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Abstract

Dopamine (DA) drives incentive learning: learning which is elicited through rewarding stimuli.  

Irregularities in DA activity are associated with various psychological disorders.  Glycogen 

synthase kinase-3β (GSK3β), a molecule downstream of DA receptors, has been implicated in 

mediating dopaminergic behaviour, and unbalanced DA activity is associated with concomitant 

irregularities in GSK3β signaling.  Inhibition of this molecule has been noted to attenuate 

behavioural sensitization, and decrease psychotomimetic behaviour in animals.  Few studies 

have assessed the role of GSK3β in the conditioned place preference (CPP) paradigm, which 

evaluates the rewarding properties of substances and has been used to model psychosis.  CPP can 

be examined through either acquisition or expression paradigms, which look at the active 

learning process vs. the recall of learned information respectively.  We tested the hypothesis that 

selective inhibition of GSK3β with SB 216763 will differentially and dose-dependently affect 

the acquisition and expression of amphetamine (AMPH) CPP, as well as attenuate AMPH 

locomotor activity in acquisition.  All drugs and vehicles were administered via intra-cranial 

microinfusions into the nucleus accumbens (NAc).  AMPH was administered at a dose of 20.0 

μg/0.5 μl/side.  SB 216763 was tested at four doses (0.03, 0.30, 3.00, & 5.00 μg/0.5 μl/side) in 

both acquisition and expression.  We found administering SB 216763 at all doses to attenuate 

AMPH CPP and locomotor activity in acquisition.  At doses 0.30, 3.00, & 5.00 μg/0.5 μl/side, 

SB 216763 also blocked AMPH CPP at expression.  These results lend support to GSK3β’s 

involvement in incentive learning and DA-mediated behaviours, and suggest its inhibition may 

differentially affect the acquisition and expression of AMPH CPP.
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Chapter 1: Introduction & Literature Review

 The monoamine neurotransmitter, DA, although involved in a variety of functions such as 

cognition and movement, is distinctly notorious for its role in reward.  It has been proposed as 

the vehicle which drives incentive learning: The shaping of behaviour by rewarding stimuli 

(Charbonneau, Riopelle, & Beninger, 1996).  Incentive learning and DA are essential 

components to the survival of many organisms, including human survival, driving behaviour: It 

is what compels us to seek out biologically relevant rewards such as food and sex.  However, it is 

not limited to biologically relevant rewards, but is involved in all reinforcers including 

maladaptive ones such as drugs of abuse.  Although incentive learning and DA are evolutionarily  

advantageous, they may become disadvantageous when the need for reward grows to the point of 

usurpation of this natural reward system, leading to behavioural addictions or substance 

dependence.

 Disorders of DA function are not limited to drug dependence, but also extend into the 

realm of various other neuropsychiatric conditions.  Balanced DA is necessary for a cogent mind, 

and some of the most debilitating neuropsychiatric disorders arise from the extremes of 

excessive and deficient DA activity.  It is thus important to elucidate the biology of DA and how 

it interacts with other neurotransmitters to elicit normal and abnormal brain function, and how it 

shapes behaviour.  Recently, GSK3β, a serine-threonine protein kinase, has been garnering 

attention as an important component in DA function, and this paper seeks to aggregate the 

knowledge of this compound and its possible relation to DA, dopaminergic disorders, and 

incentive learning.
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DA, Reward, & GSK3β

 DA neurons represent only a small fraction of the brain’s total neuron population, yet 

they contribute a large part in driving behaviour (Schultz, 2007).  Three main dopaminergic 

pathways exist in the brain: The nigrostriatal pathway (NSP), the mesocortical pathway (MCP), 

and the mesolimbic pathway (MLP).  The NSP originates in the substantia nigra and projects to 

the striatum.  Its main function is involved in goal-directed movement, and depletion of 

dopaminergic neurons in the substantia nigra is what accounts for the motor abnormalities 

witnessed in Parkinson’s patients (Korchounov, Meyer, & Krasnianski, 2010).  The MCP 

initiates in the ventral tegmental area (VTA) and communicates to the prefrontal cortex (PFC), 

the brain’s cognitive seat.  The MCP is primarily concerned with motivational, emotional, and 

