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Abstract
Repeated administration of cocaine induces heightened behavioral hyperactivity termed
sensitization. Although NK-3 receptors have been shown to modulate acute cocaine-induced
behaviors, their role in behavioral sensitization is unknown. The present study investigated
whether NK-3 receptor blockade altered behavioral sensitization to cocaine. Additionally,
glycogen synthase kinase-3 (GSK3) has been shown to be involved in dopamine receptor
signaling and in development of sensitization, therefore regulation of GSK3 activity in the nucleus
accumbens was also investigated. Administration of the NK-3 receptor antagonist SB 222200 (5
mg/kg, s.c.) prior to repeated cocaine (20 mg/kg, i.p.) prevented the development of sensitized
responses after a cocaine challenge. Pretreatment with SB 222200 before a cocaine challenge also
blocked expression of sensitization. Decrease in GSK3 activity demonstrated by increased
phosphorylation of GSK3α and GSK3β was detected 20 mins after an acute cocaine injection. In
contrast, a cocaine challenge failed to alter phosphorylation of GSK3α and GSK3β in sensitized
mice. SB 222200 prior to repeated cocaine resulted in increased phosphorylation of GSK3α and
GSK3β akin to changes following acute cocaine. Collectively, these findings demonstrate the
involvement of NK-3 receptors in development and expression of behavioral sensitization and in
regulation of GSK3 activity in the nucleus accumbens after repeated cocaine.
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INTRODUCTION
Drugs of abuse that are reinforcing share a common mechanism in causing elevated synaptic
dopamine levels in the nucleus accumbens (Di Chiara & Imperato 1988). In particular,
cocaine produces its locomotor and its reinforcing effects by inhibiting re-uptake of the
monoamines dopamine, norepinephrine and serotonin into pre-synaptic terminals, causing
elevated levels of neurotransmitters in the synapse (Ritz et al. 1987, Heikkila et al. 1979).
Another feature of cocaine and other similar psychostimulants is repeated intermittent
exposure induces behavioral sensitization, characterized as a progressively heightened
behavioral response after abstinence and re-exposure (Post & Rose 1976, Heidbreder et al.
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1996). Behavioral sensitization has been suggested to be a useful model in revealing
neuroadaptations that contribute to the compulsive craving characteristic of cocaine-seeking
behaviors and drug addiction (Berke & Hyman 2000, Nestler 2001, Robinson & Berridge
2001, Vanderschuren & Kalivas 2000).

Alterations in dopaminergic neurotransmission from the ventral tegmental area (VTA) to the
nucleus accumbens are part of the underlying mechanism which brings about behavioral
sensitization. Two distinct components of behavioral sensitization are understood to be
differentially mediated by these brain regions. Development of behavioral sensitization
results from changes in the cell bodies of dopaminergic neurons in the VTA and its afferent
inputs from other brain regions, whereas the expression of sensitization involves changes in
the dopaminergic synaptic terminals in the nucleus accumbens (Kalivas & Stewart 1991,
Pierce & Kalivas 1997). Therefore, it is postulated that modulation of dopaminergic
neurotransmission from the VTA to the nucleus accumbens can impact the development and
expression of behavioral sensitization produced by repeated cocaine exposure.

NK-3 receptors are G-protein coupled receptors activated by mammalian tachykinins, which
can modulate dopaminergic neurotransmission, and thus may play a role in development and
expression of behavioral sensitization. Activation of NK-3 receptors stimulates
dopaminergic neuronal activity (Keegan et al. 1992, Overton et al. 1992) and increases
dopamine release and metabolism in the striatum and prefrontal cortex (Bannon et al. 1995,
Humpel et al. 1991, Marco et al. 1998). The influence of NK-3 receptors on dopaminergic
neurotransmission also results in altered dopamine-mediated behaviors. Behaviors produced
by cocaine and dopamine receptor agonists can be attenuated by NK-3 receptor antagonist
administration (Bishop & Walker 2004, Jocham et al. 2006, de Souza Silva et al. 2006b,
Nwaneshiudu & Unterwald 2009). In addition, NK-3 receptor agonists can potentiate
cocaine-induced behaviors (Jocham et al. 2007, de Souza Silva et al. 2006a). NK-3
receptors therefore modulate dopaminergic neurotransmission and behaviors, however a role
in behavioral sensitization to cocaine remains to be studied.

