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ABSTRACT
GSK3: ANEUROMODULATOR OF COCAINE-INDUCED
BEHAVIORAL RESPONSES
Jonathan S. Miller
Doctor of Philosophy
Temple University, 2009

Doctoral Advisory Committee Chair: Ellen M. Unterwald, Ph.D.

Cocaine is a highly abused psychostimulant with repeated use potential
culminating in addiction, a disease associated with compulsive drug seekiagduse
high rates of relapse despite adverse consequences. It is well estaiéghmcaine acts
by binding to and blocking monoamine transporters therefore increasing synaptic
extracellular monoamine concentrations. Cocaine also increases kxtiatevels of the
excitatory amino acid glutamate within the neural circuitry comprigiegascending
dopamine system. Cocaine induces a number of behavioral and neurochemical
manifestations following acute and repeated administration. As such, élugitte
molecular mechanisms involved in the behavioral and neuromodulatory effects of
cocaine are critical to the development of effective pharmacotherapmsciine
addiction.

The overall aim of this research was to identify a novel kinase that may be
involved in the behavioral effects of cocaine. Thus, we chose to investigate glycogen
synthase kinase-3 (GSK3), which has recently gained attention as beoady ior
dopaminergic and glutamatergic signal transduction. GSK3 is a criticéhtoeof many

intracellular signaling systems. The activity of GSK3 is regulateselgral kinases



including Akt, with inactivation occurring via phosphorylation of the inhibitory se2ihe-
(a-isoform) and serine-P{isoform) residues. It is well established that acute cocaine
administration causes hyper-locomotion in animal models and that repeated cocaine
administration elicits a sensitized or increased response to the locotmidetng
properties of the drug. The studies outlined herein sought to determine whether non-
selective and selective inhibition of GSK3 would regulate acute cocaine-indyoed h
locomotion. Further, we investigated the role of GSK3 in the development of cocaine-
induced locomotor sensitization. Results of the research outlined herein deradhsatrat
pharmacological inhibition of GSK3 reduced both the acute behavioral responses to
cocaine and the long-term neuroadaptations produced by repeated cocainegtherefor
suggesting a role for GSK3 in the behavioral manifestations associatecba#ine
exposure.

Previous studies have assessed the role of the dopamine D1 receptor in locomotor
behaviors. As cocaine indirectly activates dopamine D1 receptors, we gavegti
whether activation of GSK3 was necessary for the expression of dopamine D1 receptor
mediated behaviors. To assess the role of GSK3 in dopamine D1 receptor-induced
hyperactivity, GSK3 was inhibited prior to administration of the selective diogabdi
receptor agonist SKF-82958. Selective inhibition of GSK3 reduced ambulatory and
stereotypic activity produced by SKF-82958. These data implicate a role K8 @ 3he
behavioral manifestations associated with dopamine D1 receptor activation.

To further assess the importance of GSK3 in cocaine-induced behaviors we
investigated the role of GSKS3 in various facets of cocaine-conditioned rewarddwe s

that selective inhibition of GSK3 prevented the development of cocaine-conditioned



reward using a conditioned place preference paradigm, indicating a redadtien i
rewarding properties of cocaine. Relapse to drug-seeking can be predipijatertain
stimuli including the drug itself, drug-paired contextual cues and stress. Meifranug-
paired cues is highly resistant to extinction and the molecular mechanismlyingde
relapse have not been clearly defined. Our results demonstrate that inhibitiSK®f G
interfered with the reconsolidation of cocaine-associated contextual nesrbgri
preventing the retrieval of cocaine conditioned place preference. Inhibitionk8 B%
neutral environment 24 hours prior to the test for reinstatement, however, did not prevent
reinstatement of cocaine place preference following a cocaine prinpgagion. Thus,
our results indicate that GSK3 serves an important role in cocaine-conditioned rewa
and is a critical intracellular signaling protein for the development ofrvegdace
preference. GSK3 is also essential to the reconsolidation and subsequent wdtrieval
cocaine-associated contextual cues.

In addition to studying the role of GSK3 in cocaine-induced behaviors, we
assessed the neuromodulatory effects of cocaine on GSK3 activity. éd [mtawiously,
the activity of GSK3 is regulated by a number of kinases including Akt (proteisekina
B). Recent evidence suggests that psychostimulants regulate the acthktyamid
subsequently GSK3 in various brain regions. Here, the ability of cocaine to ectipalat
activity of Akt and GSK3 was investigated. Enzymatic activity was assésse
determining protein phosphorylation in the brain. Mice administered acute ongcii
cocaine showed a significant decrease in phosphorylated Akt (Thr. 308) ang (8SK3
the caudate putamen as determined by Western blot analysis. Cocaine did péikalter

(Thr. 308) or pGSKBin the nucleus accumbens or frontal cortex. The role of



dopaminergic and glutamatergic receptors on cocaine-induced attenuation of pAkt (T
308) and pGSKBwas also assessed. Blockade of the dopamine D1, D2 or glutamatergic
NMDA receptor prevented cocaine-induced attenuation of p@%K&e caudate

putamen. Only blockade of the dopamine D2 receptor prevented the effect of cocaine on
pAkt (Thr. 308) levels in the caudate putamen. The results of the present study indicate
that the activity of Akt and GSK3 is selectively regulated in the brainollp acute

cocaine, an effect that is contingent upon both dopaminergic and glutamategpiorec
regulation.

In summary, the experiments described in this dissertation tested the initial
hypothesis that GSK3 mediates acute cocaine-induced hyperactivity anatocom
sensitization. Acute cocaine administration increased the phosphorylation of GHK3 in t
caudate putamen, therefore enhancing kinase activity. Further, the encr€xSK3
activity following cocaine administration is contingent upon activation of thenlioga
D1 and D2 receptors and the glutamatergic NMDA receptor. Results presemied her
also demonstrate a role for GSK3 in cocaine-conditioned reward. Selectivié omhof
GSK3 prevented the development of cocaine conditioned place preference. Inhibition of
GSK3 also prevented the retrieval of cocaine contextual memories, therlefgirg an
important role in reconsolidation. Thus, the results presented in this dissertatoantendi
that GSK3 is a neuromodulator of cocaine-induced behaviors and may be an important

factor underlying cocaine addiction.
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CHAPTER 1
GENERAL INTRODUCTION
Scientific Rationale

Cocaine is a highly abused psychostimulant with repeated use potentially
culminating in drug addiction, a brain disease with complex psychological and social
factors (Leshner, 1997; Gawin, 1991). Cocaine addiction is characterized by compulsive
drug use despite adverse consequences and high relapse rates during drugeabstinenc
(Mendelson and Mello, 1996). In 2005, an estimated 22.2 million persons (9.1 percent of
the population aged 12 or older) were classified with substance dependence or abuse,
based on criteria specified in tbeagnostic and Satistical Manual of Mental Disorders,
4" edition (DSM-1V), (SAMHSA, 2005). Of these persons, 3.6 million were classified as
being dependent on illicit drugs but not alcohol, with nearly 2.4 million persons being
current users of cocaine (SAMHSA, 2005). There are a number of factors urglerly
addiction including socio-economic status, environmental factors, cues andstrigge
genetics, and life stressors (Volkow et al., 2004). In addition, recent findings éndicat
increase in the rate of cocaine use starting at the age of 12, thus iegfStutdies
previously published suggesting that most cocaine users had their first catitact w
cocaine during adolescence (Johanson and Fischman, 1989). As such, early exposure to
drugs of abuse may be a strong predictor of later drug use and dependence (Johanson and
Fischman, 1989; Kandel and Davies, 1992). Investigations to identify novel
pharmacotherapies to combat cocaine addiction are underway, yet curneméyare no
effective therapeutics available for the treatment of cocaine addictiBng@ 2005;

Sofuoglu and Kosten 2006). Given the increasing and continued usage of cocaine, it is



essential to identify and investigate potential mechanisms by whicleacsge may
culminate in addiction.

The overall aim of this research was to identify a novel kinase that may neodulat
cocaine-induced behavioral responses. Glycogen synthase kinase-3 (&38K8)tein
kinase that was originally isolated from skeletal muscle and identifiakeayg regulatory
enzyme for glycogen metabolism (Embi et al., 1980; Rylatt et al., 1980). Thimenmnzy
widely expressed in all tissues with abundant levels in the brain (Woodgett, 1990). A
study by Leroy and Brion (1999) shows a widespread expression of GSK3 in the adult
brain, suggesting a fundamental role for this kinase in neuronal signaling pathways.
There are two isoforms of GSKa-{soform) and §-isoform) with inhibition of GSK3
occurring via phosphorylation of the N-terminal serine-21 (GHKS8 serine-9 (GSK®),
catalyzed by protein kinase B (Akt) (Cross et al., 1995). GSK3 has recentylgain
attention as a kinase essential to the hyperactivity associated wehsadrextracellular
dopamine (Beaulieu et al., 2004). As such, we chose to investigate the role of GEK3 as
potential modulator of cocaine-induced behaviors.

To assess the role of GSK3 on the behavioral effects associated with cocaine the
experiments presented herein determined:

1. The role of GSK3 in acute cocaine-induced hyperactivity as well as coodueed
locomotor sensitization. The role of GSK3 on such behavioral manifestations was
determined using non-selective (valproate) and selective (SB 216763) inhabitors

GSKa.



2.

3.

4.

If GSK3 mediated dopamine D1 receptor agonist-induced hyperactivity using the
selective inhibitor of GSK3 SB 216763 and the dopamine D1 receptor agonist SKF-
82958.

The role of GSK3 was also assessed in cocaine-conditioned reward. The ingortanc
of GSK3 in the development, retrieval, and reinstatement of cocaine-conditioned
reward was investigated using a conditioned place preference paradigm.

Whether acute cocaine regulated GSK3 activity as determined bynneahe
phosphorylation of GSK3 serine-2d-(soform) and serine-${isoform) in the

caudate putamen, nucleus accumbens and frontal cortex. The activity of the kinase
upstream of GSK3 (Akt) was also assessed in these brain regions. Further, we
determined the involvement of dopaminergic and glutamatergic receptors inezocai

induced regulation of GSK3.

Phar macology of Cocaine

Cocaine is a psychostimulant that produces a number of behavioral effects and

neurochemical adaptations. Further, continued use of cocaine may lead to drug

addiction, which is characterized by drug craving and relapse into compulsive drug

seeking behavior (Jaffe et al., 1989). Numerous studies have been conducted to

determine the neural circuitry, receptor types and intracellular signakechanisms

underlying cocaine addiction and of relapse, yet there are currently nbveffe

pharmacotherapies for cocaine addiction (O’Brien, 2005; Sofuoglu and Kosten 2006).

In the central nervous system, cocaine increases synaptic neurotransmitter

concentration by blocking the reuptake of dopamine, norepinephrine and serotonin by



acting on monoamine transporters (Heikkila et al., 1975; Ritz et al., 1987). For
example, cocaine increases extracellular dopamine in the brain by binding to and
blocking the dopamine transporter (Heikkila et al., 1975; Gatley et al., 1997) (Figure
1.1). Increased dopaminergic transmission has been linked to the euphoric effects of
cocaine (Volkow et al., 1999) and the dopamine transporter is a key substrate
involved in the behavioral and neurochemical effects associated with cocaioe (Gi

et al., 1996).

The pharmacokinetics of cocaine in the brain is contingent upon a number of
factors including physical/chemical form and route of administration of the Haug
example, smoked cocaine induces a faster self-reported “hight @L3tmin) than
intranasal cocaine (14468 min) (Fowler et al., 2001). Cocaine also shows
differential distribution in the brain with very high and rapid uptake in the striatum
and a clearance half-time of approximately 20 minutes with behavioraly actses
occupying approximately 60-77% of the dopamine transporters in this region (Fowle
etal., 2001).

Following administration, cocaine is metabolized with a half-life of
approximately 0.7-1.5 hours (Jeffcoat et al., 1989). Approximately half of the
absorbed dose of cocaine is hydrolyzed in the liver by carboxylesterase to
benzoylecgonine, ecgonine, and norcocaine (Jindal and Lutz, 1986; Fleming et al.,
1990; Benowitz, 1993). In addition to its actions at dopamine transporters, cocaine
exhibits local anesthetic properties by blocking voltage-gated sodiumelsaand
causes vasoconstriction by inhibiting the local reuptake of norephinephrine §Catter

and Mackie, 2006).



Normal Transmission

Transmission with Cocaine Present

Newrotransmitlers

Tmnspurberf \ Cocaine Blocking Transporier

Figure 1. 1: Cocaine bindsto monoamine transporters. Under normal physiological
conditions, the transmitting (pre-synaptic) neuron releases dopamine thatobinds
receptors on the receiving (post-synaptic) neuron. The dopamine transpodeesehe
released dopamine from the synapse and transports it back in to the transmitting neur
Cocaine acts by blocking the dopamine transporter, resulting in an increase in
extracellular dopamine in the synapse by decreasing dopamine reuptake inte¢he ne

terminal and breakdown by monoamine oxidases. (Modified from nida.nih.gov)



In the periphery, an evaluation of the distribution and kinetics of cocaine shows uptake in
the heart, kidneys, liver, gastrointestinal tract, bladder and adrenals, but noighe |
(Volkow et al., 1992). The distribution to and accumulation of cocaine in the heart may
enhance cardiac toxicity by preventing the reuptake of norepinephrine (Foalgr e

1994) and therefore damaging the myocardium (Seifen et al., 1989).

Cocaine and Dopaminergic Transmission

The neurobiological mechanisms underlying the behavioral and
neuromodulatory effects of cocaine are associated with the ascending dopamine
system (Wise and Rompre, 1989). Anatomically, dopaminergic transmission is
mediated by the mesocorticolimbic dopamine system with cell bodies oingjmat
the ventral tegmental area and projecting to the nucleus accumbens, olfactory
tubercle, prefrontal cortex and amygdala or the nigrostriatal system whjeletpr
from the substantia nigra to the caudate putamen (Koob et al., 1998) (Figure 1.2). The
nucleus accumbens and caudate putamen (together called the striatum)cate criti
structures within the ascending dopamine system and are involved in the behavioral
responses associated with cocaine administration (Caine, 1998). As such,
perturbations of mesocorticolimbic dopamine function following cocaine
administration results in enhanced dopamine in the nucleus accumbens at the synaptic
level (Weiss, et al., 1992) and subsequently increased locomotor activity and
stereotypic behavior in animal models (Kelley and Iversen, 1976; Kalias et
1988). Likewise, lesions of the nucleus accumbens block or attenuate the rewarding

effects of intravenous cocaine (Roberts et al., 1977, 1980). The caudate putamen



(dorsal striatum) is also critical to the behavioral effects of cocBmeeious
investigations suggest that the caudate putamen is critical to habitual response
behaviors associated with cocaine such as cue-induced cocaine-seekavgui@ar

al., 2000; Vanderschuren et al., 2005). In addition to behavioral responses associated
with compulsive drug-seeking, the caudate putamen is also critical to acuteeeoca
induced locomotor responses. Acute cocaine administration induces an increased
locomotor response in animals and increases extracellular dopamine in the caudat
putamen (Kuczenski et al., 1991). Further, acute injection of the dopamine D2
receptor antagonist sulpride into the caudate putamen prior to cocaine prevents acut
cocaine-induced locomotion (Baker et al., 1996). A recent study using Pitx3 mutant
mice (Semina et al., 2000; Rieger et al., 2001) further characterized the tlode of
caudate putamen in acute cocaine-induced locomotion. Pitx3 mutant mice display a
near complete loss of A9 substantia nigra dopamine neurons, a 90% reduction in
dorsal striatal dopamine levels (Hwang et al., 2003; Nunes et al., 2003; Smits et al.,
2005; van den Munckhoff et al., 2003) and an attenuated locomotor response to acute
cocaine administration as compared to heterozygote controls (Beeler et al., 2009).
The vast majority of neurons in the striatum are GABAergic medium spiny neurons
that differ depending upon connectivity within the basal ganglia (Freund et al., 1984;
Borgkvist and Fisone, 2007) and are involved in motor function via thalamic
projections to a number of cortical areas (Albin et al., 1989). GABAergic medium
spiny neurons activate the striatonigral pathway via direct innervation of the

substantia nigra pars reticulata and the internal globus pallidus or thepstitidal



pathway via indirect innervation of the internal globus pallidus via projections for the
subthalamic nuclei and external globus pallidus (Borgkivist and Fisone, 2007).

At the receptor level, the behavioral and neuromodulatory effects of dopamine in
the ascending dopamine system are mediated by five dopamine receptor subtypes
members of the G-protein coupled receptor family. These receptors are subditade
two categories D1-like (D1 and D5) or D2-like (D2, D3, and D4) based on sequence
homology and pharmacology (Kebabian et al., 1972; Sibley et al., 1993). Dopamine D1
and D2 receptors are highly expressed in the rat brain in regions receiving roeqggeni
innervation (Sibley et al., 1993; Meador-Woodruff, 1994) and these two classes of
receptors exert their function within the mesolimbic and mesocorticansgdty
coupling to specific G-proteins. For example, D1 receptors are coupled to sinyp@a
proteins (@Gqi) resulting in the activation of adenylate cyclase, increase in CAMP
(Kebabian et al., 1972; Stoof and Kebabian, 1984, Sibley et al., 1993), and subsequent
activation of cCAMP-dependent protein kinase (PKA) (Edelman et al., 1987; Mellan et al
1989). Dopamine D1 receptors can also influence calcium-dependent signal transducti
by coupling to the Gq protein and releasing calcium from intracellular sBeegson et
al., 2003). In contrast, dopamine D2 receptors are coupled to inhibitory G-proteins
(Gi/Go) therefore resulting in the inhibition of adenylate cyclase ahRcAroduction
(Kebabian et al., 1972; Sibley et al., 1993). Dopamine D2 receptors are also coupled to
phospholipase C with activation of the receptor leading to the activation of calcjreeuri
Ca2+/calmodulin-dependent protein phosphatase (Nishi et al., 1997). Dopamine D1
receptors are located postsynaptically and primarily expressedatosigral neurons,

while dopamine D2 receptors are located both pre and postsynaptically and expressed



primarily in striatopallidal neurons (Gerfen et al., 1990). Evidence shows, howeter, t
in the dorsal and ventral striatum subpopulations of neurons exhibit receptor
colocalization (Surmeier et al., 1992; Aizman et al., 2000). A recent investigaitngn us
drdla- and drd2-enhanced green fluorescent protein transgenic mice (Gong et al., 2003)
has futher characterized the distribution of dopaminergic receptors inrsgiratand
striatopallidal neuronal populations (Bertran-Gonzalez et al., 2008). Heyestimated
that approximately 17% of neurons in the shell of the nucleus accumbens (ventral
striatum) express both dopamine D1 and D2 receptors whereas coexpression of both
receptors is found in only 5-6% of neurons in the dorsal striatum and core of the nucleus
accumbens (Bertran-Gonzalez et al., 2008).

The relationship between cocaine and the dopaminergic D1 and D2 receptors has
been extensively characterized both behaviorally and neurochemically. Dep@thand
D2 receptors are critical to the behavioral and neuromodulatory effectsatsdatith
acute and chronic cocaine administration and cocaine causes changes in the liityjctiona
of dopaminergic receptors. For example, the expression of immediate eatysyeh as
c-fos is induced through dopamine D1 receptors by cocaine (Robertson et al., 1990;
Young et al., 1991; Cole et al., 1992) and mice lacking the dopamine D1 receptor display
a reduction im\FosB protein induction in the nucleus accumbens and caudate putamen
following repeated cocaine administration (Zhang et al., 2002). Cocaine-induced
regulation of dopaminergic receptors occurs following daily binge patterimestiation
of cocaine for 14 days which upregulates dopamine D1 receptors in the olfactory
tubercle, nucleus accumbens, ventral pallidum and substantia nigra of ratsvéllther

al., 1994). Dopamine D2 receptors, however are elevated in the olfactory tubetcdé, ros



nucleus accumbens and rostral caudate putamen 7 days after daily binge padteen coc

administration and return to control levels within 14 days (Unterwald et al., 1994).