cognitive processes (Gorelova, Mullholland, Chandler, & Seamans, 2011).  The MLP also 

emerges from the VTA and innervates a number of structures including the olfactory tubercle, 

hippocampus, amygdala, and the NAc (Adinoff, 2004).  The MLP is the brain’s natural reward 

system with DA as its orchestrater, and the NAc, a primary target in this pathway, is often 

dubbed the reward centre of the brain.  DA activity increases upon acquisition of a natural 

reward, and in anticipation of a reward via conditioned cues (Adinoff, 2004).  Thus, both rewards 

and cues which predict a reward increase DA activity.  Furthermore, DA activity decreases when 

a reward was expected but not obtained (Schultz, 1993).  In this way, DA molds behaviour, such 

that behaviours associated with increased DA activity are reinforced and more likely to be 

repeated, and behaviours associated with decreased DA will consequently decrease.

 Two main DA receptor-subtypes exist: The D1 and D2 receptors which are of the G-

protein coupled class (i.e., once activated they cause a flow of intracellular signaling; Beaulieu, 
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Gainetdinov, & Caron, 2007).  DA receptor function has been classically conceptualized through 

the canonical cyclic adenosine monophosphate (cAMP) dependent pathway.  Activation via D1 

DA receptors ultimately leads to an increase in adenylyl cyclase activity, and decreases with 

activation of the D2 receptors (Beaulieu et al., 2007).  The D2 receptors have recently been 

discovered to also function autonomously of cAMP: Their activity is also modulated through the 

protein kinase B/β-Arrestin 2 (Akt/βarr2) pathway, with GSK3β being a downstream target 

(Beaulieu et al., 2007).

 GSK3β is a serine/threonine kinase that has been implicated in a multitude of biological 

functions including glycogen synthesis, synaptic plasticity, cellular proliferation, and apoptosis 

(Freland & Beaulieu, 2012).  GSK3β autophosphorylates on tyrosine 216 rendering it 

constitutively active (Cole, Frame, & Cohen, 2004), and requires phosphorylation on serine 9 to 

deactivate it (Beaulieu, 2012).  GSK3β is now being investigated as a potential contributor to the 

dopaminergically driven incentive learning phenomenon.  The novel cAMP-independent 

pathway, Akt/βarr2, functions as follows: In the absence of D2 receptor stimulation, Akt is free 

to be phosphorylated (p) rendering it in its active state.  When active, it may phosphorylate 

GSK3β, subsequently deactivating it resulting in a decrease of its activity (Freyburg, Ferrando, & 

Javitch, 2010).  D2 receptor agonists recruit the scaffolding protein βarr2, which ties Akt into a 

complex with PP2A.  This prevents phosphorylation of Akt, resulting in an increase in GSK3β 

activity (see Figure 1; Freyburg et al., 2010).

 GSK3β is also involved in the Wnt signaling pathway, where its activity is regulated 

through dishevelled (Dvl; see Figure 2).  GSK3β exists in a complex with β-catenin, axin, and 

APC, which constitutively phosphorylates β-catenin leading to its degradation.  Upon Wnt
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Figure 1. Image depicting GSK3β in dopamine D2 signaling: A) phosphorylated Akt inactivates 

GSK3β through phosphorylation, reducing GSK3β activity; B) dopamine D2 receptor binding 

promotes recruitment of β-arrestin 2, PP2A, and Akt. PP2A dephosphorylates Akt, thereby 

leading to increased GSK3β activity.  DA = dopamine, and P = phosphorylated.  Adapted from 

“Roles of the Akt/GSK-3 and Wnt signaling pathways in schizophrenia and antipsychotic drug 

action,” by Z. Freyberg, S. J. Ferrando, & J. A. Javitch, 2010, American Journal of Psychiatry, 