Glycogen synthase kinase-3 (GSK3) is recognized as an important downstream substrate of
dopamine receptor signaling (Grimes & Jope 2001, Beaulieu et al. 2004, Prickaerts et al.
2006). In addition, GSK3 plays a role in cocaine-induced behavioral sensitization (Miller et
al. 2009, Xu et al. 2009). GSK3 is expressed in the brain in two isoforms, namely GSK3α
and GSK3β, which are regulated by phosphorylation at serine 21 and 9 residues
respectively. Phosphorylation of GSK3α and GSK3β leads to inhibition of GSK3 activity
(Grimes & Jope 2001), and the phosphorylation state of GSK3 can be regulated by PKA,
protein kinase B (Akt), PKC, DARPP-32 and protein phosphatase 1, among others (Alessi et
al. 1996, Li et al. 2000, Svenningsson et al. 2003). Genetic or pharmacological inhibition of
GSK3 activity can attenuate dopamine-mediated behaviors (Beaulieu et al. 2004, Miller et
al., Miller et al. 2009). Studies have reported that inhibition of GSK3 activity blocks the
development of behavioral sensitization to cocaine (Miller et al. 2009, Xu et al. 2009).
Overall, there is evidence in support of GSK3 as an important molecular substrate involved
in dopamine neurotransmission and in behavioral sensitization to cocaine, however
interconnection of GSK3 with NK-3 receptors remains largely unknown.

The present study examined the role of NK-3 receptors in the development and expression
of sensitization to locomotor behaviors and also in neuroplastic changes in GSK3 activity in
the nucleus accumbens resulting from repeated cocaine administration. Since NK-3
receptors modulate dopaminergic neurotransmission, and NK-3 receptor blockade attenuates
acute dopamine and cocaine-induced behaviors (Bishop & Walker 2004, de Souza Silva et
al. 2006b, Jocham et al. 2006, Nwaneshiudu & Unterwald 2009), we hypothesized that
activation of NK-3 receptors is necessary for the development and expression of locomotor
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sensitization to cocaine. In addition, given the role of GSK3 as a molecular substrate of
dopamine receptor signaling and in behavioral sensitization to cocaine (Beaulieu et al. 2004,
Miller et al. 2009, Xu et al. 2009), we sought to determine if NK-3 receptors are involved in
changes in GSK3 phosphorylation in the nucleus accumbens produced by cocaine
administration.

MATERIALS AND METHODS
Animals

Adult male CD-1 mice (Charles River Laboratories, Raleigh, NC, USA) were group-housed
(4–6 per cage) in a temperature and humidity controlled environment on a 12-h light–dark
cycle (lights on at 7AM) with ad libitum access to food and water. Animals were handled
daily prior to the beginning of the study. All experiments were conducted in accordance with
the National Institutes of Health guidelines for the Care and Use of Laboratory Animals and
with approval from Temple University School of Medicine Institutional Animal Care and
Use Committee.

Drugs
Cocaine hydrochloride was generously provided by the National Institute on Drug Abuse
and dissolved in a sterile 0.9% saline solution. (S)-3-methyl-2-phenyl-N-(1-phenylpropyl)-4-
quinolinecarboxamide (SB 222200) was obtained from Sigma Aldrich and dissolved in a
vehicle composed of 60% polyethylene glycol (PEG-200) and 40% distilled water. Saline
control or cocaine was injected intraperitoneally in a volume of 3 ml/kg body weight, and
vehicle control or SB 222200 was injected subcutaneously in a volume of 2 ml/kg. The
doses and schedule of SB 222200 administration were chosen based on its in vivo
pharmacological properties previously reported (Sarau et al. 2000), and also its effects on
cocaine-induced hyperactivity (Nwaneshiudu & Unterwald 2009).