Cocaine and Glutamatergic Transmission

Glutamate is an excitatory amino acid that mediates most of the excitator
synaptic transmission in the brain (Rao and Finkbeiner, 2007). Following release from
presynaptic terminals, glutamatergic transmission is mediated byaprwand/or
metabotropic glutamate receptors. Interestingly, the neural cyr@ntompassing the
mesocorticolimbic dopamine system is highly interconnected with glutagiater
efferents (Tzschentke and Schmidt, 2003). Dopaminergic neurons in the ventral
tegmental area receive glutamatergic input from the prefrontal c&ésack and Pickel,
1992; Carr and Sesack, 2000) and amygdala (Wallace et al., 1992) and the nucleus
accumbens also receives glutamatergic input from corticolimbic steganeluding the
prefrontal cortex, amygdala and hippocampus (Kelley et al., 1982; Christie et al., 1987;
Groenewegen et al., 1987; Gorelova and Yang, 1997). Activation of the glutamatergic
projections from the prefrontal cortex to the ventral tegmental area iasrémgesactivity
of dopaminergic cells and increases dopamine release in the nucleus accivigoens (
et al., 1991; Johnson et al., 1992; Tzschentke, 2001). Acute (Ungless et al., 2001) and
repeated cocaine (White et al., 1995) exposure also increases glutamatd-induce
dopamine neuron firing in the ventral tegmental area (Figure 1.2).

Cocaine increases extracellular glutamate levels in the ventradt¢gimarea
(Kalivas and Duffy, 1995, 1998), nucleus accumbens (Smith et al., 1995; Pierce et al.,

1996; Reid and Berger, 1996) caudate putamen (McKee and Meshul, 2005) and
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prefrontal cortex (Reid et al., 1997). Repeated cocaine administration deprestes ba
extracellular glutamate levels (Baker et al., 2003; Kozell and Meshul, 2@3gpeated
cocaine enhances the amount of glutamate released as compared to a simgle coca
injection (Kalivas and Duffy, 1998; McFarland et al., 2003). Cocaine also induces
changes in the expression of ionotropic N-methyl-D-aspartate (NMRAgmMate

receptor mMRNA and protein levels. Acute cocaine exposure causes a decreRHMA
expression of the NR1 subunit of the NMDA receptor in the nucleus accumbens, caudate
putamen and ventral tegmental area (Ghasemzadeh et al., 1999). Repeated cocaine
administration increases NMDA receptor protein levels in the ventral teghsea
(Fitzgerald et al., 1996), yet investigations of receptor expression in the nucleus
accumbens have been inconsistent. For example, reports show no changes (Fitzgerald et
al., 1996) or decreases (Yamaguchi et al., 2002) in NMDA receptor mRNA expression
following repeated cocaine administration. Decreases in NMDA recepteirptevels

are observed 24 hours (Loftis and Janowsky, 2000) but not 1 week following the last
cocaine injection (Zhang et al., 2007) suggesting that NMDA receptor protein édd mR
expression is spatially and temporally regulated following redeaieaine

administration.
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Figure 1.2: Neural circuitry involved in cocaine-induced behavior and

neurochemistry. Dopaminergic, GABAergic and glutamatergic projections to critical

brain regions in the ascending dopamine system are shown. Abbreviations: GPe, globus
pallidus-external; GPi, globus pallidus-internal; SNc, substantia nigra gasacta;

SN, substantia nigra pars reticula; sn, subthalamic nucleus; VTA, ventredried area.

(Hummel and Unterwald, 2002)
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Given the effect of cocaine on glutamatergic transmission, previous investgyat
have highlighted the importance of glutamate and the NMDA receptor in thiatteg
of cocaine-induced behaviors and neurochemistry. Antagonizing NMDA receptors in the
nucleus accumbens decreases the rewarding and locomotor stimulatingoéftectsne
(Pulvirenti et al., 1991, 1992). Neurochemically, cocaine-induced striatal neuropeptide
expression (Hanson et al., 1995) and ERK phosphorylation is contingent upon NMDA

receptor activation (Valjent et al., 2000; Jenab et al., 2005).

Cocaine-Induced Hyperactivity and Sensitization

The role of dopaminergic and glutamatergic transmission in acute and sdnsitize
cocaine-induced hyperactivity has been extensively investigated.i&smit to
cocaine/psychostimulants develops following repeated administration.iZsisit
refers to an increased response to subsequent cocaine/psychostimulant dosing after
previous exposure. Sensitization has been shown to develop to the locomotor stimulating
effects of cocaine and other psychomotor stimulants in rodents (Post and Rose, 1976;
Shuster et al., 1982; Stewart and Badiani, 1993). Evidence also indicates that
sensitization develops in humans following repeated psychostimulant exposunst(Ang
et al., 1974, Bartlett et al., 1997). The ability of psychostimulants to induce or express
sensitization is modulated by factors including learning and the environmentexcin
which drug is administered (Robinson et al., 1998). As sensitization may model certain
aspects of addictive behavior such as drug craving and relapse (Robinson and Berrridge,
1993) identification of new molecular targets to prevent sensitized responses to

psychostimulants are warranted.
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Acute cocaine causes a dose-dependent increase in locomotor activitgrargl re
in animals (Ushijima et al., 1995). Systemic and intraaccumbens infusions of the
dopamine D1 receptor antagonist SCH-23390 attenuate acute cocaine-induced hyper-
locomotion (Cabib et al., 1991; Baker et al., 1998). Similar to pharmacological inhibition,
mice lacking the dopamine D1 receptor also fail to show an increase in locomiity act
following acute cocaine administration (Xu et al., 1994; Karasinska et al., 2005).
Antagonism of the dopamine D2 receptor also decreases acute cocaine-induced hyper
locomotion (Ushijima et al., 1995), yet attenuation of cocaine hyper-locomotion is
achieved only at doses of the antagonist that decrease locomotor activity wimen give
alone (Chausmer and Katz, 2001).

The dopamine D1 and D2 receptors also serve an important role in the
development of cocaine-induced locomotor sensitization. Administration of the dopamine
D1 receptor antagonist SCH-23390 prior to daily cocaine prevents the development of
sensitization (McCreary and Marsden, 1993), and dopamine D1 receptor knockout mice
do not show locomotor sensitization to cocaine as compared to wildtype controls
(Karlsson et al., 2008). The development of cocaine sensitization can also be blocked by
the dopamine D2 receptor antagonist haloperidol (Karler et al., 1994) and repeated
systemic administration of the dopamine D2 receptor agonist quinpirole with the D1
receptor agonist SKF-38393 mimics the induction of cocaine sensitizationy(éteadr,

1998).

In addition to the role of dopaminergic receptors in the acute hyper-locomotor

response associated with cocaine, glutamatergic receptors plégal wrle in acute and

sensitized cocaine-induced hyper-locomotion. For example, administrationrafrthe
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competitive glutamatergic NMDA receptor antagonists MK-801 or ketantieeuates

acute cocaine-induced hyper-locomotion in mice (Uzbay et al., 2000). Systemic
administration of MK-801 also prevents the development of behavioral sensitization t
cocaine (Karler et al., 1989), apomorphine (Druhan et al., 1993) and L-DOPA (Pinheiro-
Carrera et al., 1995). Microinjections of MK-801 or the competitive NMDA receptor
antagonist CPP into the ventral tegmental area and amygdala, but not the nucleus
accumbens also prevents the development of cocaine-induced locomotor sensitization
(Kalivas and Alesdatter, 1993). Further, mice with reduced expression of the NR-1
subunit of the NMDA receptor (Mohn et al., 1999) show a reduction in acute and
sensitized cocaine-induced hyper-locomotion as compared to wild-type coiteol m

(Ramsey et al., 2008).

Cocaine Conditioned Reward, Retrieval and Reinstatement

There are a number of neural substrates, receptors and intracelluddingign
mechanisms involved in cocaine conditioned reward and relapse. The development of
cocaine reward has been extensively studied using the conditioned placenpeefere
paradigm. Conditioned place preference is a behavioral paradigm structured around two
distinct phases termed acquisition/conditioning and expression. During the @mguisi
phase, animals are exposed to drug that is paired with a specific environmemnnhelhe t
spent and number of pairings to that environment is dependent upon factors including the
drug used and behavioral end point. During the expression phase, animals are tested for
their preference toward their drug-paired environment (time spent in the dragd-paie)

in a drug-free state. Increased time spent in the drug-paired environneent aft
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conditioning is thought to reflect a heightened motivational relevance to drugadsdoci
stimuli (Mueller and Stewart, 2000). The conditioned reward paradigm in rodents is
thought to model compulsive-like behaviors in human cocaine addicts such as drug-
seeking and drug-craving (Bardo and Bevins, 2000; Robinson and Berridge, 2001).
Dopaminergic and glutamatergic receptors have been extensivelytehagatin
terms of their role in the development cocaine conditioned reward. Changes in
extracellular dopamine levels exert a functional role in brain reward, both talnatur
reinforcers and addictive drugs (Wise and Bozarth, 1987; Carboni et al., 1989; Koob,
1992; Kelley and Berridge, 2002; Wise, 2002; Bonci et al., 2003). The induction of
cocaine conditioned place preference is contingent upon dopamine D1 receptor
stimulation as antagonism of the receptor during the cocaine-conditioning pbasetpr
the acquisition of cocaine place preference (Cervo and Samanin, 1995). The dopamine
D1 receptor also functions as a primary reward to cocaine-naive anindalgaasine D1
receptor agonists induce place preference (Graham et al., 2007). Inteyesting|
pharmacological inhibition of the dopamine D2 receptor does not affect the induction of
cocaine place preference (Cervo and Samanin, 1995; Baker et al., 1996) and
administration of the dopamine D2 receptor agonist quinpirole fails to produce place
preference in cocaine-naive animals (Graham et al., 2007). GlutamaterBa NM
receptors are critical to the induction of cocaine-induced place prefer®ence a
pharmacological inhibition (Kim et al., 1996; Harris and Aston-Jones, 2003) or genetic
(Heusner and Palmiter, 2005) deletion of the receptor prevents the development of

cocaine-induced place preference.
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Retrieval of cocaine-associated contextual memories involves reaxtiaad the
potential strengthening of previously learned memories, a process known as
reconsolidation (Mactutus et al., 1979; Przybyslawski and Sara, 1997). During this
process, memory traces are labile and can be manipulated pharmacologically
(Przybyslawski and Sara, 1997; Przybyslawski et al., 1999; Nader et al., 20je@f et
al., 2006). Previous investigations focusing on reconsolidation and retrieval of cocaine-
associated memories have highlighted the importance of glutamateeptaes in these
processes. For example, pharmacological blockade of NMDA receptors W80
during reconsolidation prevents the expression of cocaine place prefereheg ¢Kal.,
2007; Brown et al., 2008; Itzhak, 2008). To date, studies focusing on dopaminergic
receptor regulation and the reconsolidation of cocaine-associated menmefackiany.
Dopamine receptors have however been implicated in self-administration studies
investigating context-induced reinstatement of cocaine seeking. Hereapregnt with
the dopamine D1 receptor antagonist SCH-23390 or D2 receptor antagonist raclopride
prior to re-exposure to the drug-associated context (conditioned stimulus) pcetrent
renewal of cocaine seeking (Crombag et al., 2002).

In addition to the development and retrieval of cocaine-conditioned place
preference, reinstatement procedures have been used as a model to study relapse to
cocaine seeking. Following the initial acquisition and expression of placegmeder
animals undergo extinction training. Extinction training consists of repeatgdelsting
and repeated exposure to the previously drug-paired environment (conditioned stimulus)
in the absence of drug (unconditioned stimulus), therefore resulting in a daghilaee

preference (Mueller and Stewart, 2000). The extinction of place prefassfatiewed by

17



a priming injection of drug or exposure to stress that acts to renew the sali¢he
drug-related environmental stimuli, thus reestablishing the previously acquacsd pl
preference (Mueller and Stewart, 2000; Kreibich and Blendy, 2004). Intergstingl
dopamine D1 and D2 receptors differentially effect cocaine-primed renstat.
Following extinction of cocaine place preference, the dopamine D1 receptor agonist
SKF-81297 dose-dependently reinstates place preference in cocaine-condaisned r
(Graham et al., 2007). The dopamine D2/D3 receptor agonist quinpirole fails to block
cocaine-induced reinstatement as measured by place preference (Grahag20ev).

The role of the glutamatergic NMDA receptor on cocaine-primed reinstates
contingent upon memory reactivation to the conditioned and unconditioned stimulus.
Here, re-exposure of animals to the conditioned stimulus (place preferendgechand
unconditioned stimulus (cocaine) in the presence of the NMDA receptor antagonist MK-
801 prevents cocaine-primed reinstatement of place preference when testéater day

(Brown et al., 2008).

Glycogen Synthase Kinase-3 and Neuronal Signaling
Orignially identified for its regulation of glycogen metabolism (Entlale
1980), glycogen synthase kinase-3 (GSK3) has been since shown to be critical for a
number of cellular processes including apoptosis (Cross et al., 2001) and synaptic
plasticity (Peineau et al., 2008). GSK3 is highly expressed in the brain including the
frontal cortex, nucleus accumbens, caudate putamen, hippocampus and amygdala (Leroy
and Brion, 1999). Expression of GSK3 is also cell-specific with immunoreactivity

detected in hippocampal (Leroy and Brion, 1999) and cortical pyramidal cells éChe
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al., 2007) as well as hippocampal glial cells (Peineau et al., 2007). Ceflespec
localization of GSK3 within brain regions such as the nucleus accumbens and caudate
putamen has yet to be characterized. Interestingly, activation of the dodainamel D2
receptors activates the kinase upstream of GSK3 (Akt) in primartaktieurons
(Brami-Cherrier et al., 2002). Further, transduction of medium spiny neurons with
constitutively active Akt increases the induction of DARPP-32 protein levelgud et
al., 2007). This suggests that Akt modulates dopaminergic intracellular signaling
cascades within subpopulations of striatal neurons. Thus, it is tempting tcaspedicat
GSK3 may also modulate dopaminergic signaling within a similar subpopulation of
striatal neurons, however evidence presented herein demonstrates a diffierguliation
of GSK3 and Akt in the brain, an effect that is contingent upon inactivation of specifi
dopamine receptors (see Chapter 5).

As stated previously, GSK3 is a protein kinase that is regulated via
phosphorylation of the N-terminal serine-21 (G&#8r serine-9 (GSKM. It is well
established that insulin regulates GSK3 activity (Welsh et al., 1993; Wedkh E298)
via phosphorylation of GSK3 by activation of phosphatidyl-inositide (PI) 3-kinase
(Cohen et al., 1997) and subsequently Akt (Cross et al., 1995). In addition to PI3-kinase
and Akt, protein kinase A (PKA) inhibits GSK/® activity in a cAMP-dependent
manner (Fang et al., 2000) while protein kinase C (PKC) only inhibits ¢8B&ode et
al., 1992) (Figure 1.3). In addition to kinase induced regulation of GSK3, activity of the
kinase is regulated by protein complex formation and intracellular lotahz&inding
of GSK3 to Axin increases the activity of GSK3 and enhances the phosphorylgtion of

catenin (Ikeda et al., 1998), a substrate of GSK3. Further, GSK3 is spatpllgted, an
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effect that is contingent upon a redistribution of GSK3 from the cytosol to the nucleus
(Bijur and Jope, 2001). The accumulation of GSK3 in the nucleus is mediated by
apoptotic factors including Akt as inhibitors of Akt increase the accumulation lgfamuc
GSK3 which effects the ability of GSK3 to modulate substrates such as cyc{Bijor

and Jope, 2001).

Activation of GSK3 by Akt requires recruitment of Akt to the plasma membrane
by PI1 (3,4,5)P3 and PI (3,4) which have a high affinity for the PH domain of Akt
(Burgering and Coffer, 1995; Franke et al., 1995). Recruitment of Akt to the plasma
membrane facilitates the activation of Akt via phosphorylation of two reguléfar.

308) and (Ser. 473) sites (Alessi et al., 1996). Akt (Thr. 308) lies within the T loop of the
kinase and its phosphorylation is catalyzed by PDK-1 (Alessi et al., 1997; Stephkns et
1998). Akt (Ser. 473) is located within a hydrophobic region near the carboxyl terminus
of the kinase (Alessi et al., 1996), yet the mechanism by which this residue is
phosphorylated is currently unknown.

Regulation of GSK3 activity is critical in that GSK3 phosphorylates more than 40
substrates (Jope and Johnson, 2004). Interestingly, GSK3 regulates a number of
transcription factors involved in gene expression including cyclic AMP resp@rmserd
binding protein (CREB) which serves an important role in the addictive properties of
drugs of abuse (Carlezon et al., 1998). CREB regulates many criticabpes¢ such as
formation of long-term memory, maintenance of synaptic plasticity, and apoptosi
(Struthers et al., 1991; Davis et al., 1996; Deisseroth et al., 1996; Silva et al., 1998;
Bevilaqua et al., 1999; Shaywitz and Greenberg, 1999). The role of CREB in addiction

has been extensively investigated as repeated exposure to stimulant deagesc
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activity of the cAMP-PKA pathway within the nucleus accumbens (Terwdlieg al.,
1991). In addition, direct activation of PKA activity, which increases CREB
phosphorylation within the nucleus accumbens, reduces the rewarding effectarad,coca
whereas PKA inhibition has the opposite effect (Self et al., 1998). Given that PKA
inhibits GSK3 (Fang et al., 2000) and inhibition of GSK3 activates CREB (Grimes and

Jope, 2001), GSK3 may be important in mediating cocaine-induced behaviors.

GSK3: A Target for Therapeutics and Dopaminergic Transmission

In addition to its regulation by kinases, GSK3 has recently gained atten@on as
potential target in the treatment of bipolar disorder and schizophrenia. Lithium and
valproate, therapeutics used as mood stabilization agents to combat bipolar diseeder, ha
been shown to decrease the activity of GSK3 (Bowden et al., 1994). Previous
investigations suggest that the reduction of GSK3 activity by lithium stemsafrom
competitive inhibition with M§", which reduces the catalytic activity of GSK3
independent of any changes in phosphorylation (Ryves and Harwood, 2001). Lithium has
since, however, been shown to decrease GSK3 activity in vivo by increasing the
phosphorylation of the. andp isoforms acutely in the striatum (Beaulieu et al., 2004)
and chronically in the cerebral cortex and hippocampus (DeSarno et al., 2002) of mice.
The increased phosphorylation of GSK3 by lithium is contingent upon the activation of

PI3K and Akt by lithium (Chalecka-Franaszek and Chuang, 1999; DeSarno et al., 2002).
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Figure 1.3: Regulation of GSK 3 activity by phosphorylation by multiple kinases. A
number of intracellular signaling proteins regulate the phosphorylation and sutiseque
activity of GSK3. Activation/inhibition of GSK3 regulates intracellular slgrgproteins
and transcription factors such as CREB. PKA (protein kinase A), Akt (proteisekiBla
PKC (protein kinase C), GSK3 (glycogen synthase kinase-3), CREB (cyclit AM

dependent response element binding protein).
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Valproate is an anticonvulsant and mood stabilization agent used to treat a
number of disease states including epilepsy and mania (Jeavons and Clark, 1974;
Bowden et al., 1994). Previous in vitro evidence suggests that exposure of neuroblastoma
SH-SY5Y cells to valproate inhibits GSK3 by increasing the phosphorylation of the
upstream kinase Akt and subsequently the phosphorylation of GSK3 (DeSarno et al.,
2002). Valproate also regulates GSK3 phosphorylation in vivo as it protects against
hypoxia-induced serine-9 dephosphorylation of GEK3the cortex, hippocampus, and
striatum of mice (Roh et al., 2005).

GSK3 has also been implicated as critical to the pathophysiology of disat&se st
including schizophrenia (Lovestone et al., 2007). In postmortem frontal cortex samples,
subjects with schizophrenia exhibit approximately 40% lower GIKRNA levels
(Kozlovsky et al., 2004), GSK3protein levels (Kozlovsky et al., 2000) and kinase
activity (Kozlovsky et al., 2001) as compared to controls. These results areerunsist
with the studies showing that GSK3 and Akt protein levels in postmortem frontal cortex
samples of schizophrenic patients are lower than controls (Emamian et al., 2004).

Similar to lithium and valproate, therapeutics used in the treatment of
schizophrenia regulate the activity of Akt and GSK3. The antipsychotic and dopamine
D2 receptor antagonist haloperidol increases the phosphorylation of pAkt (Thr. 308)
without changing pAkt (Ser. 473) acutely (Emamian et al., 2004). In addition to
haloperidol, atypical antipsychotics such as risperidone and clozapine that show binding
affinity to both the dopamine D2 and serotinergic 5-HT2A receptors (Meltzdr, et
1989; Schotte et al., 1996) increase Akt and GSK3 phosphorylation in vitro and in vivo

(Kang et al., 2004, Li et al., 2007), therefore inhibiting GSK3. Genetic manipulation of
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dopamine receptors also modulates the activity of GSK3 as well as Akt. \dkoegadhe
dopamine D2 receptor display an increase in phosphorylated Akt (Thr. 308) and GSK3
(Ser. 9) and a subsequent decrease in Akt (Ser. 473) in the striatum (Beaulieu et al.,
2007). Further, mice lacking the dopamine D3 receptor show a similar increase in
phosphorylated Akt (Thr. 308) and GSK3 (Ser. 9) yet display no change in Akt (Ser. 473)
phosphorylation in the striatum (Beaulieu et al., 2007).

