor responses.

GAD is present as two isoenzymes, GAD65 and GAD67, which are the products of two
independently regulated genes [10]. In mammalian brain GAD catalyzes synthesis of the
inhibitory neurotransmitter gamma-amino butyric acid (GABA) [11]. Notably, results from
GAD65 gene knockout mice have revealed that deletion of GAD67 is lethal and brain GABA
levels are reduced in adult heterozygous GAD67 mice, whereas brain GABA levels are normal
in GAD65 knockout mice --suggesting that GAD67 is the primary rate-limiting enzyme
regulating GABA levels under normal conditions [12,13]. Thus, regulation of GAD67
expression may exert a more profound effect on GABA homeostasis and, possibly, be more
response to exogenous agents.

The strength of inhibitory synaptic currents is directly correlated with the number of synaptic
GABAA receptor [14]. We recently demonstrated that chronic high dose METH regulates
protein levels of GABAA receptor α2 subunit in the NAc and caudate, which was proposed to
involve with METH sensitization and neurotoxicity [15]. Besides GABAA receptor expression,
the changes in membrane GABAA receptor play main role in inhibitory synaptic currents.
Recently, activation of PKC ζ has been demonstrated to regulate GABAA receptor
phosphorylation and internalization [16]. The activity of atypical ζ isoform of PKC is under
the control of phosphorylation at threonine 410 residue [17]. It is therefore important to
determine the involvement of GAD65/67, GABAA receptor α2 subunit, PKC ζ, and the
phosphorylation of PKC ζ/λ in cocaine sensitization and pergolide/ondansetron-mediated
reversal.

Materials and methods
Animals and drugs

Male Sprague-Dawley rats (Charles River Laboratories, Raleigh, NC), initially weighing 150–
200 g, were housed in pairs and experiments were conducted with an approved protocol by the
Duke University Institutional Animal Care and Use Committee.

Cocaine HCl (NIDA, Bethesda, MD) was dissolved in 0.9% saline to a final concentration of
20 mg/ml. The ondansetron hydrochloride dihydrate solution (Duke Medical Center Pharmacy)
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was diluted with 0.9% saline to 0.2 mg/ml. Pergolide (Sigma, St. Louis, MO) was dissolved
in 10% DMSO to 1 mg/ml, and further diluted 1:10 in saline before use.

Experimental groups
The animals were treated as previously described [3,4]. Briefly, animals were ranked according
to their responses to cocaine (7.5 mg/kg, s.c.) on day 1 and then divided into three groups. All
three groups received 40 mg/kg/day cocaine (s.c.) for 4 consecutive days. Another three random
groups received saline injections. All rats were then subjected 9 days of withdrawal. Starting
on day 10 of withdrawal, one cocaine and one saline group were each given 0.1 mg/kg
pergolide, followed 3.5 h later by saline injection for 5 consecutive days, termed C-P/S and S-
P/S, respectively; one cocaine and one saline group were each given pergolide, followed 3.5
h later by 0.2 mg/kg ondansetron (s.c.) for 5 consecutive days, termed C-P/O and S-P/O,
respectively; other cocaine (C-D/S) and saline groups (S-D/S) received parallel vehicle (1 %
DMSO - 0.9 % saline, 1 ml/kg each, s.c.) injections. Following 9 days of a second withdrawal,
all rats were challenged with 7.5 mg/kg cocaine (i.p.) on day 10. As either pergolide or
ondansetron alone does not exert consistent effects on established cocaine sensitization and/
or associated molecular markers (3, 5, 18), the data from these treatment groups were not
included in the present study.

Behavioral assessment
The locomotor assessment and behavioral rating score of behavioral sensitization were
performed as described [3,4]. Behavioral sensitization established by 5 consecutive days of
cocaine injections followed by a 9-day withdrawal period was reversed by pergolide/
ondansetron treatment. These data are consistent with our previous studies [3,4] and were not
provided in the present study.

Brain dissection and protein measurement
Rats were euthanized 24 h after cocaine challenge. The NAc core, NAc shell and caudate were
dissected separately and immediately frozen on dry ice. Samples were stored at − 80°C until
protein extraction. Tissue samples were homogenized and prepared for Western blot as
described [3,4,15]. Protein concentration was determined by using DC protein assay kit (Bio-
Rad, Hercules, CA).