Drug treatment and behavioral assessment
In order to examine effects of the NK-3 receptor antagonist SB 222200 on the development
of cocaine behavioral sensitization, adult male CD-1 mice were administered either vehicle
or SB 222200 (2.5 or 5 mg/kg, s.c.) followed 30 mins later by an injection of either saline or
cocaine (20 mg/kg, i.p.) once daily for 5 days (days 1–5) in their home cages. After a 7-day
drug-free period (day 13), all mice were challenged with cocaine (20 mg/kg, i.p.) in the
absence of SB 222200, and ambulatory activity was measured for 30 mins in a novel
environment. To examine effects of SB 222200 administration on the expression of
behavioral sensitization to cocaine, mice were injected once daily with either saline or
cocaine (20 mg/kg, i.p.) for 5 days (days 1–5), followed by a 7-day drug-free period. On day
13, mice were pretreated with either vehicle or SB 222200 (5 mg/kg, s.c.) 30 mins prior to a
challenge injection of cocaine (20 mg/kg, i.p.), and ambulatory activity was measured for 30
mins.

Behavioral activity was measured using a Digiscan DMicro System (Accusan, Columbus,
OH, USA) that consists of clear 20 × 20 × 42 cm plastic cages lined with horizontal photo-
beams and detectors that are interfaced with an output computer. Ambulatory activity was
recorded as counts of consecutive photo-beam breaks.

Tissue preparation and immunoblotting
In a separate study, mice were injected once daily with either vehicle or SB 222200 (5 mg/
kg, s.c.) followed 30 mins later by either saline or cocaine (20 mg/kg, i.p.) for 5 days (Days
1–5), and left drug-free for 7 days. On day 13, mice were challenged with either saline or
cocaine (20 mg/kg, i.p.). All injections were given in the animals’ home cages. Twenty mins
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later, mice were exposed to CO2 for 15-sec, and the nucleus accumbens were rapidly
dissected on ice. Tissues were homogenized using a sonicator in 100°C 1% SDS with 1 mM
NaF and 1 mM Na3VO4 as phosphatase inhibitors. Samples were boiled for 5 mins and
stored at −80°C.

Protein concentrations of tissue samples were determined using the Lowry protocol (Lowry
et al. 1951). 30 µg of protein from each sample were loaded onto 7.5% Tris-HCl Bio-Rad
Ready-gels, separated by SDS-polyacrylamide gel electrophoresis, and transferred onto
nitrocellulose membranes. Membranes were stained with 2.5% Ponceau S dye in 1% acetic
acid/dH2O to insure integrity of transferred protein. Membranes were washed in Tris
buffered saline with Tween-20 (TTBS), and blocked with 5% non-fat dry milk in TTBS for
1hr at room temperature. Membranes were incubated with the following primary antibodies
diluted in 5% non-fat dry milk in TTBS, 1:2000 for anti-phospho-GSK3α/β (Cell Signaling
Technology, Beverly, MA, USA), and 1:5000 for anti-GSK3α/β (Santa Cruz Biotechnology,
Santa Cruz, CA). The phospho-GSK3α/β antibody recognizes the phosphorylated form of
GSK3α at serine 21(52 kDa) and GSK3β phosphorylated at serine 9 (47 kDa). Membranes
were washed in TTBS and incubated with anti-rabbit or anti-mouse secondary antibodies
conjugated to two different infra-red dyes (LI-COR Biosciences, Lincoln NE) at room
temperature for 1h in a dark room. Secondary antibodies were diluted 1:10,000 in Odyssey
blocking buffer with 0.2% Tween-20 (LI-COR). Membranes were visualized and proteins
were quantified using the Odyssey infrared imaging system and software (LI-COR).
Phosphorylated and total forms of GSK3 were detected simultaneously as the colors green
and red respectively. Membranes were stripped of antibodies using the New Blot nitro
stripping buffer (LI-COR) and re-probed with anti-α-tubulin [1:80,000 (Sigma-Aldrich)] to
control for differences in protein loading and during protein transfer. Ratios of densities of
phosphorylated GSK3α/β to total GSK3α/β, and total GSK3α/β to α-tubulin were calculated.

Data analysis
Data were analyzed by one-way ANOVA with Bonferroni post hoc tests (GraphPad Prism
V.4, La Jolla, CA). Statistical significance was determined at the alpha level of 0.05.