In studying GSK3 as a potential target for the treatment of diseasdivigiet
inhibitors is a key issue if GSK3 inhibitors are to be used as a pharmacologldal t
which to investigate the role of GSK3 in cellular processes (Meijdr, 2084). Lithium,
valproate, and antipsychotics effect the functioning of a number of receptors and
intracellular signaling proteins. However, several selective pharogical inhibitors of
GSK3 have been developed. For example, the malemide derivative SB 216763
reversibily inhibits GSK3 in an ATP-competitive manner with a Ki of 9 nM (Cagkta
al., 2000; Lockhead et al., 2001). SB 216763 shows little or no inhibition of kinases
upstream of GSK3 including PDK-1, PKA and Akt (Coghlan et al., 2000) and therefore
is a useful pharmacological tool in which to investigate the role of GSK3 in behaviors

associated with drugs of abuse and other diseases (Parkitna et al., 2006).

Psychostimulant-Induced Regulation of Akt/GSK 3
Previous studies have highlighted the importance of dopamine and dopaminergic
receptor manipulation on the regulation of Akt and GSK3. Interestingly, the
phosphorylation of Akt/GSK3 has a distinct temporal and spatial pattern of regulation

contingent upon drug and pattern of administration. For example, administration of the
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indirect dopaminergic agonist amphetamine results in a time-dependent aitentiat

pAkt (Thr. 308) and pGSK&p (Ser. 21/9) (Beaulieu et al., 2004) with no change in

pAkt (Ser. 473) in the striatum of wild-type mice (Beaulieu et al., 2005). Mice ackin

the dopamine transporter, which exhibit an elevation in extracellular striatahohegpa

(Giros et al., 1996), also show a decrease in striatal pAkt (Thr. 308) levels 60 minutes
following acute administration of methylphenidate (Beaulieu et al., 2006). Sheties

differ from those of Svenningsson and colleagues (Svenningsson et al., 2003), who show
increases in phosphorylated GXA8 the frontal cortex and striatum 15 minutes post-
amphetamine injection. Rats sensitized to the locomotor stimulating effects

amphetamine also display a unique temporal pattern of striatal pAkt (Thr. 30Rjtiay
following an amphetamine challenge. Rats sensitized to amphetamine showeaseancr

in striatal pAkt (Thr. 308) 15 minutes following an amphetamine challenge and a
subsequent decrease in pAkt (Thr. 308) 120 minutes following amphetamine as compared
to rats with no amphetamine history (Shi and McGinty, 2007). Binge pattern
administration of cocaine also regulates Akt and GSK3 phosphorylation in selact brai
regions. Phospho-Akt (Thr. 308) and pGSi{Blevels are significantly reduced in the
amygdala of rats following 14-day binge-pattern cocaine administr&emirge et. al.,

2008). In addition, 1-day of binge-pattern cocaine administration increasesTkt (

308) levels in the amygdala but decreases pAkt (Thr. 308) in the nucleus accumbens with
no change in phosphorylated GSK3 in these brain regions. This indicates that the

Akt/GSK3 signaling cascade is regulated in a distinct temporal and gptein.
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The Role of the Akt/GSK 3 Signaling Pathway in Psychostimulant-1nduced
Behavioral Repsonses
Recent evidence suggests that the Akt/GSKS3 signaling cascade @& twitic
psychostimulant induced hyperactivity. Beaulieu and colleagues (2004) show that
heterozygote GSKBmice display an attenuated response to acute amphetamine. In
addition, selective and non-selective inhibitors of GSK3 attenuate locomotor
hyperactivity associated with elevated extracellular striatal doygaim mice lacking the
dopamine transporter (Beaulieu et al., 2004). Administration of the selective GSK3
inhibitors SB 216763 and AR-A014418 also reduce the hyperactivity in mice
(Kozikowski et al., 2007) and rats (Gould et al., 2004) produced by amphetamine. Non-
selective inhibitors of GSK3 such as lithium (DeSarno et al., 2002) and valproate (Chen
et al., 1999) attenuate the hyper-locomotor phenotype of mice lacking the dopamine
transporter (Beaulieu et al., 2004). Previous studies show that valproate carealsatatt
the development but not the expression of methamphetamine- and cocaine-induced
behavioral sensitization in mice (Li et al., 2005). Further, valproate preventethbot
development and expression of methylphenidate sensitization (Yang et al., 2000a, b).
Interestingly, intracerebroventricular administration of the PI3K inditiY294002
during the initiation phase of cocaine sensitization blocks the expression of locomotor
sensitization in rats (Izzo et al., 2002). To date, investigations as to the role ofdAkt a
GSK3 in psychostimulant-induced hyperactivity and sensitization have focuseifyrim
on non-selective inhibition of GSK3. As such, investigations focusing on the role of

selective inhibition GSK3 on cocaine-induced hyper-locomotion are warranted.
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General Summary of Objectives

Cocaine induces hyperactivity and conditioned reward responses through
dopaminergic and glutamatergic receptors. Previous studies have also reghtinght
importance of intracellular signaling proteins in modulating cocaine-irtbiiekaviors.
The protein kinase GSK3 is critical to hyperactivity as transgenie expressing a
constitutively active mutated form of GSEK&xhibit an increase in locomotor activity in
response to a novel environment as compared to wild-type controls (Prickadrts e
2006). GSK3 also mediates hyperactivity responses associated with increased
extracellular dopamine levels. This has been investigated using genetic and
pharmacologically manipulated animal models. For example, selective aisalective
inhibition of GSK3 in mice lacking the dopamine transporter that exhibit etbgaiatal
extracellular dopamine (Giros et al., 1996) attenuates the hyper-locomotor eespons
exhibited in these animals (Beaulieu et al., 2004). Inhibition of GSK3 also attenuates
amphetamine-induced hyper-locomotion in mice (Kozikowski et al., 2007) and rats
(Gould et al., 2004). In addition to the role of GSK3 in dopamine-mediated hyperactivity,
previous studies indicate that dopaminergic receptors regulate both GSK3 and the
upstream kinase Akt. Mice lacking the dopamine D2 receptor display an inorgesd
(Thr. 308) and pGSK3 (Ser. 9) and a decrease in pAkt (Ser. 473) (Beaulieu et al., 2007).
Further, mice lacking the dopamine D3 receptor show a similar increase in
phosphorylated Akt (Thr. 308) and GSK3 (Ser. 9) yet display no change in Akt (Ser. 473)
phosphorylation in the striatum (Beaulieu et al., 2007).

We chose to investigate the role of GSK3 in cocaine-induced behaviors. We

hypothesized that pharmacological inhibition of GSK3 would attenuate acute cocaine
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induced hyper-locomotion and the development of locomotor sensitization. Further, we
wished to characterize the importance of GSK3 in dopamine D1 receptor agdoistd
locomotion. An additional focus of this research was to characterize the aegteoéff
cocaine on Akt and GSK3 phosphorylation in the caudate putamen, nucleus accumbens
and frontal cortex. Given the importance of dopaminergic and glutamatergptoes in

the behavioral and neuromodulatory effects of cocaine, we also investigatedrwhethe
pharmacological inhibition of these receptors mediates cocaine-induceati@gyof Akt

and GSK3. Although numerous studies have elucidated the neural circuity and receptor
types underlying cocaine conditioned reward, to date, investigations identiigng
importance of GSK3 in cocaine conditioned reward are lacking. As such, an additional
goal of this project was to characterize the role of GSK3 in cocaine-conditionaaire
retrieval and reinstatement. Identification of GSK3 as a moleculattawrgvhich to

combat the development of cocaine conditioned reward and drug-seeking behaviors will

provide new insight as to the mechanisms underlying cocaine addiction.

28



CHAPTER 2

COCAINE-INDUCED HYPERACTIVITY AND SENSITIZATION ARE
DEPENDENT ON GSK3

Introduction

Cocaine is a highly abused psychostimulant with repeated use potentially
culminating in drug addiction. Elucidating the molecular mechanisms underlying
acute/occasional drug use and repeated drug taking is essential foranuiegst
addiction. As such, the aim of the present study was to investigate the role of the
intracellular signaling protein, glycogen synthase kinase 3 (GSK3) on behavior
associated with acute and repeated cocaine administration.

Cocaine is a monoamine transporter inhibitor therefore blocking the reuptake of
dopamine, serotonin and norepinephrine into presynaptic neurons resulting in enhanced
synaptic levels of these neurotransmitters (Heikkila et al., 1975). Dopaminelg
bodies originate in the ventral tegmental area and the substantia nigra and@tbject
nucleus accumbens and caudate putamen, respectively. Dopamine has a funaignal rol
reward processes, both to natural reinforcers and addictive drugs (Koob, 1992). In
addition, the importance of dopaminergic transmission in the locomotor-stimulating-
effects of cocaine is well established (Kelly and Iversen, 1976; Kadivals, 1988), with
repeated cocaine administration eliciting a sensitized or increased r@$pdins
locomotor-stimulating properties of the drug (Post and Rose, 1976; Robinson and
Berrridge, 1993).

It is well established that both acute and repeated cocaine administration alte
dopaminergic neurotransmission (Nestler, 2004). Thus, we chose to investigate GSKS3,

which has recently gained attention as a kinase that may be critical in bb#hthaoral

29



and neurochemical underpinnings of dopaminergic signaling (Beaulieu et al., 2004).

There is widespread expression of GSK3 in the adult brain, suggesting a &malamle

for this kinase in neuronal signaling pathways (Leroy and Brion, 1999) and it$yastivi

regulated by a number of kinases such as Akt (protein kinase B), with inactigti

GSK3 occurring via phosphorylation at the serine<-ligoform) and serine-${

isoform) residues (Grimes and Jope, 2001). Interestingly, therapeuticsiuked i

treatment of mood disorders and schizophrenia such as lithium, valproate and haloperidol

affect GSKS3. A therapeutically-relevant dosing regimen of lithium over 4 weeks

increases the phosphorylation of the inhibitory serine-9-residue of BigKBouse brain

(De Sarno et al., 2002). Likewise, administration of the D2 receptor antagushist a

antipsychotic agent haloperidol increases the phosphorylation of serine-$ GSKa

rodent brain (Emamian et al., 2004). Valproate also inhibits GSi&3phosphorylation

of the serine-9 residue in neuroblastoma SH-SY5Y cells (De Sarno et al., 2002) and

protects against hypoxia-induced serine-9 dephosphorylation of [GiSKl3e cortex,

hippocampus, and striatum of mice (Roh et al., 2005). Moreover, valproate or specific

inhibitors of GSKS3 attenuate the increased horizontal activity associateéntianced

extracellular dopamine in dopamine transporter knockout mice (Beaulieu et al. 2004)
Based on previous studies indicating the importance of GSK3 in the regulation of

dopamine-dependent behaviors, we investigated the role of this kinase in cocaiee-induc

activity and locomotor sensitization.

Methods

Animals
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Male CD-1 mice (8 weeks old) were obtained from Charles River Lab@stor
(Wilmington, MA). Mice were housed five per plastic cage (28 x 18 x 14 cm) without

additional enrichment objects in a temperature- and relative humidityettedtroom

with a 12-hr light/dark cycle (lights on at 7:00 a.m.). Animals were housed for sev@n day

prior to behavioral testing and were handled and weighed daily. All animals ¢es$ 4o
standard laboratory chow and tap watetibitum. All animal testing was conducted in
accordance with the National Institutes of Health guidelines for the &at Use of
Laboratory Animals and with an approved protocol from Temple University Institut
Animal Care and Use Committee.
Drugs

Cocaine hydrochloride, generously supplied by the National Institute on Drug
Abuse, and valproate (Sigma; St. Louis, MO) were dissolved in sterile saline (0.9%
NacCl). SB 216763 (Tocris; Ellisville, MO) was dissolved in propylene glycol and
brought up to volume in distilled water (70:30). Sterile saline (0.9% NacCl) or 70%
propylene glycol were used for control injections.

Behavioral Testing/Drug Administration

All animals were placed in locomotor activity monitors for 30 minutes prior to
drug administration and testing. Following the 30 minute habituation period, mice were
pretreated with saline or valproate (50-300 mg/kg, i.p.) (Beaulieu et al., 20@%)ddl|
by an injection of saline or cocaine (20 mg/kg, i.p.) 45 minutes later. Sepasaté set
mice were pretreated with vehicle or SB 216763 (0.25-7.5 mg/kg, i.p.) (Beaulieu et al
2004) followed by an injection of saline or cocaine (20 mg/kg, i.p.) 5 minutes later.

Activity was measured for 60 minutes following the second injection using thec@igis
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DMicro (Accuscan, Inc., Columbus, OH) system. The activity monitors consist of
transparent plastic boxes (45 x 20 x 20 cm) set inside metal frames thguiapeed with
16 infrared light emitters and detectors. The number of photocell beam breaks are
recorded by a computer interface. Ambulation was recorded as consecutivebbeakss
resulting from horizontal movement, while stereotypy was recorded bytiepbeam
breaks.
Behavioral Sensitization

Mice were pretreated with vehicle or SB 216763 (2.5 mg/kg, i.p.) followed five
minutes later by a second injection of saline or cocaine (20 mg/kg, i.p.). This wa
repeated once a day for five days. After treatment day 5, animals wetritpfiree for 7
days. On day 13, all animals were challenged with cocaine (20 mg/kg, i.p.)abstece
of SB 216763 and activity was recorded for 60 minutes.

Data Analysis

Behavioral data were analyzed using two-way ANOVA with pre-tresaitisued
treatment factors followed by a Bonferroni test for multiple comparisorep{®ad
Prism 4, La Jolla, CA). EC50 values were determined using nonlinear regression as the
mean effect vs. dose (Tallarida, 2000).

Results
Acute cocaine-induced activity was attenuated by val proate

Cocaine-induced ambulatory and stereotypic activity was measured following
pretreatment with valproate (50-300 mg/kg, i.p.). The data displayed in Figure 2.1
represent cumulative ambulatory or stereotypy counts over 60 minutes fofsainima

each experimental group. Two-way ANOVA of the ambulatory data showeificagt
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interaction, pretreatment and treatment effects (Interaction:F(3,54)=4.3180B%; Pre-
treatment:F(3,54)=4.350, p=0.0081; Treatment:F(1,54)=34.24, p<0.0001). Bonferroni
post-hoc analysis revealed that pretreatment with valproate at doses of 150 and 300
mg/kg significantly attenuated cocaine-induced ambulation (*p<0.05; ***p<0.001 sal/coc
vs. valproate/coc). Valproate, 50 mg/kg, did not significantly attenuatenesraluced
ambulation (p>0.05). Nonlinear regression analysis of the mean effect versus dose
yielded an EC50 value of 186 mg/kdL7mg/kg for valproate in attenuating cocaine-
induced ambulation.

The data displayed in Figure 2.1 also show cumulative stereotypy counts over 60
minutes. Two-way ANOVA of the stereotypy data showed significant intergcti
pretreatment and treatment effects (Interaction:F(3,54)=3.170, p=0.0315; Pre-
treatment:F(3,54)=3.845, p=0.0144; Treatment:F(1,54)=24.44, p<0.0001). Bonferroni
post-hoc analysis revealed that pretreatment with valproate, 300 mg/kg, aigtyfic
attenuated cocaine-induced stereotypy (***p<0.001; sal/coc vs. valproate/co®. Acut
cocaine-induced stereotypic activity was not significantly changed following
pretreatment of valproate, 50 or 150 mg/kg, (p>0.05). Nonlinear regression aaglysis
the mean effect versus dose yielded an EC50 value of 186 mdMuyg/kg for
valproate in attenuating cocaine-induced stereotypy. Valproate alone hddat@ef

ambulation or stereotypy (p>0.05).
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Figure2.1: Valproate attenuated the acute behavioral stimulating effects of cocaine.
Adult male CD-1 mice were pretreated with saline or valproate (50-300 mg/kd5.p.)
minutes prior to an injection of cocaine (20 mg/kg, i.p.) or saline. Ambulatory and
stereotypic activity was measured for 60 minutes following cocaineioe sajection.
Pretreatment of mice with valproate (150 or 300 mg/kg, i.p.) significanégzted
cocaine-induced ambulatory activity while pretreatment with valproater(®kg, i.p.)
significantly attenuated cocaine-induced stereotypy. Valproate whemiatered with
saline yielded no significant effect on ambulatory or stereotypic gctiviany dose. All
data were analyzed by a two-way ANOVA and Bonferroni post-hoc an#tpsi6.05;
***n<0.001; vs. sal/coc). Data points represent me&@EM of cumulative ambulatory

or stereotypy counts over 60 minutes (n=7-11/group).
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Inhibition of GSK3 attenuated acute cocaine-induced activity

Acute cocaine-induced ambulatory and stereotypic activity was measured
following pretreatment with the GSK3 inhibitor SB 216763 (0.25-7.5 mg/kg, i.p.). The
data displayed in Figure 2.2 represent cumulative ambulatory or stereotymy over
60 minutes. Two-way ANOVA indicated significant interaction, pretreatment, and
treatment effects of SB 216763 on cocaine-induced ambulatory activity
(Interaction:F(6,104)=7.621, p<0.0001; Pretreatment:F(6,104)=10.31, p<0.0001;
Treatment:F(1,104)=39.78, p<0.0001). Bonferroni post-hoc analyses indicated that
pretreatment with SB 216763 at doses of 1.0-7.5 mg/kg significantly attenuatetkeeocai
induced ambulatory activity (***p<0.001; veh/coc vs. SB 216763/coc). Nonlinear
regression analysis of the mean effect versus dose yielded an EC50 value of/kg?t mg
0.176mg/kg for SB 216763 in attenuating cocaine-induced ambulation. Acute cocaine-
induced ambulatory activity was not significantly changed following prieterat with
the lower doses of SB 216763 (0.25-0.5 mg/kg) (p>0.05). In addition, SB 216763 when
administered with saline had no effect on ambulatory activity (p>0.05).

The data displayed in Figure 2.2 also show the cumulative stereotypy counts over
60 minutes. Two-way ANOVA analysis indicated significant interactionygaanent
and treatment effects of SB 216763 (Interaction:F(6,103)=8.980, p<0.0001;
Pretreatment:F(6,103)=11.18, p<0.0001; Treatment:F(1,103)=43.48, p<0.0001).
Bonferroni post-hoc analysis revealed that pretreatment with SB 216763 at dodes of
7.5 mg/kg significantly attenuated cocaine-induced stereotypic activitp ®p<
***n<0.001; veh/coc vs. SB 216763/coc). Nonlinear regression analysis of the mean

effect versus dose yielded an EC50 value of 1.28 mgkg@10mg/kg for SB 216763 in
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attenuating cocaine-induced stereotypy. Acute cocaine-induced gpeceanttivity was
not significantly changed following pretreatment with SB 216763 (0.25 mg/kQ){py
Further, SB 216763 when administered with saline had no effect on stereotypic attivity
any dose tested (p>0.05).

Inhibition of GSK3 prevented the devel opment of cocaine-induced locomotor

sensitization in mice

Adult male CD-1 mice were pretreated with vehicle or SB 216763 (2.5 mg/kg)
prior to daily administration of cocaine (20 mg/kg) for 5 days. All animals weigp-filee
for 7 days and subsequently challenged with cocaine (20 mg/kg) on day 13 in the absence
of SB 216763, and activity was monitored for 60 minutes (Figure 2.3). Two-way
ANOVA analysis indicated significant interaction and pretreatmenttsffe
(Interaction:F(1,25)=6.320, p=0.0187; Pretreatment:F(1,25)=6.978, p=0.0140;
Treatment:F(1,25)=1.119, p=0.3002). Bonferroni post hoc analysis indicated that
animals administered daily cocaine had higher activity counts followtogane
challenge as compared to those given daily saline, indicating the develagment
sensitization (*p<0.05; veh/sal vs. veh/coc). In addition, animals injected with SB 216763
plus cocaine for 5 days had significantly lower activity after the cocdiakenge than
those pretreated with vehicle followed by cocaine (**p<0.01; veh/coc vs. SB/coc),

indicating that SB 216763 blocked the development of behavioral sensitization.
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Figure 2.2: Inhibition of GSK 3 attenuated the acute behavioral stimulating effects of
cocaine. Adult male CD-1 mice were pretreated with vehicle or the selective GSK3
inhibitor SB 216763 (0.25-7.5 mg/kg) 5 minutes prior to injection of cocaine (20 mg/kg,
i.p.) or saline. Ambulatory and stereotypic activity was measured for 60 minutes
following cocaine or saline injection. Mice pretreated with SB 216763 (1.0-7.5 )ng/kg
exhibited a significant attenuation of cocaine-induced ambulation. Likewiseegiraent
with SB 216763 (0.5-7.5 mg/kg) significantly attenuated stereotypic actiBt18763
alone had no effect on either ambulatory or stereotypic activity. Data naszed by a
two-way ANOVA and Bonferroni post-hoc analysis (*p<0.05, ***p<0.001 vs. veh/coc).
Data points are represented as the mea&IEM of cumulative ambulatory or stereotypy

counts over 60 minutes (n=6-17/group).