167, p. 391.  Copyright 2009 American Psychiatric Association.
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As for Akt and GSK-3, Wnt signaling abnormalities 
have also been demonstrated in schizophrenia. Levels 
of !-catenin are decreased in the brains of people with 
schizophrenia, presumably due to aberrant regulation 
of !-catenin degradation mediated by activated GSK-3! 
(5, 23). This is consistent with Emamian et al.’s findings 
demonstrating enhanced GSK-3! activity secondary to di-
minished phosphorylation by Akt, since levels of Akt are 
reduced in regions of the brain in those with schizophre-
nia (34). Moreover, increased expression of Wnt-1, an im-
portant molecule in the Wnt pathway, has been found in 
the hippocampus of subjects with schizophrenia relative 
to comparison subjects (43). Genetic association analy-
ses have also demonstrated a strong association between 
the locus for a gene encoding a Wnt receptor, FZD3, and 
schizophrenia in a Chinese population (44, 45). Addition-
ally, recent work found associations between genes in the 
Wnt signaling pathway and psychotic subtypes of bipolar 
disorder (46, 47). This further suggests a potential role for 
the Wnt pathway in psychosis and as a potential target for 
antipsychotic drugs.

Functional Significance of Signaling 
Pathway Alterations

The putative roles of Akt/GSK-3 and Wnt pathways in 
dopaminergic signaling and schizophrenia have been 
studied in a number of rodent models. In the case of Akt1, 

with differences in specific domains of cognitive func-
tion including IQ, executive functioning, and processing 
speed. Furthermore, one of the SNPs was associated with 
reduced expression of Akt1 in peripheral lymphocytes and 
brain gray matter. This SNP was also associated with brain 
volume reductions in the caudate bilaterally and right 
prefrontal cortex (38). This is consistent with increasing 
evidence for Akt-mediated regulation of neuronal cell 
size and Akt/PI3K-mediated cell volume (6, 39). In focus-
ing on only five SNPs, however, both of the above studies 
may have missed other SNPs that do indeed play a role in 
modulation of neurocognition in schizophrenia

Disruption of Akt’s regulation of GSK-3 activity in the 
brain may also play a role in dysregulation of brain func-
tion in disorders such as schizophrenia, and its restoration 
by antipsychotic medications may contribute to the clini-
cal efficacy of these drugs. Consistent with the finding that 
Akt1 levels were reduced in the frontal cortex of subjects 
with schizophrenia, levels of phosphorylated GSK-3! were 
also reduced in the frontal cortex of people with schizo-
phrenia (34). However, the relationship between GSK-3 
activity and total amounts of GSK-3 in specific brain re-
gions remains unclear. Despite studies demonstrating re-
ductions in overall levels of GSK-3! in the frontal cortex of 
subjects with schizophrenia, no correlation was found be-
tween levels of GSK-3! activity and its levels in the frontal 
cortices of these subjects (40, 41). Like Akt1, postmortem 
brain tissue was used to determine GSK-3 levels and activ-
ity, leaving open the potential confound of variations in 
GSK-3 activity due to differences in the postmortem inter-
val or tissue handling. Alternatively, since only total GSK-3 
activity was measured, another GSK-3 isoform, GSK-3", 
might have compensated for reduced GSK-3! levels in the 
frontal cortex. Although the physiological consequences 
of changing GSK-3! levels and/or activity remain to be de-
termined, it has been proposed that the reduction in GSK-
3! levels may affect other signaling pathways such as the 
Wnt pathway (see below).

If these reductions occur early in life, it may lend fur-
ther credence to the neurodevelopmental model of 
schizophrenia (41). Consistent with this, recent work has 
linked GSK-3 to Disrupted in Schizophrenia 1 (DISC1), a 
protein involved in brain development and whose gene 
was found to be disrupted by a balanced chromosomal 
translocation in a Scottish family with high incidence of 
schizophrenia (42). DISC1 directly interacts with GSK-3, 
resulting in inhibition of GSK-3! activity and subsequent 
stabilization of !-catenin. Functionally, DISC1’s inhibi-
tion of GSK-3! was also shown to regulate proliferation 
of neuronal precursor cells in both mouse embryonic and 
adult brains, further arguing for a role for GSK-3 and Wnt 
pathway signaling in neurodevelopment (42). However, 
to date this relationship between DISC1 and GSK-3! has 
only been demonstrated in mice; similar studies will be 
needed in humans to make more direct links between 
DISC1, GSK-3!, and schizophrenia.

FIGURE 2. Akt Activity Modulated by Dopaminea
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Figure 2. Image depicting GSK3β in Wnt signaling: A) GSK3β is in a complex with Axin, APC, 

and β-catenin. GSKβ constitutively phosphorylates β-catenin, leadning to its degradation; B) 

Upon Wnt receptor binding, dishevelled forms part of the complex, along with LRP5/6 and Akt. 