Western Blots
Western blot was performed as described [3,4,15]. The anti-GAD65 and anti-GAD67 antibodies
(1:250 dilution) were purchased from BD Bioscience (San Jose, CA); the anti-PKC ζ antibody
(1:200) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA); the anti-PKC ζ/λ
Thr410/403 antibody, which detects endogenous phosphorylated PKC ζ at threonine 410, and
endogenous phosphorylated PKC λ at threonine 403 (1:1,000), and peroxidase-labeled
secondary antibody (1:2,000) were purchased from Cell Signaling Technology (Danvers, MA).
The blots were developed with chemiluminescent substrate (Santa Cruz Biotechnology). To
control for loading efficiency, the blots for GAD65, GAD67, PKC ζ, and phospho-PKC ζ/λ
(Thr410/403) were stripped and re-probed with α-tubulin antibody (1:1,000; Sigma). Expression
of GAD65, GAD67, PKC ζ, and levels of phospho-PKC ζ/λ were evaluated relative to that for
α-tubulin.

Data analyses
The data are presented as means and standard errors of the mean and were analyzed using the
Statistical Package for the Social Sciences, Version 14.0 (Chicago, IL). The results were
analyzed using one-way ANOVA; post-hoc analyses were performed by Bonferroni
comparisons. A p < 0.05 was considered statistically significant.
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Results
Cocaine sensitization induces alterations in GAD67 expression in the NAc and caudate

GAD67 levels were significantly decreased in the NAc core and NAc shell in cocaine-sensitized
(C-D/S) rats compared to that in the saline injected (S-D/S) rats. In contrast, GAD67 levels
were significantly increased in the caudate of these same animals. Bonferroni tests
demonstrated that in the NAc core the levels of GAD67 were decreased in the C-D/S group
relative to those in the S-D/S group (Fig. 1A, p < 0.030). In the NAc shell, the levels of
GAD67 are significantly lower in the C-D/S group than all other groups (Fig. 1B, ps < 0.047).
Conversely, in the caudate, the levels of GAD67 are significantly higher in the C-D/S group
than all other groups (Fig. 1C, ps < 0.013). The changes in GAD67 expression in the NAc shell
and caudate were reversed by the pergolide/ondansetron treatment. However, no significant
group differences in the GAD65 protein levels were observed in the NAc core, NAc shell and
caudate (data not shown).

Distribution of GAD65 and GAD67 in the brain
We compared the striatal GAD65 and GAD67 expression with mPFC in the native rats. The
GAD65 protein level in the caudate is similar to that in the mPFC; however, its level in the
NAc core and NAc shell is 1.41- and 1.61-fold higher than that in the mPFC respectively (Fig.
2A & 2B). The GAD67 levels in the caudate, NAc core and NAc shell are 1.55-, 5.62-, and
7.96-fold higher than that in the mPFC respectively (Fig. 2A & 2C). These results demonstrated
that striatum is plenty in GAD65 and GAD67 expression.

Cocaine sensitization decreases GABAA receptor α2 subunit expression in the NAc shell
The levels of GABAA receptor α2 subunit in the NAc core, caudate, and mPFC are equally
higher (~2.48-fold) than that in the NAc shell (Fig. 3A & B). Bonferroni tests demonstrated
that the levels of GABAA receptor α2 subunit in the NAc shell were significantly attenuated
in the C-D/S group relative to those of all other groups (Fig. 3C, ps < 0.035). No changes in
GABAA receptor α2 subunit levels were observed in the NAc core and caudate following
establishment of cocaine sensitization (data not shown). These data demonstrate a brain-region
specific alteration in GABAA receptor α2 subunit levels in the NAc shell, which is associated
with cocaine sensitization.

Cocaine sensitization increases PKC ζ expression and PKC ζ/λ phosphorylation in the NAc
In the NAc core, phospho-PKC ζ/λ levels were significantly increased in the sensitized (C-D/
S) group compared to those of all other groups (Fig. 4A, ps < 0.05), as well as, PKC ζ expression
was significantly increased in the C-D/S group compared to those of all other groups (Fig. 4B,
ps < 0.005). However, the ratio of phospho-PKC ζ/λ to total PKC ζ has no changes (Fig. 4C).
In the NAc shell, phospho-PKC ζ/λ levels were significantly increased in the C-D/S group
compared to those of all other groups (Fig. 4D, ps < 0.05), whereas, the total PKC ζ has no
changes (Fig. 4E), but the ratio of phospho-PKC ζ/λ to PKC ζ levels were significantly
increased in the C-D/S group compared to those of all other groups (Fig. 4F, ps < 0.05). No
significant treatment group differences in PKC ζ and phospho-PKC ζ/λ levels were detected
among cocaine-sensitized and saline-control rats in the caudate (data not shown).