37



Day 13: All animals challenged with cocaine (20 mg/kg)
15000- * okl

100004

Total Activity Counts
60 minutes
a1
o
o
o
[

Veh/Sal Veh/Coc SB/Sal  SB/Coc
Pretreatment/Treatment

Figure 2.3: Inhibition of GSK 3 prevented the development of cocaine-induced

locomotor sensitization. Adult male CD-1 mice administered daily cocaine (20 mg/kg,
i.p.) for five days exhibited a sensitized locomotor response to a cocainegballe day

13 as compared to vehicle treated controls (veh/sal vs. veh/coc, *p<0.05). Pretreatment
with SB 216763 (2.5 mg/kg, i.p.) prior to daily cocaine attenuated cocaine-induced
sensitization following a cocaine challenge (20 mg/kg, i.p.) on day 13 (veh/coc vs.
SB/coc, **p<0.01). Data points represent meZ®EM (n=6-8/group). Data were

analyzed using a two-way ANOVA and Bonferroni post-hoc analysis.
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Discussion

Our data support the hypothesis that GSK3 is critical to cocatheed
behaviors. Here we show that valproate, which inhibits GSK3, and #igelinhibitor
of GSK3 SB 216763 dose-dependently attenuated acute cocaine-induceactvipe
Further, GSK3 activity is necessary for the development ofsémsitized locomotor
response associated with repeated cocaine administratieteasve inhibition of GSK3
prevented the development of cocaine-induced behavioral sensitization.

In the present study, pretreatment with valproate dose-dependently &tenuat
acute cocaine-induced ambulatory and stereotypic activity. Valproate msieanaulsant
and mood stabilization agent used to treat a number of disease states incluepsy epi
and mania (Jeavons and Clark, 1974; Bowden et al., 1994). Valproate acts by enhancing
the inhibitory actions of GABA via inhibition of GABA degradation, decreasindB@&A
turnover and increasing GABA synthesis (Owens and Nemeroff, 2003; Johannessen and
Johannessen, 2003). Valproate is used clinically in combination with atypical and typical
antipsychotics for the treatment of bipolar disorder and schizophrenia (Basan et al
2004). Valproate is also a direct inhibitor of histone deacetylase (Gottlicaler 2001;
Phiel et al., 2001) and has neuroprotective effects by suppressing apoptosis t(anai e
2004). Valproate can also regulate the function of GSK3, as valproate has been shown to
inhibit GSK3 activity in human neuroblastoma SHSY5Y cells (Chen et al., 1999).
Valproate can alter behaviors induced by increases in extracellular dopaminass
those seen in mice lacking the dopamine transporter. Dopamine transporter knockout
mice have 5-fold higher levels of striatal synaptic dopamine (Giros et al., 1996).

Administration of valproate to these mice attenuates their heightened &mpalad
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stereotypic activity (Beaulieu et al., 2004). Although valproate can block dopamine-
dependent behaviors, valproate alone does not significantly change extracellula
dopamine levels in the nucleus accumbens or caudate putamen (Biggs et al., 1992).
Previous studies have shown that valproate can attenuate the development but not the
expression of methamphetamine- and cocaine-induced behavioral sensitizatice

(Li et al., 2005), as well as both the development and expression of methylphenidate
sensitization (Yang et al., 2000a, b). While our studies demonstrating that valmoate c
attenuate acute cocaine-induced locomotion agree with previous studies with other
psychostimulants (Li et al., 2005), it is difficult to ascertain whether thensobf

valproate on such activity are the result of alterations in GABAergicituradity or

perhaps inhibition of GSK3. As such, we chose to further evaluate the role of GSK3 on
cocaine-induced behaviors using the specific GSK3 inhibitor SB 216763.

SB 216763 is a malemide derivative and inhibits GSK3 in an ATP-competitive
manner with a Ki of 9 nM (Coghlan et al., 2000). Here, we show that pretreatment with
SB 216763 dose-dependently attenuated cocaine-induced ambulatory and stereotypic
activity. These results parallel previous studies highlighting the importdribe beta
isoform of GSKS3 in behaviors associated with psychostimulant administrationredalte
dopaminergic transmission. For example, SB 216763 dose-dependently attenuates the
hyper-locomotion seen in dopamine transporter knockout mice (Beaulieu et al., 2004).
Further, GSKB heterozygote null mice display a decreased locomotor response to acute
amphetamine as compared to wild-type controls (Beaulieu et al., 2004), whereas
transgenic mice expressing a constitutively active mutated form of BE&KS8bit an

increase in locomotor activity in response to a novel environment as compared to wild-
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type controls (Prickaerts et al., 2006), thus giving further credence to theamgeoof
GSK33 in dopamine-stimulated hyperactivity. These studies along with our data sugges
that GSK3 is a mediator of the acute hyper-locomotor responses induced by
psychostimulant administration, as selective inhibition of the kinase atsriugth acute
amphetamine (Beaulieu et al., 2004) and cocaine-induced locomotion in mice (current
study).

Although a number of studies indicate the importance of GSK3 in normal and
acute psychostimulant-induced behaviors, molecular models encompassing how GSK3
regulates psychostimulant-induced behaviors have yet to be fully estdbisbgious
studies suggest that GSK3 may be associated with a number of intracelhddingig
cascades and dependent upon both temporal and spatial perturbations of specific
neurotransmitters and receptor subtypes. For example, when focusing on ibrestefat
between GSK3 and dopamine, acute administration of the indirect dopaminergit¢ agonis
amphetamine attenuates the Ser-9 phosphorylation of BBKBe mouse striatum 90
minutes post-injection, therefore activating the kinase (Beaulieu et al), 20@4ldition,
striatal preparations from dopamine transporter knockout mice show a reduction in the
inhibitory serine-9 phosphorylation of GSK8eaulieu et al., 2004), suggesting that the
kinase is regulated by extracellular dopamine. Further, immunoblotting esditgs the
striatum of dopamine transporter knockout mice show a decrease in the phosphorylation
of Akt (Beaulieu et al., 2004), an upstream kinase capable of regulatingfGSK3
phosphorylation. Intracerebroventricular injection of the cAMP analog 8-BfRtfo
mice lacking the dopamine transporter increases the phosphorylation of DARPP-32 at

Thr-34 without changing Akt or GSK3hosphorylation (Beaulieu et al., 2004),
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suggesting that the relationship between dopamine and [GIBK@ be independent of
CAMP.

In addition to identifying a role for GSK3 in acute cocaine-induced behaviors, we
also investigated the importance of GSK3 in the development of cocaine-induced
behavioral sensitization. Identification of new molecular targets to preeesitized
responses to drugs of abuse is salient in that the etiology of sensitizationaahealy
certain aspects of addictive behavior such as drug craving and potdapakre
(Robinson and Berrridge, 1993). Here, we show that when daily cocaine admamssrat
preceded by the GSK3 inhibitor SB 216763, the development of cocaine-induced
locomotor sensitization is prevented. This is the first study indicating aoro{&3K3 in
the behavioral manifestations of repeated cocaine administration. The mechgnism
which GSK3 prevents the development of cocaine-induced sensitization is currently
unknown; however there are a number of neural and anatomical substrates untezlyin
development of cocaine-induced sensitization, one of which involves dopamine. For
example, administration of the dopamine D1 receptor antagonist SCH-23390 prior to
daily cocaine prevents the development of sensitization (McCreary and Mat988),
and dopamine D1 receptor knockout mice do not show locomotor sensitization to cocaine
as compared to wildtype controls (Karlsson et al., 2008). The development of cocaine
sensitization can also be blocked by the dopamine D2 receptor antagonist haloperidol
(Karler et al., 1994). These studies indicate the importance of dopamine reaefters i
induction of cocaine sensitization. As administration of the D2 receptor antagonists

haloperidol and raclopride inhibit GSK3 (Emamian et al., 2004; Beaulieu et al., 2004), it
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may be that D2 receptor antagonists interfere with cocaine sensitiza@oméchanism
involving GSK3 inhibition.

Another mechanism by which GSK3 may prevent the development of cocaine
sensitization is by interfering with glutamatergic transmission. Atsreensitized to
cocaine show an increase in extracellular glutamate in the core of the racdaosens
as compared to nonsensitized and saline pretreated animals (Pierce et ahnd996)
pretreatment with the NMDA receptor antagonist MK-801 prevents the development of
cocaine sensitization in mice (Karler et al., 1989), therefore highlightengrtportance
of glutamate in cocaine-induced behavioral sensitization. Of note, stimulation of the
NMDA receptor causes an activation of GSK3 via protein phosphatase-1 in the adult
mouse brain (Szatmari et al., 2005), whereas inhibition of GSK3 reduces the whole cell
current of the NMDA receptor in cortical pyramidal neurons and can causeANMD
receptor internalization (Chen et al., 2007). In addition, the NMDA receptor antagonis
memantine can increase the inhibitory phosphorylation of the ser-9 residue of ®SK3
the cerebral cortex, striatum, and hippocampus of mice (De Sarno et al., 2006). This
suggests that the cellular and behavioral manifestations associated withelopmaent
of cocaine sensitization may be due to an interaction between the NMDA remagbtor
GSK33. Future studies to identify the specific intracellular signaling ckscavolved in
GSK3-induced regulation of cocaine sensitization and plasticity are wedrant

In summary, the results of our study indicate that activation of GSK3 is ktitica
the acute locomotor-stimulating effects of cocaine, as well as to the devalapime
cocaine sensitization. Investigations determining the role of GSK3 in otiets faf

addiction such as drug-induced reward, relapse and reinstatement areycuneenivay
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in our laboratory. The importance of GSK3 in the behavioral and neurochemical
adaptations associated with other drugs of abuse may yield importantsresgbtthe

role of GSK3 in addiction.
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CHAPTER 3

INHIBITION OF GSK3ATTENUATES DOPAMINE D1 RECEPTOR AGONIST-
INDUCED LOCOMOTION IN MICE

Introduction

The behavioral and neuromodulatory effects of dopamine are mediated via D1-
like and D2-like dopamine receptors, members of the G-protein coupled receptor family
(Missale et al., 1998). The dopamine D1 receptor is highly expressed in stggdalsrof
the brain (Weiner et al., 1991; Mansour et al., 1991) and is coupled to stimulatory G-
proteins (GGgr). Activation of dopamine D1 receptors results in the activation of
adenylate cyclase and subsequent increases in CAMP (Kebabian et al., higg2etSal.,
1993). Increases in cAMP following dopamine D1 receptor stimulation can regulate
number of intracellular signaling cascades via activation of protein kinasel A
phosphorylation of cCAMP response element binding protein (Konradi et al., 1994).

Previous studies have assessed the role of the dopamine D1 receptor in locomotor
behaviors. Administration of the D1 receptor full-agonist SKF-82958 or partial agonist
SKF-38393 increases locomotor activity in mice (Halberda et al., 1997; Desai et al
2005). In addition, antagonism of the dopamine D1 receptor prevents cocaine-induced
hyperactivity (Cabib et al., 1991). Thus, given the importance of dopamine D1 receptor
stimulation in locomotion, the goal of the present study was to identify iftricel
signaling molecules involved in locomotor activity produced by dopamine D1 receptor
activation.

One kinase that has recently gained attention as being critical to thedvahavi
and neurochemical manifestations of dopamine and dopaminergic receptorsgeiglyco

synthase kinase-3 (GSK3) (Beaulieu et al., 2004). GSK3 is widely exgprieste adult
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rat brain (Leroy and Brion, 1999) and is inactivated via phosphorylation of the serine 21
(o-isoform) or serine 9Bfisoform) residues (Grimes and Jope, 2001). GSK3 is
selectively inhibited by malemide derivatives such as SB 216763 (Coghlan et al., 2000).
Inhibition of GSK3 by SB 216763 attenuates hyperactivity in mice lacking the dopamine
transporter (Beaulieu et al., 2004). Inhibition of GSK3 with SB 216763 also attenuates
acute cocaine-induced hyper-locomotion and prevents the development of cocaine-
induced locomotor sensitization (Miller et al., 2009a). Based on previous studies
indicating the importance of GSK3 in hyper-locomotor responses associ#ted wi
dopamine, we investigated whether inhibition of GSK3 would alter ambulatory and

stereotypy responses following direct dopamine D1 receptor stimulation.

Methods
Animals
Male CD-1 mice (8 weeks old) were obtained from Charles River Lab@&stori

(Wilmington, MA). Mice were housed five per plastic cage (28 x 18 x 14 cm) without
additional enrichment objects in a temperature- and relative humiditysttedtroom
with a 12-hr light/dark cycle (lights on at 7:00 a.m.). Animals were housed for sev@n day
prior to behavioral testing and were handled and weighed daily. All animals ¢est 4o
standard laboratory chow and tap watetibitum. All animal testing was conducted in
accordance with the National Institutes of Health guidelines for thea@ar&se of
Laboratory Animals and with an approved protocol from Temple University Institut

Animal Care and Use Committee.
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Drugs

(x)-SKF-82958 ((z)-6-chloro-7,8-dihydroxy-3-allyl-1-phenyl-2,3,4,5-tetrahtoy
1H-3-benzazepine HBr) (O’Boyle et al., 1989) (Sigma; St. Louis, MO) was dessol
sterile saline (0.9% NaCl). SB 216763 (Tocris; Ellisville, MO) was dissolved in
propylene glycol and brought up to volume in distilled water (70:30). Propyleoel gly
(70%) was used for control injections.

Behavioral Testing/Drug Administration

Animals were placed in locomotor activity monitors for 30 minutes prior to drug
administration and testing. Following the 30 minute habituation period, mice were
pretreated with vehicle or SB 216763 (0.25-7.5 mg/kg, i.p.) followed by an injection of
saline or SKF-82958 (1.0 mg/kg, i.p.) 5 minutes later. Activity was measured for 30
minutes following the second injection using the Digiscan DMicro (Accuscan, Inc
Columbus, OH) system. The activity monitors consist of transparent plastis @&«e
20 x 20 cm) set inside metal frames that are equipped with 16 infrared ligharsraitt
detectors. The number of photocell beam breaks is recorded by a computeranterfac
Ambulation was recorded as consecutive beams breaks resulting from horizontal
movement, while stereotypy was recorded by repetitive beam breaks.

Data Analysis

Behavioral data were analyzed using two-way ANOVA with pre-tresaitisued
treatment factors followed by a Bonferroni test for multiple comparisorep{®ad
Prism 4, La Jolla, CA). EC50 values were determined using nonlinear regression as the

mean effect vs. dose (Tallarida, 2000).
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Results
Inhibition of GSK3 attenuated acute SKF-82958-induced ambulation
Ambulatory activity was measured following pretreatment with the GSK3
inhibitor SB 216763 (0.25-7.5 mg/kg, i.p.) followed by an injection of SKF-82958 (1.0
mg/kg, i.p.). The data displayed in Figure 3.1 represent ambulatory counts reconded ove
30 minutes. Two-way ANOVA indicated significant pretreatment and treatrffentse
of SB 216763 on SKF-82958-induced ambulatory activity (Interaction:F(5,84)=2.077,
p=0.0763; Pretreatment: F(5,84)=2.408, p=0.0432; Treatment:F(1,84)=91.11, p<0.0001).
Bonferroni post-hoc analyses indicated that SKF-82958 significantly increased
ambulatory activity compared with saline-injected contfgs@.001; veh/sal vs.
veh/SKF). Pretreatment with SB 216763 at doses of 0.25-7.5 mg/kg significantly
attenuated SKF-82958-induced ambulatory activity (*p<0.05; **p<0.01 ***p<0.001;
veh/SKF vs. SB 216763/SKF). Nonlinear regression analysis of the mean effest vers
dose yielded an EC50 value of 0.19 mgtk@.13 mg/kg for SB 216763 in attenuating
SKF-82958-induced ambulation. In addition, SB 216763 when administered with saline
had no effect on baseline ambulatory activity (p>0.05; veh/sal vs. SB/sal).
Inhibition of GSK3 attenuated acute SKF-82958 induced ster eotypy
The data displayed in Figure 3.2 represent stereotypy counts recorded over 30
minutes post SKF-82958 injection. Two-way ANOVA indicated significant pretreatt
and treatment effects of SB 216763 (Interaction:F(5,87)=1.090, p=0.3717;
Pretreatment:F(5,87)=2.403, p=0.0432; Treatment:F(1,87)=51.85, p<0.0001). Bonferroni
post-hoc analysis revealed that SKF-82958 significantly increased sfgresty

compared with saline controlf§k 0.001; veh/sal vs. veh/SKF). Administration of SB
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216763 at doses of 1.0-7.5 mg/kg significantly attenuated SKF-82958-induced
stereotypic activity (**p<0.01; ***p<0.001; veh/SKF vs. SB 216763/SKF). Nonlinear
regression analysis of the mean effect versus dose yielded an EC50 value aj/@g4 m
0.12 mg/kg for SB 216763 in attenuating SKF 82958-induced stereotypy. SKF-82958-
induced stereotypic activity was not significantly changed following¢aement with

the lower doses of SB 216763 (0.25-0.50 mg/kg) (p>0.05). Administration of SB 216763
had no effect on baseline stereotypic activity at any dose tested (p>0.05; veh/sal vs

SB/sal).
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Figure 3.1: Inhibition of GSK 3 attenuated dopamine D1 receptor-induced

ambulation in mice. Adult male CD-1 mice were pretreated with vehicle or the selective
GSKS inhibitor SB 216763 (0.25-7.5 mg/kg, i.p.) 5 minutes prior to injection of SKF-
82958 (1.0 mg/kg, i.p.) or saline. SKF-82958 significantly increased ambulatoryyactivi
as compared with saline controfp< 0.001; veh/sal vs. veh/SKF). Mice pretreated with
SB 216763 (0.25-7.5 mg/kg) exhibited a significant attenuation of SKF 82958-induced
ambulation. SB 216763 alone had no effect on baseline ambulatory activity. Data were
analyzed by a two-way ANOVA and Bonferroni post-hoc analysis (*p<0.05, ***p<0.001
SB/SKF-82958 vs. veh/SKF- 82958). Data points represent the m&Has! of

cumulative ambulatory counts over 30 minutes (n=6-12/group).
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Figure 3.2: Inhibition of GSK 3 attenuated dopamine D1 receptor-induced

stereotypy in mice. Adult male CD-1 mice were pretreated with vehicle or the selective
GSKS inhibitor SB 216763 (0.25-7.5 mg/kg, i.p.) 5 minutes prior to injection of SKF-
82958 (1.0 mg/kg, i.p.) or saline. SKF-82958 produced a significant increase in
stereotypic activity as compared with saline contrigds 0.001; veh/sal vs. veh/SKF).

Mice pretreated with SB 216763 (1.0-7.5 mg/kg) exhibited a significant attenuation of
SKF 82958-induced stereotypy. SB 216763 alone had no effect on baseline stereotypic
activity. Data were analyzed by a two-way ANOVA and Bonferroni post-halysis
(*p<0.05, ***p<0.001 SB/SKF-82958 vs. veh/SKF- 82958). Data points represent the

meanst SEM of cumulative stereotypy counts over 30 minutes (n=6-13/group).
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Discussion

Previous studies have implicated the importance of dopamine D1 receptor
stimulation in animal models of hyperactivity. Our data parallel previqQuete
demonstrating that acute administration of the dopamine D1 receptor agori8295&-
yields a hyperactive response in rodents (Desai et al., 2005; Meyer and St9a®)
consisting of increases in both ambulatory and stereotypic behaviors. Theedatatgul
herein are the first to demonstrate that GSKS is critical to the increadedbéony and
stereotypy responses produced by stimulation of dopamine D1 receptors.