GSK3β is subsequently phosphorylated by Akt, deactivating it.  This allows β-catenin to escape 

degradation, and translocate to the nucleus where it regulates gene transcription.  DA = 

dopamine, Dvl = dishevelled, and P = phosphorylated.  Adapted from “Roles of the Akt/GSK-3 

and Wnt signaling pathways in schizophrenia and antipsychotic drug action,” by Z. Freyberg, S. 

J. Ferrando, & J. A. Javitch, 2010, American Journal of Psychiatry, 167, p. 392.  Copyright 2009 

American Psychiatric Association.
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the ventral tegmental area of rats chronically treated with 
morphine (48). Behaviorally, Akt1-deficient mice treated 
with a psychotomimetic agent such as amphetamine ex-
hibited notable reductions in prepulse inhibition during 
tests of sensorimotor gating similar to the abnormal sen-
sorimotor gating in individuals with schizophrenia (34). 
Akt1-deficient mice were also tested for related abnormal-
ities in spatial working memory, given the working memo-
ry deficits associated with schizophrenia (49, 50). Follow-
ing pharmacological stimulation with the dopamine D2 
receptor agonist quinpirole, these mice performed worse 
relative to mice treated with saline or a dopamine D1 re-
ceptor agonist (49). Similar abnormalities were also ob-
served in mice lacking Dvl1, an isoform of Dvl; these mice 
exhibited significant behavioral abnormalities in social 
interactions including nesting with and grooming other 
mice as well as sensorimotor gating abnormalities analo-
gous to those in schizophrenia (51–53).

Like Akt, GSK-3 activity has also been shown to play an 
important role in modulating the dopaminergic response 
to amphetamine. Amphetamine-induced dopamine trans-
porter (DAT)-mediated dopamine efflux and subsequent 
postsynaptic D2 receptor stimulation likely results in Akt 
inactivation and increased GSK-3 activity (22). An im-
proved understanding of a dopamine-mediated response 
to a psychotomimetic agent such as amphetamine in ani-
mals may also lead to better animal models of dopamine-
mediated psychosis. Rats treated with a specific GSK-3 
inhibitor, AR-A014418, failed to display amphetamine-in-
duced hyperactivity (54). Similarly, heterozygous GSK-3! 
knockout mice (expressing approximately half of wildtype 
levels of GSK-3!) displayed significantly reduced levels of 
locomotor activity following amphetamine treatment (22). 
Additionally, treatment of DAT knockout mice with mul-
tiple GSK-3 inhibitory drugs inhibited the hyperactive be-
havior of the nontreated DAT knockout mice (22). By con-
trast, transgenic mice with a constitutively active mutant 
form of GSK-3! displayed hyperactive behaviors similar to 
mice lacking the dopamine transporter, providing further 
evidence that GSK-3! activity is linked to dopamine signal-
ing (20, 55). Moreover, in the absence of inhibition of GSK-
3! activity by DISC1 as discussed earlier, mice displayed 
hyperlocomotion in response to novelty (42). Importantly, 
the authors believe that this novelty-based GSK-3!-medi-
ated hyperlocomotion may represent a model for studying 
positive symptoms in schizophrenia (42).

Relationship of Signaling Pathways 
and Antipsychotic Drug Action

There is increasing evidence that Akt and GSK-3!-relat-
ed intracellular signaling may at least partially modulate 
the ability of antipsychotic medications to treat symptoms 
of psychosis. After both acute and chronic treatment of 
mice with haloperidol, levels of active, phosphorylated 
Akt1 were increased, resulting in phosphorylation of GSK-

consistent with a recent study demonstrating that specific 
AKT1 SNPs may impact on brain volume (38), Akt signal-
ing appears to decrease the size of dopamine neurons in 