RESULTS
Pretreatment with the NK-3 receptor antagonist SB 222200 blocked the development of
behavioral sensitization to cocaine

Ambulatory responses to a cocaine challenge after 7 days drug-free (day 13) were measured
in mice pretreated for 5 days with SB 222200 and/or cocaine. Statistical analyses of total
ambulatory activity revealed a significant difference between treatment groups
(F(4,39)=3.93, p< 0.01, Figure 1). Bonferroni post hoc comparisons showed that a cocaine
challenge induced significantly higher ambulatory activity in mice administered repeated
cocaine than in mice given repeated saline (p <0.05) demonstrating behavioral sensitization.
Mice administered SB 222200 (5 mg/kg, s.c.) prior to repeated cocaine for 5 days did not
show a sensitized response to a subsequent cocaine challenge and showed significantly less
activity in response to a cocaine challenge as compared to mice administered vehicle prior to
repeated cocaine (p<0.01). Therefore, daily pretreatment with SB 222200 blocked the
development of cocaine-induced behavioral sensitization. Baseline ambulatory activity prior
to cocaine challenge was not significantly different among the treatment groups
(F4,39)=0.68, p>0.05.

Effect of SB 222200 on the expression of behavioral sensitization to cocaine
Ambulatory responses were measured in mice injected with SB 222200 30 mins prior to a
cocaine challenge on day 13 after 5 days of repeated cocaine. Statistical analyses of
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ambulatory activity revealed a significant difference between treatment groups
(F(3,38)=2.87, p< 0.05, Figure 2). Bonferroni post hoc comparisons showed that mice
administered repeated cocaine had significantly higher ambulatory responses to a
subsequent cocaine challenge than mice given repeated saline (p <0.05), which demonstrates
behavioral sensitization. The sensitized response was not detected after administration of SB
222200 30 mins prior to the cocaine challenge on day 13. Activity of mice pretreated with
SB 222200 prior to a cocaine challenge was not significantly different from non-sensitized
controls (p>0.05), in agreement with our previous study (Nwaneshiudu & Unterwald 2009).
Baseline ambulatory activity prior to cocaine challenge did not significantly differ among
treatment groups (F3,38)=1.27, p>0.05).

Pretreatment with SB 222200 prior to repeated cocaine altered GSK3α phosphorylation in
the nucleus accumbens

Phosphorylated GSK3α (Ser-21) and total GSK3α proteins were measured in the nucleus
accumbens from mice given SB 222200 and cocaine for 5 days, and challenged with cocaine
after a 7-day drug-free period. Representative immunoblots of phosphorylated GSK3α
(pGSKα) (green) and total GSK3α (red) are shown in Figures 3 and 4a.GSK3α was
visualized as the upper protein band (approximately 52 kDa) (Figure 3). Statistical analysis
of ratios of pGSK3α to total GSK3α demonstrated significant differences between treatment
groups (F(7,61)= 3.67, p< 0.01, Figure 4a). Bonferroni post hoc comparisons showed higher
levels of phosphorylated GSK3α in the nucleus accumbens 20 mins after the cocaine
challenge in control mice pretreated with vehicle and saline (p<0.05). In contrast, pGSK3α
was unaltered following the cocaine challenge in mice that received repeated cocaine on
days 1–5 (p>0.05), demonstrating tolerance to repeated cocaine administration. This
tolerance to GSK3α regulation was abolished by pretreatment with SB 222200 prior to daily
cocaine. Phosphorylated GSK3α was elevated 20 mins following a cocaine challenge in
mice pretreated SB 222200 and repeated cocaine (p<0.05). A saline challenge after repeated
cocaine and/or SB 222200 administration did not significantly alter levels of pGSK3α
(p>0.05). Ratios of total GSK3α to α-tubulin proteins were unaltered by any drug treatment
(Figure 4b). These data suggest that administration of acute cocaine increased
phosphorylation of GSK3α at serine 21 in the nucleus accumbens measured 20 mins later,
and tolerance to the increase in GSK3α phosphorylation occurred with repeated cocaine
administration and challenge. Furthermore, pretreatment with SB 222200 prior to repeated
cocaine reversed tolerance to the increase in GSK3α phosphorylation induced by repeated
cocaine.