In the present study, pretreatment with SB 216763 attenuated dopamine D1
receptor-induced ambulation and stereotypy. SB 216763 inhibits GSK3 in an ATP-
competitive manner with a Ki of 9 nM (Coghlan et al., 2000). This is the first study
highlighting the importance of GSK3 in dopamine D1 receptor induced hyperactivity
although previous studies indicate the importance of GSK3 in behaviors associated with
altered dopaminergic transmission. Administration of the selective GSK3torki&B
216763 and AR-A014418 reduce the hyperactivity in mice (Kozikowski et al., 2007) and
rats (Gould et al., 2004) produced by the indirect dopaminergic agonist amphetamine.
Further, heterozygote GSKX&nock-out mice display an attenuated response to acute
administration of amphetamine as compared to wild-type controls (Beaulieu2€04).
Non-selective inhibitors of GSK3 such as lithium (DeSarno et al., 2002) and valproate
(Chen et al., 1999) attenuate the hyper-locomotor phenotype of mice lacking the
dopamine transporter (Beaulieu et al., 2004). These previous studies demonstrate the
importance of GSK3 in dopamine-mediated hyperactivity, although they do not éndicat

which dopamine receptor(s) may be involved.
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Our data indicate that inhibition of GSK3 attenuated dopamine D1 receptor-
induced locomotion. Multiple lines of evidence suggest that GSK3 plays an important
role in hyperactivity via dopamine receptors and the Akt/GSKS3 signalingaasa the
striatum. Akt is an important intracellular kinase in that it negatively a¢gsllGSK3
activity. Mice lacking the dopamine transporter demonstrate a persistesticieof
striatal extracellular dopamine (Giros et al., 1996) and show increases in GI8K$ a
and concomitant decreases in Akt phosphorylation in the striatum (Beaulieu et al., 2004).
Previous studies investigating the regulation of GSK3 activity by the dopamine D1
receptor are contradictory and suggest that regulation is contingent uponasphtial
temporal perturbations of the receptor and kinases upstream of GSK3. For exan®le, m
lacking the dopamine D1 receptor do not show changes in baselingdGSK3
phosphorylation in the striatum (Beaulieu et al., 2007). Likewise, the increas&b GS
activity seen in the striatum of mice lacking the dopamine transporter isockedliby
the dopamine D1 receptor antagonist SCH-23390 (Beaulieu et al., 2004). In contrast to
those findings, it has been shown that stimulation of the dopamine D1 receptor with SKF-
38393 increases Akt phosphorylation in striatal neurons, and overexpression of a
dominant negative form of Akt inhibits CREB phosphorylation induced by dopamine D1
receptor stimulation (Brami-Cherrier et al., 2002). Our data provide suppdnefor t
relationship between dopamine D1 receptors and the Akt/GSK3 signaling cascade
selective inhibition of GSK3 attenuated dopamine D1 receptor-induced hypeyactivit

Recent evidence suggests that dopamine D2 and D3 receptors can regulate GSK3
activity. Administration of the dopamine D2 receptor antagonist raclopride to dopamine

transporter knock-out mice decreases GSK3 activity as evidenced by asénicre
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GSK3 phosphorylation in the striatum (Beaulieu et al., 2004). Mice lacking the
dopamine D2 receptor show higher levels of phosphorylation of Akt and GigKRBe
striatum than wild-type controls (Beaulieu et al., 2007). G5&& Akt phosphorylation
levels are also increased in the striatum of mice lacking the dopamine P&rece
(Beaulieu et al., 2007). This differs from studies investigating GSK3 and Akityaat

the limbic forebrain of dopamine D3 receptor mutant mice. In this case, D3aecept
mutants show an increase in basal GSK3 activity with no change in basal Akt in the
limbic forebrain (Chen et al., 2007). Repeated administration of methamphetamine
however results in an increase in GSK3 activity with no change Akt (Chen et al., 2007).
Thus, activation or deactivation of GSK3 is contingent upon pharmacological and genetic
manipulations of dopaminergic receptors in specific brain regions.

Previous data from our laboratory demonstrate that selective inhibition of GSK3
with SB 216763 reduced acute cocaine-induced ambulatory and stereotypic activity in
mice with EC50 values of 1.21 mg/kg).18 mg/kg for ambulation and 1.28 mgikg
0.21 mg/kg for stereotypy (Miller et al., 2009a). Further, SB 216763 (7.5 mg/kg) reduced
cocaine-stimulated activity to baseline levels (Miller et al., 2009a). Iprémsent study,

7.5 mg/kg SB 216763 attenuated SKF-82958-induced ambulation by about 53% and
stereotypy by about 60%. This indicates that SB 216763 is more potent yetdesgeeff
at reducing dopamine D1 receptor-induced hyperactivity as compared toezowhiced
hyperactivity. Taken together, these studies suggest that activation of GEKigas to

the hyper-motor response associated with increased extracellular dopachine

dopaminergic receptor stimulation as pharmacological (Miller et al., 2008a]i8e et
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al., 2004; Kozikowski et al., 2007)) and genetic (Beaulieu et al., 2004) manipulations of
GSKa3 attenuate dopamine mediated hyperactivity.

The data presented herein demonstrate that administration of the sel&Hii8e G
inhibitor SB 216763 attenuated the heightened ambulatory and stereotypy responses
produced by selective dopamine D1 receptor stimulation. This suggests thatiagignal
pathway comprising GSK3 is activated by dopamine D1 receptor stimulation and is
critical for the behavioral response to dopamine D1 receptor agonists. Given the
behavioral and neurochemical implications of GSK3, further elucidation of thdispeci
mechanisms by which this kinase functions to modulate dopaminergic behaviors is

warranted.
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CHAPTER 4
THE ROLE OF GSK3IN COCAINE-CONDITIONED REWARD
Introduction

Cocaine is a psychostimulant that produces a number of behavioral and
neurochemical modifications. Further, continued use of cocaine can lead to drug
addiction, which is characterized by drug craving and relapse into compulsive drug
seeking behavior (Jaffe et al., 1989). Cocaine causes alterations in dopaminergic
transmission via blockade of the dopamine transporter, therefore resulting ime@sénc
in extracellular dopamine in the synapse (Heikkila et al., 1975). Specificallyneeca
induced increases in synaptic dopamine levels within the mesolimbic dopamine pathway
are associated with the rewarding properties of the drug (Kuhar et al., 199lineCoca
also increases extracellular glutamate levels in the ventral teghaeea, nucleus
accumbens, striatum and prefrontal cortex (Kalivas and Duffy, 1995; Smith et al., 1995;
Reid and Berger, 1996; Reid et al., 1997).

The rewarding properties of cocaine have been tested extensively usiad anim
models such as the place conditioning paradigm. Place conditioning measures the
appetitive value of a drug (Tzschentke, 1998) and the conditioned response to a drug is
proposed to model drug-seeking behavior and relapse (Robinson and Berridge, 2001).
Relapse to drug seeking can be precipitated by exposure to the drug or by eewiabnm
cues previously associated with the drug (O’Brien et al., 1990; Childress et al., 1999)
Following the acquisition of drug-associated memories, exposure to the previous
conditioned stimulus in the absence of the unconditioned stimulus, reactivates previously

learned memories resulting in reconsolidation or strengthening of the mévtamtutus
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et al., 1979; Przybyslawski and Sara, 1997). During this process, however, menesy trac
are labile and can be manipulated pharmacologically (Nader et al., 200ht\&ilgal.,

2006). Previous evidence indicates that the retrieval of cocaine-associateduabnte
memory cues can be altered by perturbations of specific intracellyhatiag proteins

and transcription factors (Miller and Marshall, 2005). As these cues carr trejgese to
drug-seeking behaviors, a therapeutic goal in the treatment of cocaintasdidi to

interfere with the retrieval of cocaine-associated memories. As suclgahefghe

present study was to establish a novel molecular target that can alter tlopheve and
retrieval of cocaine conditioned reward.

Glycogen synthase kinase-3 (GSK3) has gained attention as being an important
molecular substrate involved in psychostimulant-induced behaviors. GSKS3 is exlpress
in all tissues with abundant levels in the brain (Woodgett, 1990) and its activity is
regulated via phosphorylation of the serine-21spform) or serine-9p¢isoform)
residues (Grimes and Jope, 2001). Recent work has established the role of GSK3 in
behaviors associated with dopaminergic (Alimohamad et al., 2005; Beaulieu et al., 2007)
and glutamatergic transmission (Chen et al., 2007) and drugs of abuse (Beaulieu et al.,
2004; Russo et al., 2007; Perrine et al., 2008; Miller et al., 2009a). Although there are a
number of studies indicating the importance of GSK3 in the behavioral underpinnings
associated with drugs of abuse, research focusing on the role of this kingsertasns
to cocaine-conditioned reward is lacking. As such, we investigated whetheramhdsit
GSK3 would modulate the development, retrieval and reinstatement of cocaine-

conditioned reward.
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Methods
Animals

Male CD-1 mice (8 weeks old) were obtained from Charles River Lab@&stori
(Wilmington, MA). Mice were housed five per Plexiglass cage (28 x 18 x 14 cim)uwtit
additional enrichment objects in a temperature and relative humidity-cedtrotbbm
with a 12-hr light/dark cycle (lights on at 7:00 a.m. All animals had accessttasta
laboratory chow and tap watad libitum. Animals were housed for five days prior to
behavioral testing and were handled and weighed daily. All animal testsng wa
conducted in accordance with the National Institutes of Health guidelindsef@atre
and Use of Laboratory Animals and with an approved protocol from Temple University
School of Medicine Institutional Animal Care and Use Committee.

Drugs

Cocaine hydrochloride, (3 mil/kg) generously supplied by the National Institute
Drug Abuse, was dissolved in sterile saline (0.9% NaCl). SB 216763 (10 ml/kg) (Tocris
Ellisville, MO) was dissolved in propylene glycol and brought up to volume in dbtill
water (70:30). Sterile saline (0.9% NaCl) or 70% propylene glycol were asedritrol
injections.

Devel opment of Cocaine Conditioned Place Preference

A randomized unbiased conditioned place preference procedure was used.
Conditioned place preference chambers were rectangular in shape (45 x 20 x 20 cm) and
consisted of two compartments, separated by a removable door. One compartment had a
smooth floor with white walls and vertical black stripes, while the other had a sandpaper

floor and black walls. On days 1-4, mice were pretreated with vehicle or SB 21673 (2.5
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mg/kg, i.p.) in their home cages. After 5 minutes, mice were injected with §aline
ml/kg, i.p.) or cocaine (2.5-30 mg/kg, i.p.) and placed into alternate sides of the
conditioning chamber for 30 minutes. This was repeated for 4 days with mice rg&ivin
pairings with saline and 2 pairings with cocaine on alternate sides ofrttigi@oing
chamber. On test day (day 5), mice were given access to both sides of the conditioning
chamber for 30 minutes in a drug-free state and time in each side was recorded.
Preference scores were determined by subtracting the amount of timengpergaline-
paired compartment from the cocaine-paired compartment.
Retrieval of Cocaine Conditioned Place Preference

An unbiased conditioned place preference procedure was used. On days 1-8, mice
were injected on alternating days with saline or cocaine (10 mg/kg, i.p.) aed jpa
alternate sides of the conditioning chamber. Place preference wasedsseslay 9 (test
day 1) with mice given access to both sides of the conditioning chamber in aekug-f
state and time spent on each side recorded for 30 minutes. Four hours following testing
for initial preference mice were injected with vehicle or SB 216763 (2.5 mg/kg,ng.) a
once again on day 10 in their home cages. On day 11 (test day 2), mice were once again
tested for place preference being given free access to both sides of th@wcimugditi
chamber for 30 minutes in a drug-free state. The retrieval of place prefevaac
assessed by subtracting the amount of time spent on the saline-paired comgertment
the cocaine-paired compartment.

Reinstatement of Cocaine Conditioned Place Preference
An unbiased conditioned place preference procedure was used. On days 1-8, mice

were injected with saline (3 ml/kg, i.p.) or cocaine (10 mg/kg, i.p.) and place@iinz#

59



sides of the conditioning chamber for 30 minutes. Place preference wasadsseday 9
as described above. Following testing for initial preference, mice undeewtamttion
training on days 10-17 during which mice were injected with saline and placed into
alternate sides of the conditioning chamber. On either days 10-11 or days 10-17, mice
were injected with vehicle or SB 216763 (2.5 mg/kg, i.p.) in their home cages 4 hours
after extinction training. On day 18, place preference was measured toeagseson
of the initial cocaine place preference. On day 19, reinstatement waklgste
administration of cocaine (10 mg/kg, i.p.) and measurement of place preference.
Data Analysis

Data were analyzed using two-way ANOVA with pretreatment anthtezd

factors followed by Bonferroni test for multiple comparisons or by an unpaiethkiled

Student t-test as indicated (GraphPad Prism 4, La Jolla, CA).

Results
Inhibition of GSK3 prior to cocaine conditioning prevented the devel opment of cocaine-
induced place preference
Prior to testing the role of GSK3 in the development of cocaine conditioned place

preference, we performed a dose-response study with cocaine to assess vehi¢h dos
cocaine would produce the most robust preferdfigeire 4.1 shows that 10 mg/kg of
cocaine produced the strongest preference (<350 seconds) for the cocadesigair
therefore 10 mg/kg of cocaine was used to test the effect of SB 216763 on the
development of cocaine place preference. The role of GSK3 in cocaine-conditioned

reward was evaluated by pretreatment with the selective GSK3 inhibit®t &H3 prior
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to conditioning with cocaine in a conditioned place preference paradigm. Two-way
ANOVA of the place preference data (Figure 4.2A) revealed a signifinteraction and
treatment effect (Interaction:F(1,42)=6.829, p=0.0124; Pretreatment: F(1,42)=1.987,
p=0.1661; Treatment: F(1,42)=4.977, p=0.0311). Bonferroni post-hoc analysis indicated
that animals conditioned with cocaine demonstrated a significant prefererard tbeir
cocaine-paired side as compared to saline controls (**p<0.01; veh/sal vs. veh/coc).
Animals pretreated with SB 216763 five minutes prior to cocaine administrationghowe
no preference toward their cocaine-paired side as compared to animalsquetidat
vehicle prior to cocaine (**p<0.01; SB/coc vs. veh/coc). SB 216763 alone had no effect
on place preferenceThe effects of SB 216763 on two other doses of cocaine were also
tested. Figure 4.2B shows that there was no significant place preferenice in m
pretreated with SB 216763 (2.5 mg/kg, i.p.) followed by any dose of cocaine (2.5-30
mg/kg). Thus, selective inhibition of GSK3 prior to cocaine conditioning prevented the

development of cocaine-induced place preference.
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Figure 4.1: Dose-response of cocaine-induced conditioned place preference. Mice

were conditioned with varying doses of cocaine (2.5-30 mg/kg, i.p.) using a 4-day
conditioning paradigm. On test day (day 5), preference score (time spent arecocai
conditioned side minus time spent on saline-conditioned side was determined. Cocaine
induced a biphasic place preference score with mice conditioned with 10 mg/kg of

cocaine yielding the most robust place preference.
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Figure 4.2: Inhibition of GSK 3 prevented the development of cocaine-induced
conditioned place preference. Mice were pretreated with vehicle or SB 216763 (2.5
mg/kg, i.p.) followed by cocaine (10 mg/kg, i.p.) using a 4-day conditioning paradigm
On test day (day 5), preference score (time spent on cocaine-conditioned sidem@nus
spent on saline-conditioned side) was determined. (4.2A) Mice conditioned with cocaine
(10 mgl/kg, i.p.) showed a significant place preference toward their cocaind-piae as
compared to saline controls (veh/sal vs veh/coc, **p<0.01). Pretreatment of niiceBvit
216763 significantly prevented the development of cocaine-induced conditioned place
preference as compared to mice pretreated with vehicle (SB/coc vs veh/cdz 0Fp<

SB 216763 alone had no effect on preference. (4.2B) There was no significant place
preference in mice pretreated with SB 216763 (2.5 mg/kg, i.p.) followed by any dose of
cocaine (2.5-30 mg/kg). Data were analyzed by two-way ANOVA and Bonigost-

hoc analysis. All data points are represented as me&aM (n=9-18/group).
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Inhibition of GSK3 prevented the retrieval of cocaine associated contextual memories
The role of GSK3 on the retrieval of cocaine-associated memories was

investigated using the selective GSKS3 inhibitor SB 216763. Following an 8-day
conditioning paradigm, mice showed a preference toward their cocaine-pdé&ed s
(Figure 4.3A). Following administration of vehicle for 2 days in their home cages, mice
conditioned with cocaine were able to retrieve cocaine-associated mearaties
successfully maintained their preference toward the cocaine-pairednsodatiast,
treatment with SB 216763 (2.5 mg/kg, i.p.) for 2 days in the home cage abrogated the
retrieval of cocaine-associated memories and significantly ateshpatference toward
the cocaine-paired side as compared to vehicle injected contie& 304, p=0.0027;

Figure 4.3B).
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Figure 4.3: Inhibition of GSK 3 preventstheretrieval of cocaine-associated

memories. Two groups of adult male CD-1 mice were conditioned with saline and
cocaine (10 mg/kg, i.p.) on alternate days using an 8-day conditioning paradigh). (4.3
On test day (day 9) preference scores (time spent on cocaine-conditionedhsisldime
spent on saline-conditioned side) were determined. Conditioning with cocaine yielded a
significant preference for the cocaine-paired side in both groups. Followiimgieme

group of mice were administered an injection of vehicle in their home cages o&-tiays
and the other group was administered SB 216763 (2.5 mg/kg, i.p.) in their homes cages.
Twenty-four hours later (day 11), preference scores (time spent on cooauigened

side minus time spent on saline-conditioned side) were determined. SB 216763
significantly attenuated cocaine-induced place preference as compasdlcte v

(p<0.01). Data were analyzed by an unpaired two-tailed Student t-test. ®ata ar

represented as meah$SEM (8-11/group).
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Inhibition of GSK3 during extinction training does not prevent reinstatement to cocaine
place preference

The effect of SB 216763 (2.5 mg/kg, i.p.) administration after the first 2 of 8 days
of extinction training on reinstatement was tested. Figures 4.4A shows teat mi
conditioned with cocaine (days 1-8) showed an initial preference toward their eocaine
paired side (day 9). Following 8 days (days 10-17) of extinction training cowsadti
saline administration paired with alternate sides of the conditioning charmlt@red by
injections of vehicle or SB 216763 (2.5 mg/kg, i.p.) in the home cages 4 hours later on
days 10 and 11 of training, mice in both groups showed an extinction of cocaine-induced
place preference (**p<0.01, initial preference vs. extinction) (day 18; FgdB). On
day 19, a priming injection of cocaine (10 mg/kg, i.p.) produced a reinstatement of
cocaine conditioned place preference (#p<0.05, extinction vs. reinstatemeutg (Fi
4.4C). This was not altered by administration of SB 216763 on days 10-11 (Figure 4C,
p>0.05, initial preference vs. reinstatement).

The effect of SB 216763 (2.5 mg/kg, i.p.) administration after all 8 days of
extinction training on reinstatement was also tested. Figures 4.5A showsdhat m
conditioned with cocaine (days 1-8) showed an initial preference toward thamesoca
paired side (day 9). Following 8 days (days 10-17) of extinction training cowsadti
saline administration paired with alternate sides of the conditioning charmlt@red by
injections of vehicle or SB 216763 (2.5 mg/kg, i.p.) in the home cages 4 hours later on
days 10-17 of training, mice in both groups showed an extinction of cocaine-induced
place preference (**p<0.01, initial preference vs. extinction) (day 18; FH6E). On

day 19, a priming injection of cocaine (10 mg/kg, i.p.) produced a reinstatement of
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cocaine conditioned place preference (#p<0.05, extinction vs. reinstatemguig (Fi
4.5C). This was not altered by administration of SB 216763 on days 10-17 (Figure 4.5C,

p>0.05, initial preference vs. reinstatement).
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Figure4.4: Inhibition of GSK 3 for 2 days coupled with extinction training does not
prevent cocaine-primed reinstatement in mice. (4.4A) Mice conditioned with cocaine
(days 1-8; 4 cocaine pairings) showed an initial preference toward their cpeaioe

side (day 9). (4.4B) Following 8 days (days 10-17) of extinction training comgsat

saline injections paired to alternate sides of the conditioning chamber arnbngex

vehicle or SB 216763 (2.5 mg/kg, i.p.), in the home cage on days 10 and 11 of training,
mice in both groups showed an extinction of cocaine-induced place preference
(**p<0.01) (day 18). (4.4C) A priming injection of cocaine, 10 mg/kg reinstated cocaine-
induced place preference (#p<0.05), thus injections of SB 216763 on day 10 and 11 did
not prevent reinstatement to a priming injection of cocaine on day 19 as compared to
vehicle-injected controls (p>0.05). Data were analyzed using a pairedileebStudent

t-test. Data represent mearSEM (n=8/group).
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Figure 4.5: Inhibition of GSK 3 for 8 days coupled with extinction training does not
prevent cocaine-primed reinstatement in mice. (4.5A) Mice conditioned with cocaine
(days 1-8; 4 cocaine pairings) showed an initial preference toward their cpeaiee

side (day 9). (4.5B) Following 8 days (days 10-17) of extinction training congsast

saline injections paired to alternate sides of the conditioning chamber ariingexf

vehicle or SB 216763 (2.5 mg/kg, i.p.), in the home cage throughout extinction training,
mice in both groups showed an extinction of cocaine-induced place preference
(**p<0.01) (day 18). (4.5C) A priming injection of cocaine, 10 mg/kg reinstated cocaine-
induced place preference (#p<0.05) thus injections of SB 216763 on days 10-17 did not
prevent reinstatement to a priming injection of cocaine on day 19 as compared l® vehic
injected controls (p>0.05). Data were analyzed using a paired two-tailechStiielst.