FIGURE 3. Wnt Activitya
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the ventral tegmental area of rats chronically treated with 
morphine (48). Behaviorally, Akt1-deficient mice treated 
with a psychotomimetic agent such as amphetamine ex-
hibited notable reductions in prepulse inhibition during 
tests of sensorimotor gating similar to the abnormal sen-
sorimotor gating in individuals with schizophrenia (34). 
Akt1-deficient mice were also tested for related abnormal-
ities in spatial working memory, given the working memo-
ry deficits associated with schizophrenia (49, 50). Follow-
ing pharmacological stimulation with the dopamine D2 
receptor agonist quinpirole, these mice performed worse 
relative to mice treated with saline or a dopamine D1 re-
ceptor agonist (49). Similar abnormalities were also ob-
served in mice lacking Dvl1, an isoform of Dvl; these mice 
exhibited significant behavioral abnormalities in social 
interactions including nesting with and grooming other 
mice as well as sensorimotor gating abnormalities analo-
gous to those in schizophrenia (51–53).

Like Akt, GSK-3 activity has also been shown to play an 
important role in modulating the dopaminergic response 
to amphetamine. Amphetamine-induced dopamine trans-
porter (DAT)-mediated dopamine efflux and subsequent 
postsynaptic D2 receptor stimulation likely results in Akt 
inactivation and increased GSK-3 activity (22). An im-
proved understanding of a dopamine-mediated response 
to a psychotomimetic agent such as amphetamine in ani-
mals may also lead to better animal models of dopamine-
mediated psychosis. Rats treated with a specific GSK-3 
inhibitor, AR-A014418, failed to display amphetamine-in-
duced hyperactivity (54). Similarly, heterozygous GSK-3! 
knockout mice (expressing approximately half of wildtype 
levels of GSK-3!) displayed significantly reduced levels of 
locomotor activity following amphetamine treatment (22). 
Additionally, treatment of DAT knockout mice with mul-
tiple GSK-3 inhibitory drugs inhibited the hyperactive be-
havior of the nontreated DAT knockout mice (22). By con-
trast, transgenic mice with a constitutively active mutant 
form of GSK-3! displayed hyperactive behaviors similar to 
mice lacking the dopamine transporter, providing further 
evidence that GSK-3! activity is linked to dopamine signal-
ing (20, 55). Moreover, in the absence of inhibition of GSK-
3! activity by DISC1 as discussed earlier, mice displayed 
hyperlocomotion in response to novelty (42). Importantly, 
the authors believe that this novelty-based GSK-3!-medi-
ated hyperlocomotion may represent a model for studying 
positive symptoms in schizophrenia (42).

Relationship of Signaling Pathways 
and Antipsychotic Drug Action

There is increasing evidence that Akt and GSK-3!-relat-
ed intracellular signaling may at least partially modulate 
the ability of antipsychotic medications to treat symptoms 
of psychosis. After both acute and chronic treatment of 
mice with haloperidol, levels of active, phosphorylated 
Akt1 were increased, resulting in phosphorylation of GSK-

consistent with a recent study demonstrating that specific 
AKT1 SNPs may impact on brain volume (38), Akt signal-
ing appears to decrease the size of dopamine neurons in 
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receptor stimulation, Dvl forms part of this complex, promoting β-catenin’s withdrawal from it, 

allowing it to escape degradation and to translocate to the nucleus where it modifies gene 

transcription.  The newly formed Dvl complex also facilitates the recruitment of Akt, which may 

phosphorylate GSK3β, rendering it inactive (Freyburg et al., 2010).  The nature of the action 

between DA signaling through Akt/βarr2 and Wnt signaling remains to be fully elucidated.

GSK3β & Brain Disorders

 Various psychiatric conditions have been tightly linked to irregularities in GSK3β 

signaling, in particular to disorders in which DA dysfunction is a hallmark (Li & Gao, 2011).  

These include disorders on both ends of the DA polarity: That is, hyperdopaminergic disorders 

(involving excessive DA activity), and hypodopaminergic conditions (characterized by deficient 

DA activity; Li & Gao, 2011).  The excessive end of DA dysfunction includes schizophrenia 

(SZ), drug addiction, and bipolar disorder (BPD; especially its manic phase), while disorders of 

DA hypofunction comprise of Parkinson’s disease, attention deficit hyperactivity disorder, and 

possibly depression (Li & Gao, 2011).  The following sections will discuss evidence for a 

GSK3β link in these disorders.

 Schizophrenia.