SB 222200 administration prior to repeated cocaine altered GSK3β phosphorylation in the
nucleus accumbens

Phosphorylated GSK3β (pGSK3β) (Ser-9) and total GSK3β protein were also measured
similarly to GSK3α in the nucleus accumbens from mice pretreated with SB 222200 and
cocaine for 5 days and challenged with cocaine after a 7-day drug-free period.
Representative immunoblots of pGSK3β and total GSK3β are shown in Figures 3 and 5a.
GSK3β is seen as the denser protein band at approximately 47 kDa. Statistical analyses of
ratios of pGSK3β to total GSK3β showed significant differences between treatment groups
(F(7,58)= 3.7, p< 0.01, Figure 5a). Post hoc comparisons revealed increased levels of
pGSK3β in the nucleus accumbens 20 mins after the cocaine challenge as compared to
saline-injected controls (p<0.05). No significant changes in pGSK3β levels were detected
after a subsequent cocaine challenge in mice that received repeated cocaine as compared to
mice with repeated saline (p>0.05), demonstrating tolerance following repeated cocaine
administration. However, there were increases in pGSK3β following a cocaine challenge in
mice after prior administration of SB 222200 with repeated cocaine (p<0.05). Repeated
cocaine and/or SB 222200 administration did not significantly alter pGSK3β after a saline
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challenge (p>0.05). Additionally, ratios of total GSK3β to α-tubulin were not altered by any
drug treatment (Figure 5b). These data demonstrate that, similar to GSK3α, there is also
increased phosphorylation of GSK3β at serine-9 20 mins after an acute injection of cocaine
in the nucleus accumbens, and tolerance to a subsequent cocaine challenge after repeated
cocaine administration. Furthermore, tolerance was prevented by pretreatment with SB
222200 prior to repeated cocaine.

DISCUSSION
Sensitization to cocaine-induced locomotor activity has been shown to result from
neuroplastic changes in the mesolimbic dopaminergic neurotransmission (Anderson &
Pierce 2005, Pierce & Kalivas 1997, Vanderschuren & Kalivas 2000). Structural changes in
dopaminergic neurons produced by repeated cocaine administration (Robinson & Kolb
1999) and their increased responsivity to glutamate have been reported (Zhang et al. 1997).
Other studies report enhanced inhibition of nucleus accumbens neurons to local application
of dopamine (Beurrier & Malenka 2002, Henry & White 1991). In addition, repeated
cocaine results in increased activation and expression of dopamine receptors (Alburges et al.
1993, McCreary & Marsden 1993, Unterwald et al. 1994), increased dopamine receptor
activation of cAMP signaling (Unterwald et al. 1996) and induction of dopamine receptor-
mediated gene expression in the nucleus accumbens (Zhang et al. 2005). Therefore, we
postulate that agents can alter behavioral sensitized responses to cocaine by preventing
changes in dopaminergic neurotransmission to the nucleus accumbens induced by repeated
cocaine administration.

NK-3 receptors have been shown to modulate dopamine neurotransmission to the nucleus
accumbens (Bannon et al. 1995, Humpel et al. 1991, Keegan et al. 1992, Marco et al. 1998,
Overton et al. 1992). In the present study, the role of NK-3 receptors in the regulation of
locomotor sensitization produced by repeated cocaine administration was examined. Our
findings show that administration of the NK-3 receptor antagonist SB 222200 before daily
injections of cocaine blocked the development of a sensitized locomotor response after a
subsequent cocaine challenge. These findings suggest that NK-3 receptors play a role in the
development of behavioral sensitization to cocaine, and may do so through altering
dopaminergic transmission in the nucleus accumbens.

The ability of the NK-3 receptor antagonist SB 222200 to inhibit the development of
behavioral sensitization to cocaine suggests a mechanism involving cocaine-induced release
of endogenous ligands that activate NK-3 receptors. Brain regions involved in motor
behaviors, such as the substantia nigra, VTA, caudate-putamen, nucleus accumbens and
cerebral cortex, express neurokinin-B and substance P (Burgunder & Young 1989,
Marksteiner et al. 1992, Warden & Young 1988), endogenous ligands that can activate
NK-3 receptors (Krause et al. 1990). Acute and repeated cocaine administration increases
preprotachykinin mRNA levels in the striatum (Adams et al. 2001, Mathieu-Kia & Besson
1998), which encodes the precursors for the endogenous ligands substance P and
neurokinin-B. In the present study, antagonism of NK-3 receptors prevented the
development of locomotor behavioral sensitization to cocaine. For this reason, we
hypothesize that activation of NK-3 receptors, through the release of its endogenous ligands,
alters dopaminergic neurotransmission to the nucleus accumbens (Bannon et al. 1995,
Humpel et al. 1991, Keegan et al. 1992, Marco et al. 1998, Overton et al. 1992), which can
contribute to behavioral sensitization.