Discussion
In rodents, repeated administration of cocaine results in progressive augmentation of locomotor
and stereotypical behaviors [1,2]. These behavioral changes are accompanied by molecular/
cellular alterations even after long-term withdrawal [19]. Previous studies suggest that 5-
HT3 receptors in the NAc mediate the modulatory action of 5-HT3 antagonists on mesolimbic
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DA-mediated locomotor activity [7]. Our studies also demonstrated that behavioral
sensitization, established by repeated cocaine treatments (5 or 7 daily injections at 40 mg/kg/
day, s.c.) and a subsequent 7- or 9-day withdrawal period, is reversed by daily cocaine plus
ondansetron [5] or pergolide plus ondansetron injections [3,4] if the 5-HT3 antagonist is given
3.5 h after each cocaine or pergolide injection. In the present study, pergolide/ondansetron also
reverses cocaine sensitization associated changes in the expression of GAD67, GABAA
receptor α2 subunit, and PKC ζ, and PKC ζ phosphorylation in the NAc. However, intra-NAc
administration of 5-HT3 antagonists has no effects on morphine-induced accumbal DA release
[20] and amphetamine-induced hyperactivity [21]. These contradictory results raise the
possibility that the NAc 5-HT3 receptor control of accumbal DA release or mesolimbic DA-
mediated locomotor activity requires the pre-activation of the dopaminergic neurons.

Cellular GABA is compartmentalized into a vesicular pool and a cytoplasmic pool [22]. The
two GAD isoforms, GAD65 and GAD67 expressed in GABAergic neurons, revealed
differential regulation on GABA vesicular and cytoplasmic pools [23]. Studies in GAD65
knockout mice demonstrated that GAD67 is important for controlling the cytoplasmic pool, as
well as, to a large extend the vesicular pool of GABA. Conversely, GAD65 appears to regulate
primarily the vesicular pool, especially under conditions of sustained synaptic activity [23].
Thus, any agents that influence GAD67 expression will affect overall GABA levels and, thereby
regulate striatal GABA function. In the present study, chronic high dose cocaine treatment and
withdrawal have no effect on GAD65 expression, but they attenuated the expression of
GAD67 in the NAc core and shell, and increased GAD67 expression in the caudate. Pergolide/
ondansetron treatment reversed cocaine behavioral sensitization accompanied with the reversal
of GAD67 levels (Fig. 1). This implies that adaptation in GAD67 expression in the NAc and
caudate are involved in the cocaine sensitization, as well as, modulation of 5-HT3 receptor
function can affect striatal GABAergic transmission.

Besides the GABA levels, the strength of inhibitory synaptic currents is directly correlated
with the number of synaptic GABAA receptors [14]. The majority of GABAA receptors contain
a single type of γ2 subunit together with α- and β-subunit variants [15]. In the present study,
chronic cocaine treatment decreased GABAA receptor α2 subunit expression in the NAc shell
(Fig. 3). We thereby think that the composition of GABAA receptor is associated with cocaine
sensitization. However, the membrane GABAA receptors directly mediate the inhibitory
synaptic currents. Previous studies linked the PKC-regulated GABA receptor trafficking to the
behavioral sensitization induced by amphetamine [24]. Activation of PKC can modulate
GABAA receptors by inducing their internalization in various types of neurons and in cell lines
expressing these receptors [25]. Our data revealed that cocaine sensitization increases PKC ζ
activity in the NAc core and shell, but not in the caudate (Fig. 4). Thus, we speculate that
activation of PKC ζ underlying chronic cocaine sensitization may increase the internalization
of GABAA receptors in the NAc. 5-HT3 receptor antagonist, ondansetron given 3.5 h after
pergolide injection reversed PKC ζ activation in the NAc. Altogether, the possible mechanisms
might be associated with cocaine-induced release of 5-HT in the NAc that acts upon post-
synaptic 5-HT3 receptors, which decreases GABA synthesis and downregulates GABAA
receptor expression or increases PKC-mediated GABAA receptor internalization; thereby,
mediating local stimulatory actions of 5-HT.