Data represent meanSEM (n=8/group).

69



Discussion

Previous studies indicate that the behavioral abnormalities associated with
addiction are contingent upon perturbations of specific intracellular signaliregnsrot
and transcriptions factors. Alterations in protein and gene expression mediaitection
of individual neurons and larger neural circuits (Nestler, 2004) thus drug addiction can be
classified as a form of drug-induced plasticity (Nestler et al., 1993). Resgdahee
suggests that a number of intracellular signaling proteins and transcrijutiors fa
mediate the development (Valjent et al., 2000), retrieval (Miller and May&i0@lb) and
reinstatement (Valjent et al., 2006) of cocaine-conditioned reward. Given theatnaalul
of GSK3 activity by psychostimulants (Perrine et al., 2008) and its role in
psychostimulant-induced hyper-locomotion (Beaulieu et al., 2004; Miller et al., 2009a)
the overall aim of the present study was to investigate the role of GSK3 in acgets
of cocaine-conditioned reward.

The data presented herein are the first to show that selective inhibition of GSK3
prevented the development of cocaine conditioned place preference. Previous
investigations from our lab highlight the importance of this kinase in cocaine-thduce
hyperactivity. For example, non-selective (valproate) and selectd/216763)
inhibition of GSK3 dose-dependently attenuates acute cocaine-induced hyper-looomoti
in mice (Miller et al., 2009a). Selective inhibition of GSK3 with SB 216763 also prevents
the development of cocaine-induced sensitization (Miller et al., 2009a). Itlis wel
established that both dopaminergic and glutamatergic transmission contrithée to t

development of cocaine-conditioned reward. Given the role of GSK3 in dopamine and
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glutamate mediated signal transduction, it may be that both dopamine and glutamate
contribute to the effect of GSK3 on cocaine-conditioned reward.

The induction of cocaine conditioned place preference is contingent upon
dopamine D1 receptor stimulation as antagonism of the D1 receptor during cocaine
conditioning prevents the acquisition of cocaine place preference (Cervo angirgama
1995). The dopamine D1 receptor also functions as a primary reward in cocaine-naive
animals as dopamine D1 receptor agonists induce place preference (Graha087)
and are self-administered (Self and Stein, 1992). Interestingly, pharmaeablogibition
of the dopamine D2 receptor does not affect the induction of cocaine place preference
(Cervo and Samanin, 1995; Baker et al., 1996) and administration of the dopamine D2
receptor agonist quinpirole fails to produce place preference in cocaine-niiatsa
(Graham et al., 2007). Glutamatergic NMDA receptors are also crititdétinduction of
cocaine-induced place preference as pharmacological (Kim et al., 1996; Hdrris a
Aston-Jones, 2003) and genetic (Heusner and Palmiter, 2005) inhibition of NMDA
receptors prevents the development of cocaine-induced place preference.

Previous investigations indicate that GSK3 mediates dopaminergic and
glutamatergic function. Pharmacological inhibition (Beaulieu et al., 200diohbmad et
al., 2005) and genetic deletion (Beaulieu et al., 2007) of dopamine D2 receptors decrease
the activity of GSK3 as evidenced by an increase in its phosphorylation. As previous
studies suggest that the dopamine D2 receptor does not participate in the induction of
cocaine place preference it seems unlikely that the mechanism by vith16%63

alters cocaine place preference is related to dopamine D2 receptor @ttfadiSK3.

71



Investigations as to whether dopamine D1 receptors signal through GSK3 are
conflicting. Administration of the dopamine D1 receptor antagonist SCH-23390 to mice
lacking the dopamine transporter has no effect on p@&JK8 the striatum (Beaulieu et
al., 2004) suggesting that dopamine D1 receptors are not linked to GSK3 activity. In
contrast, data from our laboratory suggest that selective inhibition of GSK3 é&dtenua
dopamine D1 receptor agonist-induced hyper-locomotion (Miller et al., 2009b). Further,
acute cocaine administration to mice lacking the dopamine D1 receptor réduices
expression op-catenin in the caudate putamen (Zhang et al., 2002) suggesting that the
dopamine D1 receptor is critical to cocaine-induced activation of GSK3 and subsequent
expression op-catenin, as GSK3 negatively regulafesatenin (Ikeda et al., 1998).

Thus indirect activation of the dopamine D1 receptor and subsequent activation of GSK3
by cocaine may influence the development of cocaine place preference.

NMDA receptors and GSK3 act in a feedback mechanism to regulate one another.
For example, inhibition of GSK3 activity causes NMDA receptor internabizgChen et
al., 2007), whereas repeated administration of the NMDA receptor antagonist MK-801
decreases the activity of GSK3 in the frontal cortex of rats (Seo et al., 20051).tGe
role of GSK3 in maintaining the function of the NMDA receptor, it may be that indrbiti
of GSK3 during the conditioning phase of cocaine place preference reduces tlmnfuncti
of NMDA receptors, therefore preventing the development of cocaine placesposfe

Following the expression of cocaine preference, mice injected with SB 216763 for
2 days in their home cages no longer expressed a cocaine place preference 24 hours
following the last injection of SB 216763. This suggests that inhibition of GSK3 reduced

cocaine-seeking behavior by preventing the reconsolidation of cocaine-ss$ocia

72



contextual memories. Our results are consistent with previous investigaighiighting

the importance of glutamatergic transmission in the retrieval and rewctaism of

cocaine contextual memories. Acute systemic administration of the NiBeftor
antagonist MK-801 immediately following the expression of cocaine place gmeger
(during memory reconsolidation) blocks the subsequent expression of context elicited
preference (Itzhak, 2008). The neural circuitry associated with drug seeking involves
structures such as the nucleus accumbens, cortex and basolateral anvgdsa( al.,
2000; Carelli and ljames, 2001). The basolateral amygdala contains a high coiecentra
of NMDA receptors and directly impacts the reconsolidation of contextualomes
(Monaghan and Cotman, 1985). Interestingly, binge pattern cocaine admuonstrati
increases the activity of GSK3 in the amygdala (Perrine et al., 2008). Giveretioé r
GSK3 in maintaining the function of NMDA receptors (Chen et al., 2007), it may be that
inhibition of GSK3 acting on NMDA receptors in the amygdala prevents the
reconsolidation and retrieval of cocaine-associated contextual memories.

Relapse to drug-seeking behavior can be precipitated following exposure tp stress
contextual cues or the drug itself. In the present study, inhibition of GSK3 in a neutral
environment during extinction training did not prevent cocaine-induced reinstdteme
when tested 24 hours or 5 days later. This suggests a differential role for GBK3 in t
reconsolidation and subsequent retrieval of cocaine contextual memoriesrigliowi
exposure to the conditioned stimulus (environment) as compared to memory reactivation
following exposure to the previously unconditioned stimulus (cocaine). Previous
investigations demonstrate that following extinction training memoryivedicn to the

conditioned and unconditioned stimulus is required for blockade of cocaine-primed
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reinstatement by the NMDA receptor antagonist MK-801 (Brown et al., 2008). Re-
exposure of animals to the conditioned stimulus (place preference chamber) and
unconditioned stimulus (cocaine) in the presence of MK-801 prevents cocaine-primed
reinstatement of place preference when tested a day later (Brown e08)., R@rther,
introducing cocaine in a neutral environment (home cage) in the presence of MK-801
does not prevent cocaine-primed reinstatement the following day (Brown et al., 2008).
This is interesting in that pharmacological blockade of NMDA receptorbitatthe

activity of GSK3. Thus, it may be that in order for the inhibition GSK3 to prevent
cocaine-primed reinstatement, animals must be re-exposed to the conditioned and
unconditioned stimulus in the presence of SB 216763 prior to testing.

In summary, the results presented here demonstrate that inhibition of GSK3
prevented the development of cocaine-induced place preference. Further, inhibition of
GSKa3 prevented the retrieval of cocaine-associated contextual memoriss.réselts
provide support for further exploration of this kinase in the various behavioral and
molecular adaptations associated with cocaine-conditioned reward. In additioer, fur
work elucidating the role of GSK3 in cocaine-primed and stress-induced remsthate

could provide new insights into the mechanism of relapse to drug-seeking behaviors.
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CHAPTER S

REGULATION OF AKT/GSK3 BY COCAINE IN MICE: ROLE OF
DOPAMINERGIC AND GLUTAMATERGIC RECEPTORS

Introduction

Akt (protein kinase B) is a serine/threonine protein kinase involved in a number
of cellular processes including metabolism (Cross et al., 1995) and apoptoses dNhrt
Downward, 1997; Alessi and Cohen, 1998). Activation of Akt requires recruitment to the
plasma membrane by PI (3,4,5)P3 and PI (3,4) which have a high affinity for the PH
domain of Akt (Burgering and Coffer, 1995; Franke et al., 1995). Recruitment of Akt to
the plasma membrane facilitates the activation of Akt via phosphorylation of two
regulatory (Thr. 308) and (Ser. 473) sites (Alessi et al., 1996). Akt (Thr. 308) Ires wit
the T loop of the kinase and its phosphorylation is catalyzed by PDK-1 (Alessi et al.,
1997, Stephens et al., 1998). Akt (Ser. 473) is located within a hydrophobic region near
the carboxyl terminus of the kinase (Alessi et al., 1996), and the mechanism by which
this residue is phosphorylated is currently unknown. One mechanism, by which Akt
facilitates cellular processes such as cell survival and metabolismnéghtively
regulating the activity of glycogen synthase kinase-3 (GSK3) (Cross £995).

Originally identified for its regulation of glycogen metabolism (Entlile
1980), GSK3 has been since shown to be critical for a number of cellular processes
including apoptosis (Cross et al., 2001), and synaptic plasticity (Peineau et al., 2008) and
in disease states such as schizophrenia (Emamian et al., 2004). GSK3 is regulated via
phosphorylation of the N-terminal serine-21 (GS#8r serine-9 (GSK® and is highly
expressed in regions of the brain including the frontal cortex, nucleus accumioetase ca

putamen, hippocampus and amygdala (Leroy and Brion, 1999). Regulation of GSK3
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activity is critical in that it phosphorylates more than 40 substrates (Jopetarsbd,
2004) including the transcription factor CREB (Grimes and Jope, 2001), which serves an
important role in the addictive properties of drugs of abuse (Carlezon et al., 1998).
Previous investigations have demonstrated the importance of the Akt/GSK3
signaling pathway in dopaminergic transmission. For example, pharmacological
inhibition and genetic deletion of the dopamine D2 receptor increases phosphorylated
Akt (Thr. 308) and GSK[Bin the striatum (Beaulieu et al., 2004; Beaulieu et al., 2007).
Psychostimulants effecting dopaminergic transmission also modulate thty aftAkt
and/or GSK3. Amphetamine, cocaine and methylphenidate induce a distinct temporal and
spatial regulation of Akt and/or GSK3 activity in the brain, an effect thamnsngent
upon acute or repeated drug exposure (Beaulieu et al., 2004; Beaulieu et al., 2006; Shi
and McGinty, 2007; Perrine et al., 2008). Given the role of the Akt/GSK3 signaling
cascade in dopaminergic transmission and psychostimulant-induced behaviors, we
measured the effects of acute cocaine on levels of phosphorylated Akt and GB&3 in t
caudate putamen, nucleus accumbens and frontal cortex of mice. Further, we
characterized the role of the dopamine D1 and D2 receptors and the glutasrdtergi
methyl-D-aspartate (NMDA) receptor in cocaine-induced phosphorylation ofrélkt a

GSKa.

Methods
Animals
Male CD-1 mice (8 weeks old) were obtained from Charles River Lab@&stori
(Wilmington, MA). Mice were housed five per plastic cage (28 x 18 x 14 cm) without

additional enrichment objects in a temperature- and relative humidityetiedtroom
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with a 12-hr light/dark cycle (lights on at 7:00 a.m.). Animals were housed for seven day
prior to testing and were handled and weighed daily. All animals had access todstanda
laboratory chow and tap watad libitum. All animal testing was conducted in
accordance with the National Institutes of Health guidelines for thea@ar&se of
Laboratory Animals and with an approved protocol from Temple University Institut
Animal Care and Use Committee.
Drugs

Cocaine hydrochloride was generously supplied by the National Institute on Drug
Abuse, SCH-23390, eticlopride hydrochloride and MK-801 were purchased from Sigma-
Aldrich (St. Louis, MO) and all compounds were dissolved in sterile saline (0.9% NaC
and injected at a volume of 3 ml/kg.

Drug Administration

To investigate the effect of acute cocaine on Akt and GSKS3 activity in the bra
mice were administered saline or cocaine (20 mg/kg, i.p.) and euthanized 30 minutes
post-injection. The involvement of the dopamine D1 and D2 receptor and the
glutamatergic NMDA receptor in cocaine-induced modulation of Akt and GSK3 in the
brain were assessed using selective receptor antagonists. Mice weegl injigle the
dopamine D1 receptor anatgonist SCH-23390 (0.1 mg/kg), the dopamine D2 receptor
antagonist eticlopride hydrochloride (1.0 mg/kg, i.p.) or the NMDA receptor anthgonis
MK-801 (1.0 mg/kg, i.p.) 30 minutes prior to saline or cocaine (20 mg/kg, i.p.). For
receptor antagonist studies, all mice were euthanized 30 minutes followmg @ali

cocaine injection.
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I mmunobl otting

Following drug administration, the frontal cortex, nucleus accumbens and caudate
putamen were rapidly dissected on ice. Tissues were immediately somchtsithg 1%
SDS, boiled for 5 minutes, aliquotted and stored at —80°C until assayed. Protein
concentrations were determined using the Lowry assay (Lowry et. al, 195&)nProt
extracts (20-5@ug) were subjected to SDS-polyacrylamide gel electrophoresis (7.5%
Tris-HCI BioRad Ready-gels, Hercules, CA) and transferred for 95 mirtes t
nitrocellulose membranes. Membranes were subsequently blocked for 1 hour in blocking
solution consisting of 5% nonfat dry milk and Tween-TBS and then incubated overnight
at 4°C in the following antibodies, phospho-G S8 (1:2000-1:5000, Cell Signaling,
Beverly, MA), phospho-Akt (Ser. 473) (1:1000, Cell Signaling, Beverly, MA), phospho-
Akt (Thr. 308) (1:1000, Cell Signaling, Beverly, MA), total Akt (1:2000; Cell Sigmgli
Beverly, MA) total GSK3.-p (1:10000; Santa Cruz, Santa Cruz, CA) or anti-tubulin
antibody (1:20000; Sigma, St. Louis, MO). Following overnight incubation in primary
antibodies, membranes were washed in Tween-TBS and incubated in either antemouse
anti-rabbit secondary antibody conjugated to horseradish peroxidase (Vector
Laboratories, Burlingame, CA) for 1 hour at room temperature. Immuriigawas
visualized by chemiluminescence following incubation in Supersignal West Pi
Chemiluminescent Substrate (Pierce, Rockford, IL) with bands being gednising the
FujiFilm Intelligent Dark Box II, IR LAS-100 Pro V3.1, and Image Gauge?¥4.

equipment and software packages.
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Data Analysis
Immunoblotting data were expressed as a ratio of phosphorylated protein/total
protein. Data were analyzed using one-way ANOVA followed by a Bonferrorfotrest
multiple comparisons or an unpaired two-tailed Student t-test (GraphPad Priam 4, L

Jolla, CA).

Results
Acute cocaine administration decreased phosphorylated Akt (Thr. 308) in the caudate
putamen but not the nucleus accumbens or frontal cortex
Levels of phosphorylated and total Akt were determined by Western blot analysis

Representative images from the caudate putamen of pAkt (Thr. 308), pAkt (Ser. 473) and
total Akt are shown in figure 5.1. Levels of pAkt (Thr. 308) were significantly deere
in the caudate putamen 30 minutes following acute cocaine administration as compared
to saline controls £6=3.943, p=0.0006) (Figure 5.2A). In contrast, acute cocaine
administration had no effect on pAkt (Thr. 308) in the nucleus accumbens (Figure 5.2C)
or frontal cortex (Figure 5.2E) (p>0.05). Acute cocaine had no effect on phospédryla
Akt (Ser. 473) in any brain region (Figures 5.2B, 5.2D, 5.2F) (p>0.05). Levels of total
Akt were also unchanged in all brain regions following cocaine (data not shdvase T
data show that acute cocaine administration regulates the activity of Aktcbgasing
the phosphorylation of Akt (Thr. 308) and not Akt (Ser. 473), selectively in the caudate

putamen.

79



Sal Coc Sal Coc

O i— —
: K
PAKt Thr. 308 i pGS 3B -—

pAkt Ser. 473 T —
GSK3C N S
O

Tubulin  — —

Akt — —

Tubulin EE— - —

Figure5.1: Representative immunoblots of caudate putamen tissue from saline (sal)
and cocaine (coc) treated mice. Bands represent pAkt (Thr. 308), pAkt (Ser. 473), total

Akt, pGSK3u-f, total GSK3-p and tubulin (from top to bottom).
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Figure 5.2: Acute cocaine administration selectively decreased pAkt (Thr. 308) in

the caudate putamen of mice. Levels of pAkt (Thr. 308) and pAkt (Ser. 473 were
measured by Western blot analysis in the caudate putamen, nucleus accumbens and
frontal cortex of mice 30 minutes following acute cocaine administration. (F\2ée
cocaine significantly decreased pAkt (Thr. 308) (***p<0.001) and (5.2B) had no effect
on pAkt (Ser. 473) in the caudate putamen of mice. (5.2C&D) Levels of pAkt (Thr. 308)
and pAkt (Ser. 473) were not changed in the nucleus accumbens or (5.2E&F) frontal
cortex. Bars represent the mean £+ SEM (N=7-13/group) and are expressedoasfa rat

pAkt:total Akt. Data were analyzed by an unpaired two-tailed Student t-test.
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Phosphorylated GSK3p is reduced in the caudate putamen but not the nucleus accumbens
or frontal cortex following acute administration of cocaine

Protein extracts from the caudate putamen were analyzed for levels of phospho-
GSK3w/p and total GSKa&/B by immunoblot. Figure 5.1 shows representative
immunoblots of tissue extracts from the caudate putamen probed with antibodies
recognizing phospho-GSKk3(51 kDa) and -GSK[3(48 kDa) and total GSK8p. As
shown in Figure 5.3A, animals administered cocaine had significantly less
phosphorylated GSKBin the caudate putamen as compared to saline contsi3.G86,
p=0.0050) indicating that acute cocaine enhanced the activity of & &iK8ontrast,
levels of pGSKa in the caudate putamen were not changed (p>0.05; Fig. 5.3B).
Phosphorylated GSK3j in the nucleus accumbens and frontal cortex following cocaine
administration were not significantly different from saline controls (p>@@p;5.3C-F).
Levels of total GSK@&/B:tubulin were unchanged in all brain regions following acute

administration of cocaine (data not shown).
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Figure 5.3: Phosphorylation of GSK3p but not GSK3a isreduced in the caudate
putamen following acute administration of cocaine. Acute administration of cocaine
reduced the phosphorylation of GgKIBut not GSK8 as compared to saline
administration in the caudate putamen of mice (**p<0.01) (5.3A&B). Levels of
phosphorylated GSK8p were unchanged in the nucleus accumbens (5.3C&D) and
frontal cortex (5.3E&F) following cocaine. Bars represent the meaBEM, (n=6-
9/group) and are expressed as a ratio of pGFKidtal GSK3/p. Data were analyzed

by an unpaired two-tailed Student t-test.
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Cocaine-induced attenuation of phospho-Akt (Thr. 308) and phospho-GSK34 (Ser. 9) is
prevented by eticlopride

The role of the dopamine D2 receptor in cocaine-induced modulation of
phosphorylated Akt was assessed using the dopamine D2 receptor antagonisideticlopr
Mice were pretreated with eticlopride (1.0 mg/kg, i.p.) 30 minutes prior to co@flne (
mg/kg, i.p.) and animals were euthanized 30 minutes following cocaine adatiorst
One-way ANOVA revealed a significant difference between groups [FER2I02,
p=0.0071; Fig. 5.4A]. Bonferroni post-hoc analysis showed that cocaine significantly
decreased pAkt (Thr. 308) levels in the caudate putamen as compared to saline controls
(sal/sal vs. sal/coc, p<0.05). Interestingly, administration of eticlopridetprcocaine
prevented the cocaine-induced reduction of phosphorylated Akt (Thr. 308) indicating that
the dopamine D2 receptor is critical to cocaine-induced inactivation of Aktdsals.
etic/coc, p<0.001). Eticlopride alone had no effect on the levels of pAkt (Thr. 308) in the
caudate putamen (sal/sal vs. etic/sal, p>0.05). There were no significamndiéer
between groups on pAkt (Ser. 473) levels in the caudate putamen [F(3,32)=0.1048,
p=0.9566; Fig. 5.4B] as determined by one-way ANOVA.