GSK3 plays an important role as a molecular substrate of dopamine-mediated behaviors and
in behavioral sensitization to cocaine. Modulation of GSK3 activity has been shown to alter
psychostimulant-induced behaviors (Beaulieu et al. 2004, Miller et al. 2009, Prickaerts et al.
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2006) and behavioral sensitization to cocaine (Miller et al. 2009, Xu et al. 2009). GSK3β
heterozygous null mice have attenuated behavioral responses to amphetamine (Beaulieu et
al. 2004). In addition, changes in GSK3 phosphorylation occur after administration of the
psychostimulants amphetamine and cocaine, which are time-dependent. Increases in
phosphorylation of GSK3β and Akt in the striatum have been reported at early time points
after acute amphetamine and cocaine (Brami-Cherrier et al. 2002, McGinty et al. 2008,
Svenningsson et al. 2003), and decreases in GSK3α and β and Akt phosphorylation have
been reported at later times (Beaulieu et al. 2004, McGinty et al. 2008, Shi & McGinty
2007, Miller et al. 2009). Our present study demonstrates GSK3 phosphorylation is
increased in the nucleus accumbens 20 mins after an acute injection of cocaine, and
tolerance to this increase in GSK3 phosphorylation develops with repeated cocaine
administration. Our study shows changes in GSK3 phosphorylation in the nucleus
accumbens occurring after acute administration of cocaine, and novel changes that coincide
temporally with manifestation of locomotor behavioral sensitization after repeated cocaine
administration.

The present findings indicate that NK-3 receptors are involved in neuroplastic changes in
GSK3 activity in the nucleus accumbens produced by repeated cocaine administration that
contribute to bring about locomotor behavioral sensitization. Currently there are no studies
demonstrating direct modulation of GSK3 activity through NK-3 receptors. There is
evidence to support modulation of GSK3 activity by dopamine receptors via its downstream
substrates (Grimes & Jope 2001). The activity of GSK3α and GSK3β is inhibited by
phosphorylation at the serine-21 and -9 residues respectively and Akt, DARPP-32, P70 S6
kinase, MAP kinase-activated protein kinase-1 (MAPKAP-1), and protein kinase A can
regulate GSK3 phosphorylation (Alessi et al. 1996, Li et al. 2000, Svenningsson et al.
2003). Since NK-3 receptors modulate dopamine neurotransmission to the nucleus
accumbens (Bannon et al. 1995, Humpel et al. 1991, Keegan et al. 1992, Marco et al. 1998,
Overton et al. 1992), we postulate that NK-3 receptors indirectly alter GSK3 activity in the
nucleus accumbens by modulating dopamine receptor activation. In support of this, our
present findings show that administration of the NK-3 receptor antagonist SB 222200
reversed the tolerance to increased GSK3 phosphorylation produced by repeated cocaine
administration, and also prevented locomotor behavioral sensitization to cocaine.

Behavioral sensitization is a model that has been suggested to be useful in revealing
neuroadaptations that contribute to the compulsive craving seen in cocaine seeking
behaviors (Robinson & Berridge 2001, Vanderschuren & Kalivas 2000, Kalivas et al. 1998).
This is based in part on observations that brain regions such as the VTA and nucleus
accumbens that are involved in drug-induced sensitization also mediate behaviors such as
salient-motivation and drug reward (Robinson & Berridge 2001). These behaviors are said
to be influenced by environmental factors such as stress and conditioned cues, which also
affect behavioral sensitization to cocaine and cocaine-seeking behaviors (Hinson & Poulos
1981, Nestler 2001, Pierce & Kalivas 1997, Pierce et al. 1998, Vezina & Leyton 2009). It
would be of interest to investigate the possible interplay between NK-3 receptors, stress and/
or conditioned cues in the manifestation of locomotor behavioral sensitization to cocaine. In
addition, elucidating the exact mechanism whereby NK-3 receptors can regulate GSK3
activity would significantly enrich our present findings as it pertains to locomotor behavioral
sensitization.