Most (90–95%) of the striatum is comprised of GABAergic medium sized spiny projection
neurons, which predominantly send their axons to the ventral tegmental area and ventral
pallidum, two regions are thought to be involved in the rewarding effects and reinforcing
properties of most drugs of abuse [26]. Thus, disinhibitory NAc GABA function may mediate
drug addiction through potentiation of dopamine and glutamate transmission in the NAc
projection regions [15]. GABA neuron is therefore a mediator for that 5-HT3 receptor
antagonist influences downstream dopamine and glutamate transmission. Upregulation of
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inhibitory GABA tone in the caudate has been proposed to be involved in the METH-induced
neurotoxicity in this brain region through activation of the corticothalamostriatal pathway
[15,27]. Although neurotoxicity is not associated with our cocaine regimen in the present study
(data not shown), chronic high dose cocaine leaded to an increase in GAD67 expression in the
caudate. We thereby think that increased GABA release in the caudate can activate GABAA
receptors in the substantial nigra, subsequently increase corticostriatal glutamate release via
decreasing GABAergic nigrothalamic activity [15]. Thus, the cocaine sensitization-induced
glutamate release in the caudate may result in synaptic plasticity, but not toxicity.

Local circuit neurons, which make up approximately 5–10% of all accumbal neurons,
manufacture either acetylcholine or GABA [28,29]. These interneurons provide some input to
the projection neurons [28]. Especially, the glutamate terminals contain GABAB receptors and
are regulated by local release of GABA [29]. Our previous studies demonstrated that chronic
cocaine-induced sensitization leads to increase in phosphorylation of the GluR1 subunit of the
AMPA receptors in the NAc core and shell, and increase in total NR2B subunit of NMDA
receptors [3]. We thereby postulate that the cocaine-induced changes in GABA synthesis and
PKC-mediated GABAA receptor trafficking in the NAc may disinhibite GABAergic function,
subsequently regulate the activation of glutamate receptors locally.

In conclusion, modulation of 5-HT3 receptor function under activation of dopamine neurons
can reverse cocaine sensitization through regulating dopamine and glutamate transmission in
the striatum and striatal GABAergic neuron projection areas indirectly by disinhibiting NAc
GABAergic function and upregulating GABA function in the caudate. Thus, establishment of
inhibitory GABA tone in the NAc by over-expressing GAD67 or inhibition of it in the caudate
by silencing GAD67 expression may be effective in reversing cocaine addiction.
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Figure 1. Expression of enzyme GAD67 in the NAc and caudate
Blots were scanned and the densities under the peaks corresponding to total immunoreactivity
of GAD67 and α-tubulin were determined. See Methods for descriptions of the experimental
groups. *, p < 0.05, cocaine (C-D/S) vs saline group (S-D/S) in the core and vs all other groups
in the shell and caudate; N= 6 rats/group.
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Figure 2. Distribution of GAD65 and GAD67 in the brain
A, Representative Western blot of GAD65, GAD67 and α-tubulin expression. Each lane
represents a different region (10 μg protein/lane). B & C, Blots were scanned, and the relative
density of GAD65 and GAD67 immunoreactivity to that of α-tubulin was determined for each
sample; N= 6 rats/group.
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Figure 3. Expression of GABAA receptor α2 subunit in the NAc shell
A, Representative Western blot of GABAA receptor α2 subunit and α-tubulin expression. Each
lane represents a different region (10 μg protein/lane). B, Blots were scanned, and the relative
density of GABAA receptor α2 subunit immunoreactivity to that of α-tubulin was determined
for each sample. C, The GABAA receptor α2 subunit expression was quantified by Western
blot assay. *, p < 0.05, C-D/S vs all other groups; N= 6 rats/group.
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Figure 4. Expression of total PKC ζ and phospho-PKC ζ/λ (Thr410/403) levels in the NAc
Blots were scanned and the densities of phospho-PKC ζ/λ (Thr410/403), total PKC ζ, and α-
tubulin were determined. *, p < 0.05, cocaine (C-D/S) vs all other groups; #, p < 0.005, cocaine
(C-D/S) vs all other groups; N= 6 rats/group.
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