In the nucleus accumbens, one-way ANOVA revealed that there were no
significant changes in the levels of pAkt (Thr. 308) [F(3,29)=2.389, p=0.0918; Fig. 5.4C]
or pAkt (Ser. 473) [F(3,32)=1.001, p=0.4063; Fig. 5.4D] between groups. In the frontal
cortex, the levels of phosphorylated Akt (Thr. 308) [F(3,28)=0.2258, p=0.8776; Fig.
5.4E] and (Ser. 473) [F(3,29)=0.8162, p=0.4966; Fig. 5.4F] were also not significantly

changed between groups as determined by one-way ANOVA. No significenéddes
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were observed in the levels of total Akt in mice pretreated with eticlopsiderapared
to mice pretreated with saline in any brain region tested (data not shown).

In addition to investigating the role of the dopamine D2 receptor in cocaine-
induced inactivation of Akt, we assessed the importance of this receptor in theactivat
of GSK3 by cocaine. One-way ANOVA revealed a significant diffezdretween groups
in the levels of pGSKB[F(3,25)=4.562, p=0.0125; Fig. 5.5A], but not pGSK3
[F(3,31)=0.8790, p=0.4638; Fig. 5.5B]. Bonferroni post-hoc analysis indicated that
cocaine decreased the phosphorylation of @SK3he caudate putamen (sal/sal vs.
sal/coc, p<0.05), therefore activating the kinase. However, administratiaolopetle
prior to cocaine prevented cocaine-induced activation of 3is3videnced by an
increase in the phosphorylation of G§K@al/coc vs. etic./coc, p<0.01). Basal levels of
pGSK3u/p in the caudate putamen were not changed following pretreatment with
eticlopride (sal/sal vs. etic/sal, p>0.05).

In the nucleus accumbens, there were no significant differences betwees gr
as indicated by one-way ANOVA in pGSEKBF(3,29)=2.218, p=0.1099; Fig. 5.5C] or
pGSK3x [F(3,30)=2.873, p=0.0547; Fig. 5.5D] levels. In the frontal cortex, one-way
ANOVA revealed that there were also no significant differences in Wieéslef pGSKB
[F(3,26)=0.4129, p=0.7453; Fig. 5.5E] or pG$K&(3,28)=0.3693, p=0.7758; Fig.
5.5F] between groups. Mice pretreated with eticlopride showed no significaméddés
in the levels of total GSK#B as compared to mice pretreated with saline in any brain

region tested (data not shown).
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Figure5.4: The cocaine-induced reduction of Akt (Thr. 308) phosphorylation in the
caudate putamen is prevented by eticlopride. (5.4A) Acute cocaine administration
decreased the phosphorylation of Akt (Thr. 308) in the caudate putamen (*p<0.05).
Administration of eticlopride prior to cocaine prevented the cocaine-inducedioedott
Akt (Thr. 308) phosphorylation (***p<0.001). Levels of pAkt (Ser. 473) were not
changed in any experimental group in the caudate putamen (5.4B). Eticlopride had no
effect on pAkt (Thr. 308) or pAkt (Ser. 473) in the nucleus accumbens or frontal cortex
(5.4C-5.4F). Bars represent the meaBEM, (n=5-8/group) and are expressed as a ratio
of pAkt:total Akt. Data were analyzed by a one-way ANOVA followed by a 8wahi

test for multiple comparisons.
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Figure 5.5: Eticlopride prevented the cocaine-induced attenuation of pGSK 3p in the
caudate putamen. (5.5A) Acute cocaine administration significantly reduced
phosphorylated GSKBlevels in the caudate putamen (*p<0.05). Pretreatment with
eticlpride prevented the cocaine-induced attenuation of p@8KiBie caudate putamen
(**p<0.01). (5.5B) Levels of pGSkBwere not changed in any experimental group in the
caudate putamen. Eticlopride had no effect on pGAKi® the nucleus accumbens or
frontal cortex (5.5C-5.5F). Bars represent the me&&EM, (n=6-9/group) and are
expressed as a ratio of pGSl{Btotal GSK3/p. Data were analyzed by a one-way

ANOVA followed by a Bonferroni test for multiple comparisons.
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The dopamine D1 receptor antagonist SCH-23390 prevented the cocaine-induced
attenuation of GSK3p but not Akt (Thr. 308) phosphorylation in the caudate putamen

To determine the role of the dopamine D1 receptor in cocaine-induced activation
of GSK3 and inactivation of Akt, mice were pretreated with the dopamine D1 receptor
antagonist SCH-23390 (0.1 mg/kg, i.p.) 30 minutes prior to cocaine. One-way ANOVA
revealed a significant difference between groups in the levels of p&[EK325)=3.756,
p=0.0256; Fig. 5.7A] but not pGSKJF(3,32)=0.6795, p=0.5717; Fig. 5.7B].
Bonferroni post-hoc analysis indicated that acute cocaine administrajroficsintly
attenuated the levels of pGSKB the caudate putamen (sal/sal vs. sal/coc, p<0.05).
Further, blockade of the dopamine D1 receptor prior to cocaine prevented the cocaine-
induced attenuation of phosphorylated G8K&rels in the caudate putamen (sal/coc vs.
sch/coc, p<0.05). Administration of SCH-23390 alone had no effect on the levels of
pGSKao/p (sal/sal vs. sch/sal, p>0.05).

In the nucleus accumbens, one-way ANOVA also revealed that there were no
significant differences between groups in pG8KRB(3,33)=2.785, p=0.0578; Fig. 5.7C]
or pGSK3x [F(3,34)=1.354, p=0.2749; Fig. 5.7D] levels. There was also no effect in the
frontal cortex on the phosphorylation of GIK&(3,29)=0.05999, p=0.9803; Fig. 5.7E]
or GSK3x [F(3,32)=0.1169, p=0.9495; Fig. 5.7F] as determined by one-way ANOVA.

To assess whether dopamine D1 receptor modulation of pBiek&s in the
caudate putamen were contingent upon modulation of Akt phosphorylation, we
investigated the effect of D1 receptor blockade in the cocaine-induced atrrofakkt
phosphorylation. One-way ANOVA revealed significant differences betweripg

[F(3,29)=3.935, p=0.0193; Fig. 5.6A]. Bonferroni post-hoc analysis showed that cocaine
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administration decreased the phosphorylation of Akt (Thr. 308) in the caudate putamen as
compared to saline controls (sal/sal vs. sal/coc, p<0.05). Blockade of the dopamine D1
receptor prior to cocaine, however, did not significantly effect Akt (Thr. 308)
phosphorylation (sal/coc vs. sch/coc, p>0.05). Administration of SCH-23390 alone also
had no effect on the phosphorylation of Akt (Thr. 308) (sal/sal vs. sch/sal, p>0.05).
Further, there were no significant differences between groups on the phosphrofati

Akt (Ser. 473) in the caudate putamen [F(3,33)=0.07535, p=0.9728; Fig. 5.6B]. Thus, the
mechanism by which the dopamine D1 receptor blocks cocaine-induced activation of
GSK33 is not contingent upon activation of Akt.

In the nucleus accumbens, one-way ANOVA indicated that there were no
significant differences between groups in the phosphorylation of Akt (Thr. 308)
[F(3,30)=2.492, p=0.0814; Fig. 5.6C] or Akt (Ser. 473) [F(3,34)=0.8519, p=0.4763; Fig.
5.6D]. Similarly, there was no change between groups in phosphorylated Akt (Thr. 308)
[F(3,25)=1.365, p=0.2796; Fig. 5.6E] or phosphorylated Akt (Ser. 473) [F(3,33)=0.4467,
p=0.7214; Fig. 5.6F] in the frontal cortex. Blockade of the dopamine D1 receptor in
animals had no significant effects on the levels of total GAK8r Akt as compared to

control animals in any brain region tested (data not shown).
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Figure 5.6: SCH-23390 did not prevent cocaine-induced attenuation of pAkt (Thr.

308). Administration of the dopamine D1 receptor antagonist SCH-23390 (0.1 mg/kg)
prior to cocaine did not effect cocaine-induced attenuation of pAkt (Thr. 308) in the
caudate putamen (5.6A). SCH-23390 also had no effect pAkt (Thr. 308) in the nucleus
accumbens (5.6C) or frontal cortex (5.6E). Levels of pAkt (Ser. 473) were not changed i
the caudate putamen (5.6B), nucleus accumbens (5.6D) or frontal cortex (5.6F). Bars
represent the meanSEM, (n=6-10/group) and are expressed as a ratio of pAkt:total Akt.

Data were analyzed by a one-way ANOVA followed by a Bonferronfdéeshultiple

comparisons.
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Figure5.7: Blockade of the dopamine D1 receptor prior to cocaineincreased GSK3p
phosphorylation in the caudate putamen. (5.7A) Administration of SCH-23390 prior
to cocaine blocked the reduction of pG$K3p<0.05) in the caudate putamen with no
effect on pGSKa (5.7B). SCH-23390 had no effect on pGSKBin the nucleus
accumbens (5.7C&D) or frontal cortex (5.7E&F). Bars represent the m8&M, (n=6-
10/group) and are expressed as a ratio of p@fkidtal GSK3/p. Data were analyzed

by a one-way ANOVA followed by a Bonferroni test for multiple comparisons.
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Cocaine-induced attenuation of GSK34 phosphorylation in the caudate putamen is
prevented by the glutamatergic NMDA receptor antagonist MK-801

In addition to the role of the dopamine D1 and D2 receptors, we investigated
whether glutamatergic NMDA receptors were involved in the cocaine-iddactesation
of GSK3. Mice were pretreated with the NMDA receptor antagonist MK-801 (1.0
mg/kg, i.p.) 30 minutes prior to cocaine and the phosphorylation of GBK&s
assessed by Western blot analysis. In the caudate putamen, one-way ANQfethdi
significant differences between groups with respect to the phosphorylatiorK83GS
[F(3,22)=4.978, p=0.0103; Fig. 5.9A] but not GSKF(3,29)=0.7448, p=0.5352; Fig.
5.9B]. Bonferroni post-hoc analysis showed that acute cocaine attenuate} GSK3
phosphorylation in the caudate putamen (sal/sal vs. sal/coc, p<0.01). Further, mice
pretreated with MK-801 prior to cocaine showed a significant increase if3§5SK
phosphorylation as compared to saline pretreated controls (sal/coc vs. MK-801/coc,
p<0.05). Pretreatment with MK-801 alone had no effect on G§HK8sphorylation in
the caudate putamen (sal/sal vs. MK-801/sal, p>0.05). The results of this studgindicat
that the NMDA receptor is critical to cocaine-induced activation of 33K3nhe caudate
putamen.

In the nucleus accumbens, one-way ANOVA revealed no significant differences
between groups on the levels of G$HB(3,29)=2.473, p=0.0840; Fig. 5.9C] or GSK3
[F(3,29)=1.124, p=0.3574; Fig. 5.9D] phosphorylation. There were also no significant
differences in the phosphorylation of GK[%(3,26)=0.1376, p=0.9365; Fig. 5.9E] or
GSK3u [F(3,29)=0.1421, p=0.9338] between groups in the frontal cortex as determined

by a one-way ANOVA.
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The involvement of the NMDA receptor in cocaine-induced inactivation of Akt in
the caudate putamen was also investigated using the NMDA receptor antagot@stLMK
In the caudate putamen, significant differences in the phosphorylation of pAkt (Thr. 308)
were found between groups [F(3,26)=3.319, p=0.0377; Fig. 5.8A] as determined by one-
way ANOVA. Bonferroni post-hoc analysis showed that administration of cocaine
significantly decreased Akt (Thr. 308) phosphorylation, therefore inactivating treekina
(sal/sal vs. sal/coc, p<0.05). However, blockade of the NMDA receptor prior tmeocai
did not prevent cocaine-induced attenuation of Akt (Thr. 308) phosphorylation (sal/coc
vs. MK-801/coc, p>0.05). Administration of MK-801 alone also had no effect on the
levels of Akt (Thr. 308) phosphorylation in the caudate putamen (sal/sal vs. MK-801/sal,
p>0.05). In addition, there were no significant effects on Akt (Ser. 473) phosphorylation
as determined by one-way ANOVA [F(3,31)=0.1804, p=0.9088]. Overall, the data
presented herein demonstrate that the inhibition of cocaine-induced GSK3 actiyation b
blocking the NMDA receptor is not dependent on the activity of Akt.

Similar to GSK3, one-way ANOVA revealed no significant differences bewe
groups in the levels of phosphorylated Akt (Thr. 308) [F(3,27)=1.527, p=0.2329; Fig.
5.8C] or Akt (Ser. 473) [F(3,31)=0.6627, p=0.5819; Fig. 5.8D] in the nucleus accumbens.
In the frontal cortex, there were also no significant differences betwreeps in the
levels of phosphorylated Akt (Thr. 308), [F(3,28)=0.5293, p=0.6663] or Akt (Ser. 473)
[F(3,31)=0.7652, p=0.5232] as determined by one-way ANOVA. Blockade of the
NMDA receptor with MK-801 did not affect the total levels of GSKBor Akt in any

brain region tested as compared to saline controls (data not shown).
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Figure 5.8: Pretreatment with MK-801 does not effect pAkt levelsfollowing cocaine.
(5.8A) MK-801 administration prior to cocaine had no effect on cocaine-induced
reductions in pAkt (Thr. 308) in the caudate putamen. Administration of MK-801 had no
effect on pAkt (Ser. 473) in the caudate putamen (5.8B). Levels of pAkt were also
unchanged in the nucleus accumbens (5.8C&D) and frontal cortex (5.8E&F). Bars
represent the meanSEM, (n=6-9/group) and are expressed as a ratio of pAkt:total Akt.
Data were analyzed by a one-way ANOVA followed by a Bonferronideshultiple

comparisons.
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Figure 5.9: MK-801 prevented the cocaine-induced attenuation of pGSK 3p levelsin

the caudate putamen. (5.9A) Administration of MK-801 prior to cocaine prevented the
cocaine-induced attenuation of pG3KA8 the caudate putamen (*p<0.05). Levels of
pGSK3x were not changed in the caudate putamen (5.9B). MK-801 had no effect on
pGSK3x/p in the nucleus accumbens (5.9C&D) or frontal cortex (5.9E&F). Bars
represent the meanSEM, (n=5-9/group) and are expressed as a ratio of p&Bk@al
GSK3uw/p. Data were analyzed by a one-way ANOVA followed by a Bonferroni test for

multiple comparisons.
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Discussion

Dopaminergic and glutamatergic receptors are critical to the behaamata
neuromodulatory effects of cocaine. Cocaine indirectly activates dopandrgtiaamate
receptors by increasing extracellular dopamine (Heikkila et al., 1975) atraangite
(Vanderschuren and Kalivas, 2000) in various brain regions. Cocaine increases
extracellular dopamine by binding to and blocking the dopamine transporter, witereas
increase in extracellular glutamate is thought to be mediated by dopaineedptors
(Kalivas and Duffy, 1995). Activation of dopaminergic and glutamatergic rexsept
following cocaine alters a number of intracellular signaling proteidssabsequently
gene transcription. The data presented herein demonstrate that acute cocaine
administration regulates Akt and GSK3 activity in the caudate putamen. Fouthdata
show that this effect is contingent upon activation of dopamine D1, D2 and glutamatergi
NMDA receptors.

The Akt/GSKS3 signaling cascade plays an important role in the behaviocteffe
of psychostimulants, including cocaine. Heterozygote GSKge display an attenuated
hyper-locomotor response to acute amphetamine (Beaulieu et al., 2004) ankselect
inhibition of GSK3 prevents the hyper-locomotor response in mice lacking the dopamine
transporter (Beaulieu et al., 2004). Recent evidence from our laboratory iadicatte
GSKa3 is critical to the acute and sensitized hyper-locomotor response wfec(iddler
et al., 2009a). The data presented herein shows that acute cocaine adimmisttated
pAkt (Thr. 308) and pGSK3Blevels in the caudate putamen of mice, without effecting
pAkt (Ser. 473) or pGSKR These results are consistent with those indicating that acute

amphetamine attenuates pAkt (Thr. 308) and p@SiB&aulieu et al., 2004, 2005) in the
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striatum of mice. In addition, we show no changes in Akt or GSK3 phosphorylation in
the nucleus accumbens or frontal cortex. Previous studies suggest that theK8kt/GS
pathway may be regulated within the nucleus accumbens or frontal cortex rgllowi
repeated exposure to psychostimulants. For example, repeated cocaine edimimist
reduces Akt activity in the nucleus accumbens (Pulipparacharuvil et al., 2008) and
increases PI3K activity in the frontal cortex (Zhang et al., 2006). Evidence sugjusst
extracellular dopamine regulates pAkt and pGBES8 mice lacking the dopamine
transporter that display an increased level of extracellular dopamirees (ial., 1996)
show a decrease in pAkt (Thr. 308) and pGFKBthe striatum (Beaulieu et al., 2004).
Therefore, cocaine-induced effects on Akt and GSK3 are likely due to increased
extracellular dopamine.

The effects of dopamine are mediated by dopamine D1-like (D1 and D5) and D2-
like (D2, D3 and D4) dopamine receptors. Dopamine D1 and D2 receptors are highly
expressed in brain regions receiving dopaminergic innervation (Meador-Woodruff, 1994)
and exert changes in intracellular signaling by coupling to specifiot@ips (Sibley et
al., 1993). Evidence suggests that dysregulation of Akt and GSK3 activity by dopamine
and dopamine D2 receptors may be involved in diseases such as schizophrenia.
Postmortem samples of frontal cortex show that subjects with schizophrenia exhibi
approximately 40% lower GSK3INRNA levels (Kozlovsky et al., 2004) and G§K3
protein levels (Kozlovsky et al., 2000) as compared to controls. Akt protein levels in
postmortem frontal cortex samples of schizophrenic patients are also hanerantrols
(Emamian et al., 2004). Therapeutics used in the treatment of schizophrenia fiech as t

antipsychotic and dopamine D2 receptor antagonist haloperidol increase the
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phosphorylation of pAkt (Thr. 308) without changing pAkt (Ser. 473) (Emamian et al.,
2004). Genetic manipulation of dopamine D2 receptors also modulates the activity of Akt
and GSK3. Mice lacking the dopamine D2 receptor display an increase in pAkt (Thr.
308) and pGSKBand a decrease in pAkt (Ser. 473) in the striatum (Beaulieu et al.,
2007). Further, administration of the dopamine D2 receptor antagonist raclopride
increases phosphorylated Akt (Thr. 308) and GBk3he striatum of mice lacking the
dopamine transporter (Beaulieu et al., 2004). The data presented here are contistent w
previous studies suggesting that dopamine D2 receptors regulate the Akt/GSKBgigna
pathway. Administration of the dopamine D2 receptor antagonist eticlopride prevented
the cocaine-induced attenuation of pAkt (Thr. 308) and p@SK&e caudate putamen
without effecting basal phosphorylation levels of either kinase. Thus, ami\xdt

dopamine D2 receptors is essential to cocaine-induced regulation of Akt and GSK3
activity.

The present study provides the first evidence indicating that the dopamine D1
receptor is involved in cocaine-induced regulation of pGSR&cent evidence from our
laboratory indicates that GSK3 plays a role in dopamine D1 receptor mediatecbb®havi
Selective inhibition of GSK3 attenuates hyperactivity produced by admirosti@attithe
D1 receptor agonist SKF-82958 (Miller et al., 2009b). Previous investigations, however,
focusing on the relationship between the dopamine D1 receptor and the Akt/GSKS3
signaling cascade are contradictory. Administration of SCH-23390 to micedabe
dopamine transporter has no effect on the pAkt (Thr. 308) or p&BHKI3 the striatum
(Beaulieu et al., 2004). Mice lacking the dopamine D1 receptor however show a decrease

in pAkt (Ser. 473) in the striatum (Beaulieu et al., 2007). In contrast, dopamine D1
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receptor agonists increase pAkt (Thr. 308) in primary striatal neuronatesufBrami-
Cherrier et al., 2002).