 SZ is a debilitating mental disorder characterized by a medley of cognitively crippling 

traits ultimately leading to severe social dysfunction.  Its symptoms manifest on a dichotomy of 

positive and negative traits.  Positive symptoms are those which are not present in conventional 

cognition, and often include extreme thought distortions as in hallucinations and delusions 

(Emamiam, 2012).  The negative symptoms of SZ are characterized as deficits in normal 

cognition, and thus are symptoms that stagnate normal functioning such as anhedonia and 
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depression (Emamiam, 2012).  The dopaminergic hypothesis dominates the neurobiological 

literature that explains SZ’s underlying pathophysiology.  This hypothesis suggests that the key 

underlying biological disruption in the brain of the schizophrenic (SZC) is DA; specifically, an 

excess of its function.  Indeed, SZCs have been noted to have increased levels of DA D2 

receptors in the striatum compared to healthy control subjects (Blasi et al., 2011).  Furthermore, 

administering DA agonists to SZC persons amplifies their psychotic symptoms, while their 

administration to healthy subjects can induce an acute psychotic state eerily approximating the 

disorder (Park, Cui, Hwang, & Kang, 2010).

 One of the strongest pieces of evidence in support of the dopaminergic hypothesis of SZ 

lies in the mechanism of action of antipsychotic medications.  Antipsychotics are the only 

medication prescribed to SZCs capable of decreasing positive symptoms.  The hallmark of their 

pharmacological action is antagonism of DA D2 receptors in the brain (see Figure 3; Li & Gao, 

2011).  Their selectivity for D2 receptors is noteworthy, as a consequence of D2 receptor 

antagonism is subsequent decreases in GSK3β activity (Beaulieu, Gainetdinov, & Caron, 2009).  

This consequence has been witnessed in the action of typical and atypical antipsychotics, 

including the widely prescribed classics haloperidol and clozapine.  Both haloperidol and 

clozapine were found to increase pAkt, and subsequently pGSK3β, GSK3β’s deactivated form, 

in the PFC and striatum of rats (Sutton & Rushlow, 2011).  In addition both drugs increased 

Dvl-3 and β-catenin levels in the PFC, and haloperidol but not clozapine also increased these 

molecules in the striatum (Sutton & Rushlow, 2011).  This suggests that antipsychotics are 

influencing GSK3β activity through the Wnt signaling pathway via stabilization of β-catenin 

(Sutton & Rushlow, 2011).  While DA agonists, such as cocaine and AMPH, increase GSK3β 
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Figure 3. Image depicting pharmacological actions of various GSK3β inhibitors.  SB 216763 is a 

selective GSK3β inhibitor, and thus inhibits it directly.  Lithium is a non-selective GSK3β 

inhibitor, yet works two ways to decrease GSK3β activity: by increasing Akt activity, which 

promotes GSK3β phosophorylation and therefore deactivation; and by inhibiting GSK3β 

directly.  Antipsychotic drugs antagonize D2 receptors, causing decreased GSK3β activity by 

also increasing Akt activity.  “A point of disruption,” by C. A. Ross & R. L. Margolis, 2009, 

Nature, 458, p. 977.  Copyright 2009 Macmillan Publishers Limited.
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activity, antipsychotics are capable of reducing these effects when administered prior to the DA 

agonists.  Specifically, clozapine prevented cocaine-induced increases in GSK3β activity in the 

PFC, raising pGSK3β (Park et al., 2010).  Second-generation antipsychotics are distinct from 

their predecessors displaying reduced selectivity for D2 receptors.  This “atypical” class of 

antipsychotics also exhibit a high affinity for serotonergic 5HT2 receptors, antagonizing them 

(Beaulieu et al., 2009).  Drugs which act on 5HT neurotransmission such as selective serotonin 

reuptake inhibitors or monoamine oxidase inhibitors potentiate the action of atypical 

antipsychotics on GSK3β, resulting in even higher phosphorylation of GSK3β (Beaulieu et al., 

2009).  Mice with a genetic disruption in 5HT synthesis had double the activity of GSK3β in the 

PFC (Beaulieu et al., 2009).  For these reasons it has been proposed that Akt and GSK3β may 

operate as signal integrators of DA and serotonin neurotransmission (Beaulieu et al., 2007).