In summary, the present study demonstrates that antagonism of NK-3 receptors blocks the
development and expression of cocaine-induced locomotor behavioral sensitization. Our
findings suggest that cocaine causes activation of NK-3 receptors which in part contributes
either directly or indirectly through alterations in dopaminergic transmission, to locomotor
behavioral sensitization. In addition, cocaine acutely increases GSK3 phosphorylation in the
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nucleus accumbens, and this effect is absent after repeated cocaine exposure. Tolerance to
the increase in GSK3 phosphorylation following repeated cocaine administration also
appears to involve NK-3 receptors. These findings suggest that neuroplastic changes in
GSK3 phosphorylation in the nucleus accumbens in part play a role to bring about
locomotor behavioral sensitization to cocaine, and these changes require the activation of
NK-3 receptors. In conclusion, these findings point to an important interaction between
NK-3 receptors and GSK3 activity in the nucleus accumbens in the manifestation of
locomotor behavioral sensitization induced by cocaine.
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Figure 1. Effect of NK-3 receptor blockade on development of behavioral sensitization to cocaine
Adult male CD-1 mice were injected with either vehicle or the NK-3 receptor antagonist SB
222200 (2.5, 5 mg/kg s.c.) 30 mins prior to a cocaine (20 mg/kg, i.p.) injection for 5 days.
After a seven day drug-free period, all mice were challenged with cocaine (20 mg/kg, i.p.)
and behavioral responses were measured. Within vehicle treatment groups, mice injected
repeatedly with cocaine had significantly increased ambulatory activity to a subsequent
cocaine challenge compared to saline animals indicating a sensitized behavioral response.
Administration of SB 222200 blocked this sensitized behavioral response in mice injected
with repeated cocaine. Data are presented as mean ± SEM; N=7–12 mice/group (* p<0.05,
**p< 0.01).
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Figure 2. Effect of NK-3 receptor blockade on expression of behavioral sensitization to cocaine
Adult male CD-1 mice were injected once daily with either saline or cocaine (20 mg/kg, i.p)
for five days. After a seven day drug-free period, they were administered either vehicle or
the NK-3 receptor antagonist SB 222200 (5 mg/kg, s.c.) 30 mins prior to a cocaine challenge
(20 mg/kg, i.p.). SB 222200 administration 30 mins prior to a cocaine challenge did not
significantly alter ambulatory activity in saline treated mice, but blocked the enhanced
behavioral response to cocaine in mice given repeated cocaine. Data are presented as mean ±
SEM; N=7–14 mice/group (* p<0.05).
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Figure 3. Representative immunoblots of phosphorylated and total GSK3α and GSK3β from the
nucleus accumbens
Phosphorylated and total GSK3 proteins were detected simultaneously using the Odyssey
infrared imaging system. GSK3α was visualized at 52 kDa and GSK3β at 47 kDa.
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Figure 4. GSK3α phosphorylation in the nucleus accumbens after repeated cocaine
administration and cocaine challenge
Adult male CD-1 mice were injected once daily with vehicle or SB 222200 (5 mg/kg, s.c)
and saline or cocaine (20 mg/kg), and 7 days later were challenged with either saline or
cocaine. The nucleus accumbens was examined for changes in GSK3α phosphorylation 20
mins after the challenge. Representative immunoblots of phosphorylated GSK3α (Ser-21)
protein of tissues from the nucleus accumbens of each treatment groups are also shown.
Data are presented as mean ± SEM; N=6–10/group (* p<0.05).
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Figure 5. GSK3β phosphorylation in the nucleus accumbens after repeated cocaine
administration and subsequent challenge
Adult male CD-1 mice were injected once daily with vehicle or SB 222200 (5 mg/kg s.c.)
and saline or cocaine (20 mg/kg). Seven days later, they were challenged with either saline
or cocaine and examined for changes in GSK3β phosphorylation 20 mins later.
Representative immunoblots of phosphorylated GSK3β (Ser-9) protein of tissues from the
nucleus accumbens of each treatment groups are also shown. Data are presented as mean ±
SEM; N=6–10/group (* p<0.05).
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