In the present study, we show that pretreatment with the dopamine D1 receptor
antagonist SCH-23390 prior to cocaine prevented cocaine-induced attenuation of
pGSK3 but not pAkt (Thr. 308) in the caudate putamen. This suggests that the
dopamine D1 receptor differentially regulates the activity of Akt and GSK&nGhe
lack of pAkt (Thr. 308) regulation, it is tempting to speculate that another kingskema
regulating pGSKp in response to dopamine D1 receptor activation. It may be that GSK3
regulation following cocaine is contingent upon cAMP or calcium-dependent signal
transduction and not solely on Akt. Dopamine D1 receptors influence calcium-dependent
signal transduction by coupling to the Gq protein (Wang et al., 1995) and releasing
calcium from intracellular stores (Bergson et al., 2003). Activation of Ggases the
activity of GSK3 and is not dependent on Akt (Fan et al., 2003). Thus, blockade of the
dopamine D1 receptor and inactivation of the Gq protein may be regulating thiy acti
GSKa3 in the caudate putamen following cocaine.

Interestingly, other receptor types modulate the activity of Akt and GSK3
suggesting that the acute effect of cocaine on Akt and GSK3 may involve other, non-
dopaminergic receptors. Since cocaine increases extracellular glatanthe caudate
putamen (McKee and Meshul, 2005), we investigated whether the NMDA receptor
antagonist MK-801 would prevent the modulation of Akt and GSK3 activity following
acute cocaine. Here, we show that blockade of the glutamatergic NMiepioe
prevented the cocaine-induced attenuation of pSK3he caudate putamen. Our

results agree with previous investigations highlighting the relationship betheen t
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NMDA receptor and GSK3. Stimulation of the NMDA receptor activates GSK3 via
protein phosphatase-1 in the adult mouse brain (Szatmari et al., 2005). In addition,
inhibition of GSK3 can cause NMDA receptor internalization (Chen et al., 2007).
Blockade of the NMDA receptor prior to cocaine does not affect the cocaine-thduce
inactivation of Akt in the caudate putamen, suggesting that regulation of Akt 30 minutes
following acute cocaine is not contingent upon activation of the NMDA receptor.
Although the NMDA receptor does not effect acute cocaine-induced regulation of Akt,
the NMDA receptor may be involved in Akt plasticity following repeated cocaine
exposure. Blockade of the NMDA receptor prevents the development of cocaine-induced
behavioral sensitization (Karler et al., 1989) and repeated MK-801 administration
increases Akt activity (Seo et al., 2007). Thus, as repeated cocaine exposure produces
sensitization and decreases Akt activity (Pulipparacharuvil et al., 2008), blaxihee
NMDA receptor during the development of cocaine sensitization may increase Akt
activity, therefore preventing cocaine sensitization.

In summary, the data presented herein demonstrate that Akt and GSKS3 are
selectively regulated by cocaine in the caudate putamen but not the nucleus accumbens o
frontal cortex of mice. Activation of GSK3 in the caudate putamen is contingent upon
dopamine D1 and D2 receptors and the glutamatergic NMDA receptor, whereas
activation of Akt activity is dependent upon dopamine D2 receptors. Our data provide
further evidence indicating that psychostimulants such as cocaine modulatéviheddct
Akt and GSKS3. Future studies investigating the spatial and temporal pattern of

psychostimulant-induced regulation of Akt/GSK3 are needed in order to elutidate t
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mechanisms in which manipulation of Akt/GSK3 may affect psychostimulant-idduce

behaviors.
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CHAPTER 6
GENERAL DISCUSSION
Overview

Cocaine exposure causes a humber of behavioral and neuromodulatory effects
with repeated use potentially culminating in drug addiction. The behaviors t&heriag
addiction such as drug-seeking, craving and relapse are influenced by neattatapt
molecular substrates involved in reward-related and learning memorgpesddestler,
2004; Miller and Marshall, 2005; Thomas et al., 2008). Thus, elucidating new molecular
mechanism underlying acute/occasional drug use and repeated drug taksegisieor
understanding addiction. As such, the aim of the experiments presented in thiwéisesis
to investigate the potential neuromodulatory effect of the intracellularlsigraotein,
glycogen synthase kinase 3 (GSK3) on cocaine-induced behaviors.

Previous investigations suggest that GSK3 is critical to the hyper-locomotor
responses associated with acute amphetamine (Beaulieu et al., 2004; Gould et al., 2004)
and in mice lacking the dopamine transporter (Beaulieu et al., 2004). It is vablisstd
that acute cocaine causes a dose-dependent increase in locomotor actividyiagdre
animals (Ushijima et al., 1994). As such, we hypothesized that GSK3 would regulate the
hyper-locomotor response following acute cocaine administration. The datatpres
herein demonstrate a role for GSK3 in acute cocaine-induced locomotion. Sgggifical
we show that both valproate, which inhibits GSK3, and the selective inhibitor of GSK3
SB 216763 dose-dependently attenuated acute cocaine-induced hyperactivitg (Table
Repeated cocaine administration elicits a sensitized or increapedsedo the

locomotor-stimulating properties of the drug (Post and Rose, 1976; Robinson and
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Berrridge, 1993). In addition to the role of GSK3 in the acute hyper-locomotor response
of cocaine, we show that GSK3 activity is necessary for the development of the
sensitized locomotor response associated with repeated cocaine adnuniasati

selective inhibition of GSK3 prevented the development of cocaine-induced behavioral
sensitization (Table 6.1).

Table6.1: Inhibition of GSK3 modulates cocaine-induced behavioral responses.

Behavioral Paradigm Effect
Acute Cocaine-Induced Locomotion !
Cocaine-Induced Locomotor Sensitization !
Development of Cocaine Place Prefererice !
Retrieval of Cocaine Context Memories !
Reinstatement of Cocaine Place Preference NC

l=Decrease, NC=No Change

The dopamine D1 receptor is critical to cocaine-induced hyper-locomotion as
systemic and intra-accumbens infusions of the dopamine D1 receptor antagonist SCH-
23390 attenuate acute cocaine-induced hyper-locomotion (Cabib et al., 1991; Baker et al.,
1998). Data presented herein demonstrate that administration of the sé€bk&iti8e
inhibitor SB 216763 attenuated the heightened ambulatory and stereotypy responses
produced by selective dopamine D1 receptor stimulation. This provided the first evidence
suggesting that a signaling pathway comprising GSK3 is activated by dupBxhi
receptor stimulation and is critical for the behavioral response to dopamire&tar
agonists. Taken together, the results of this study suggest that either thadiivation
of dopamine D1 receptors or the indirect activation of D1 receptors by cocaingesctiva
GSKa3 to elicit a hyper-locomotor response.

Previous investigations highlight the importance of the Akt/GSK3 signaling

pathway in regulating amphetamine-induced behaviors (Beaulieu et al., 2004; Gould et
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al., 2004). Additional studies presented in this dissertation have shown that acute cocaine
activates GSKR selectively in the caudate putamen as evidenced by a reduction in
phosphorylated GSKB30 minutes following cocaine administration. Alternatively, acute
cocaine inactivates Akt by reducing the levels of phosphorylated Akt (Thrir36&)

caudate putamen (Table 6.2). Interestingly, Akt (Ser. 473) phosphorylation was not
altered in the caudate putamen following acute cocaine administration. €helte are
consistent with previous studies indicating that increased extracellular thepam

selectively modulates Akt (Thr. 308) but not Akt (Ser. 473) phosphorylation in the
striatum (Beaulieu et al., 2004, 2005). As Akt (Thr. 308) phosphorylation is contigent
upon PDK-1 (Alessi et al., 1997; Stephens et al., 1998), cocaine acting upon PDK-1 may
cause the reduction of Akt (Thr. 308) phosphorylated levels. To date, the mechanism by
which Akt (Ser. 473) is phosphorylated has yet to be determined although investigations
suggest that regulation may occur via the protein kinase mTOR (Sarbaskp20§5).

Thus, future investigations focusing on mTOR induced regulation of pAkt (Ser. 473)
levels may provide insight into the mechanism by which cocaine regulates &kiact

Table 6.2: The effects of acute cocaine on phosphorylated levels of GSK3 and Akt in
thebrain.

Brain Region | pGSK3 (Ser. 9) | pGSK 3 (Ser. 21) | pAkt (Ser. 473) | pAkt (Thr. 308)
Caudate ! NC NC !
Putamen
Nucleus NC NC NC NC

Accumbens
Frontal NC NC NC NC
Cortex

|= Decrease, NC= No Change
The ability of cocaine to activate GSK3 is contingent upon dopamine D1 receptor

stimulation, as pretreatment with the D1 receptor antagonist SCH-23390 prevented
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cocaine-induced activation of GSK3 in the caudate putamen. Interestinglynezoca
induced activation is also mediated by the glutamatergic NMDA recepdaha
dopamine D2 receptor (through the upstream kinase Akt) (Table 6.3). Thus, the
neuromodulatory effects of cocaine on GSK3 signaling through dopaminergic and
glutamatergic receptors are essential to the behavioral mandastafithe drug.
Table 6.3: The effects of pretreatment with dopaminergic or glutamatergic r eceptor

antagonists on cocaine-induced reductions of phosphorylated GSK 3 (Ser. 9) and Akt
(Thr. 308) levelsin the caudate putamen.

Protein Antagonist Effect
Eticlopride Prevents cocaine-induced reduction
pGSK3 (Ser.9) | SCH23390 Prevents cocaine-induced reduction
MK-801 Prevents cocaine-induced reduction
Eticlopride Prevents cocaine-induced reduction
pAkt (Thr.308) | SCH23390 No Effect
MK-801 No Effect

The behavioral abnormalities associated with addiction are contingent upon
perturbations of specific intracellular signaling proteins and transmmgpfactors. Recent
evidence suggests that a number of intracellular signaling proteins arwtipizos
factors mediate the development (Valjent et al., 2000), retrieval (MilttMarshall,

2005) and reinstatement (Valjent et al., 2006) of cocaine-conditioned reward. Given the
neuromodulatory effects of GSK3 in cocaine-induced locomotor responses, vgedsses
the role of GSK3 in various facets of cocaine-conditioned reward.

Our results provide the first evidence demonstrating that the development of
cocaine-conditioned reward is prevented by selective inhibition of GSK3. These data
suggest that activation of GSK3 by cocaine is essential to the developmentiioé coca
place preference (Table 6.1). Interestingly, following the expression aineoc

preference, inhibition of GSK3 in a neutral environment for 2 days prevented the
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expression of cocaine place preference 24 hours later (Table 6.1). This suggests that
inhibition of GSK3 reduced cocaine-seeking behavior by preventing the reconsolidation
of cocaine-associated contextual memories. Our results agree witligatress

highlighting the importance of glutamatergic transmission in the vatraad

reconsolidation of cocaine contextual memories. For example, administratien of t
NMDA receptor antagonist MK-801 immediately following the expressiorocdine

place preference (during memory reconsolidation) blocks the subsequent expoéssi
context-elicited preference (Itzhak, 2008). The effect of GSK3 on reconsolidation a
retrieval of cocaine-associated contextual memories may be contingegutation of

GSK3 and NMDA receptors in the basolateral amygdala. The basolateral amygdala
contains a high concentration of NMDA receptors and directly impacts the
reconsolidation of contextual memories (Monaghan and Cotman, 1985). Interestingly,
binge pattern cocaine administration increases the activity of GSK8& snygdala

(Perrine et al., 2008). Given the role of GSK3 in maintaining the function of NMDA
receptors (Chen et al., 2007), GSK3 acting on NMDA receptors in the amygdala may be
an underlying mechanism preventing the reconsolidation and subsequent retrieval of
cocaine-associated contextual memories.

Our results also indicated a differential role for GSK3 in the reconsolicatidn
subsequent retrieval of cocaine contextual memories following exposure to the
conditioned stimulus (environment) as compared to memory reactivation following
exposure to the previously unconditioned stimulus (cocaine). Inhibition of GSK3 in a
neutral environment during extinction training did not prevent cocaine-primed

reinstatement of place preference (Table 6.1). As relapse to drug-seetkawdp can be
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precipitated following exposure to stress, contextual cues, or the drugtiisaible of

GSKa3 in reinstatement to drug-seeking behavior may be similar to the sedbstra

regulates such as CREB, therefore being effective at preventintatement following
exposure to stress (Kreibich and Blendy, 2004). Overall, the data presentad herei
demonstrate that GSK3 is a nheuromodulator of cocaine-induced behavior responses and
future investigations focusing on GSK3 may provide new insights into the mechanisms

underlying cocaine addiction.
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Figure 6.1: Schematic representation of therole of GSK3in the behavioral and

Target genes

neuromodulatory effects of cocaine. Abbreviations: D2R=dopamine D2 receptor,
D1R=dopamine D1 receptor, NMDAR=N-methyl-D-aspartate receptor, Akteipr
kinase B, GSK3=glycogen synthase kinase-3, CREB=cyclic AMP responsent|e

binding protein.
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Future Directions

The results presented in this dissertation have shown the importance of GSK3 in
cocaine-induced acute and sensitized locomotor responses, conditioned reward and
reconsolidation. Further, we show that cocaine regulates the Akt/GSKS3 signaling
cascade, an effect that is contingent upon dopaminergic and glutamateegitors.
Given the role of the mu opioid receptor in the behavioral (Schroeder et al., 2007,
Soderman and Unterwald, 2008) and neuromodulatory effects of cocaine, it would be
interesting to investigate the role of the mu opioid receptor on the regulation ahdkt
GSKa3. Previous evidence indicates that repeated administration of morphinedacreas
the activity of GSK3 and decreases the activity of Akt in the ventraldetaharea
(Russo et al., 2007). Further, selective inhibition of GSK3 using SB 216763 blocks the
development of tolerance to the analgesic effects of morphine (Parkitna et al., 2006)

Preliminary data from our laboratory suggests that mice lacking the mu opioid
receptor (MOR-KO) have an attenuated response to the acute locomotortstgnula
effects of cocaine (Figure 6.2). Further, MOR-KO mice display a dedreapeession of
GSK3u/p protein levels in the caudate putamen (Figure 6.2). Interestingly, decreased
expression of GSK3 attenuates amphetamine-induced hyper-locomotion, whereas
transgenic mice expressing a constitutively active form of GSK3 show aasedre
locomotion as compared to controls (Prickaerts et al., 2006). Given the importance of
GSK3 in cocaine-induced hyper-locomotion and reward, future investigations focusing
on how mu opioid receptors signal through GSK3 may provide new insights with respect

to the neuromodulatory effects of the kinase in cocaine behaviors. In addition, the
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behavioral paradigms outlined in this dissertation would be useful in investigaging t
importance of GSK3 in morphine-induced locomotion and reward.

To further assess the role of GSK3 in drug-seeking behavior, it would be
interesting to assess which brain regions may specifically be involved in moadwht
drug-seeking behavior by GSK3. Previous investigations have identified the importance
of the basolateral amygdala in drug-seeking behavior and repeated copaisigrex
activates GSK3 in this brain region (Perrine et al., 2008). Thus, direct injectioBKa G
inhibitors or siRNA into the basolateral amygdala following the initial esgpom of
cocaine-induced place preference would identify whether inhibition of GSK3 in the
basolateral amygdala is one mechanism by which GSK3 modulates recditsobhaal
the renewal of drug-seeking behavior during exposure to the conditioned stimulus. In
addition, it would be interesting to assess the activity of GSK3 following {hegsion
of drug-seeking behavior. Here, we hypothesize that the activity of GSK3 would be
increased during the expression of place preference as inhibition of GSK3 dwairgeco
conditioning prevented the development of cocaine-induced place preference whereas
inhibition of GSKS3 in a neutral environment following the initial expression of place

preference prevented the renewal of drug-seeking behavior.
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Figure 6.2: MORsregulate cocaine-induced behavior and the expression of

GSK3a/p. MOR-KO mice display a significantly attenuated locomotor response to acute
cocaine (1=2.362, p=0.0290) and have a decreased expression ofdf5pdtein

levels in the caudate putamen (G$K8s=2.703, p=0.0141); (GSKB t;0=3.135,

p=0.0054). Abbreviations: WT= wild-type, MOR-KO=Mu opioid receptor knockout.
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As inhibition of GSK3 prevents the reconsolidation and retrieval of cocaine-
associated contextual memories, it would be interesting to assess wheKBc&h
attenuate the extinction of cocaine-induced reward. Extinction refers tmaforew
and active learning that aims to reduce the resumption of drug-seeking following
exposure to stress, contextual cues or the drug itself. Animal models of extinction
training consist of repeated daily testing and repeated exposure to the pyesiagsl
paired environment (conditioned stimulus) in the absence of drug (unconditioned
stimulus), therefore resulting in a decline in place preference (MuelleStamndrt,
2000). Given the role of GSK3 in cocaine-conditioned reward, we hypothesize that
inhibition of GSK3 in the drug-paired environment (conditioned stimulus) may decrease
learning and memory, thereby slowing the extinction of cocaine placeqeger

Further, our data show that acute administration of cocaine activates G81€3 i
caudate putamen as evidenced by a decrease in GSK3 phosphorylation without effecting
GSK3 activity in the nucleus accumbens. Given the importance of the nucleus accumbens
in cocaine-induced reward (Roberts et al., 1977, 1980) as well as the role of GSK3 in
cocaine-induced place preference, it would be interesting to assess thg acGHK3
in the nucleus accumbens during the development of cocaine-induced place preference.
Local injections of GSK3 inhibitors or siRNA into the nucleus accumbens during the
development of cocaine-induced place preference will provide evidence as to the
importance of GSK3 activity in the nucleus accumbens during the acquisition ofecocain
reward. Further, experiments focusing on the importance of GSK3 activity in the
accumbens following the expression of cocaine place preference will fadtadlish the

role of GSK3 in cocaine-seeking behaviors during exposure to a conditioned stimulus.
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Regulation of GSK3 activity is critical in that GSK3 phosphorylates more4@a
substrates (Jope and Johnson, 2004). Given the ability of GSK3 to regulate various
proteins and transcription factors including CREB, it would be interesting tssasse
whether GSK3 can modulate proteins critical to the expression of cocainednduce
behaviors such asFosB. Evidence using genetically modified mice suggesta\t#zdB
regulates cocaine-induced behavioral responses (Haile et al., 2001; Hiroi et al., 1997,
Kelz et al., 1999). For example, the over-expressiaxFoiB in the striatum of mice
enhances behavioral responses to chronic cocaine (Kelz et al., 1999). In addition, FosB-
KO mice exhibit increased locomotor activity following acute cocaine adtration, yet
fail to exhibit behavioral sensitization following repeated cocaine admatiest (Hiroi et
al., 1997).AFosB is a splice variant of fosB with a truncated C-terminus (Nakabeppu and
Nathans, 1991). Fos family members heterodimerize with Jun family trainscriactors
(c-Jun, JunB, JunD) to form the activator protein-1 (AP-1) complex (Gentz et al., 1989;
Nakabeppu and Nathans, 1991). The AP-1 complex binds to specific DNA sequences in
the promoters of various target genes and can act as either inducers or repfessor
transcription (Chao and Nestler, 2004). Alternatively, GSK3 negatively reguidt-1
activation by phosphorylating c-Jun at the Thr-239, Ser-243, and Ser-249 sites therefore
decreasing DNA binding activity (Boyle et. al, 1991). In addition, there have beemalse
studies in cultured cells and in the rat brain indicating an increase in AP-1yactivi
following treatment with the GSK3 inhibitor lithium (Hedgepeth et al., 1997; Juoghe a
Song, 1997; Ozaki and Chuang, 1997; Asghari et al., 1998; Yuan et al., 1998). Thus,
inhibition of GSK3 may enhance the upregulatiolbbsB following cocaine

administration, indicating a role for GSK3 in cocaine-induced plasticity.
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Overall, the data presented herein demonstrate that GSK3 is essential to the
behavioral effects of cocaine. Further, we show that cocaine selectgelates GSK3
activity in the brain, an effect contingent upon dopaminergic and glutamatergjtaesc
Thus, future investigations focusing on the behavioral and neuromodulatory implications

of GSK3 on drugs of abuse may provide new insights into the mechanism of addiction.
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