 The endogenous sensitization theory corroborates the dopaminergic hypothesis as it too is 

linked to DA.  This theory’s foundation lies in the phenomenon of sensitization, which is a 

common characteristic manifested by DA agonists.  It is the paradoxical effect of a drug to exert 

a stronger influence with each subsequent administration despite administering an equal or 

reduced dose (Laruelle, 2000).  In essence, the subject develops a greater sensitivity to the drug’s 

effects.  DA agonists characteristically induce hyperlocomotive and repetitive stereotypic 

behaviours, and sensitization can be witnessed behaviourally through the progressive escalation 

of intensity of these indicators.  The endogenous sensitization theory suggests that SZCs are 

inherently sensitized due to hyperfunction of the mesolimbic DA pathway, thus leading to an 

increased susceptibility to develop psychosis (Park et al., 2010).  This theory has led to 

developing sensitized animals as models for SZ.  Administering the antipsychotic clozapine in
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conjunction with cocaine prevented the induction of behavioural sensitization (Park et al., 2010).

 Behavioural sensitization suitably parallels the positive symptom states of SZ: In both 

cases, DA agonists exacerbate the conditions, and a hyperactive DA system seems to be at the 

root of their emergence (Abi-Dargham & Laruelle, 2005).  However, it continues to be contested 

whether behavioural sensitization is an appropriate model for paralleling negative symptom 

states of the disorder, with some evidence suggesting that the use of DA agonists actually 

attenuate SZs negative symptoms (Kammen & Boronow, 1988; Angrist, Peselow, Rubinstein, 

Corwin, & Rotrosin, 1982).  The glutamatergic hypothesis of SZ holds its foundation in NMDA-

glutamate-receptor hypofunction and has recently been gaining popularity.  Many researchers 

favour chronic administration of NMDA-receptor antagonists over the aforementioned DA-

sensitized animals as a more comprehensive model of SZ since these animals seem to display 

both the positive and negative symptoms of the disorder (Dyck et al., 2011).

 Two specific NMDA-receptor antagonists provide a bridge to the influence of GSK3β in 

SZ: Ketamine and MK-801.  When administered in rats, NMDA-receptor antagonists elicit 

behavioural aberrations which mimic those seen in humans SCZs.  Such abnormalities include 

disrupted prepulse inhibition and atypical attentional processing (Chan, Chiu, Lin, & Chen, 

2012).  Administering the GSK3β inhibitors SB 216763 or 1-azakenpaullone prior to the 

administration of ketamine attenuated the ketamine-induced psychotomimetic behavioural 

abnormalities (Chan et al., 2012).  Metabotropic glutamate receptors (mGlur) are another form of 

glutamate receptor which also have been implicated in SZ (Hashimoto, Malchow, Falkai, & 

Schmitt, 2013).  Some studies have found the mGlur2/3 subunits to be co-localized with NMDA 

receptors while others have not (Hashimoto et al.,  2013; Xi et al., 2011).  Acute systemic 
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administration of MK-801 reduced both pAkt and pGSK3β in the rat PFC, thus yielding 

increased GSK3β activity (Xi et al., 2011).  Partial restoration of both pAkt and pGSK3β activity 

was achieved via administration of mGlur2/3 agonist LY 379268 (Xi et al., 2011).  LY 379268 

was also noted to increase pAkt and pGSK3β when administered alone (Sutton & Rushlow, 

2011).  This is similar to antipsychotics which, although acting as D2 receptor antagonists, 

ultimately reduce GSK3β activity, suggesting mGlur2/3 agonists may be potential antipsychotics 

(Xi et al., 2011).  In fact, glutamate agonists have been noted to produce symptom improvement 

in SZC persons (Abi-Dargham & Laruelle, 2005; Hashimoto et al., 2013).  Interestingly, 

MK-801 and LY 379268 operate divergently on NR2A and NR2B (subunits of the NMDA 

receptor) proteins, with MK-801 promoting receptor internalization, and LY 379268 increasing 

their expression (Xi et al., 2011).  Administering LY 379268 to high-dose MK-801 treated rats  

restores the deficits in these subunits, and the selective GSK3β inhibitor SB 216763 administered 

prior to either treatment blocked their effects on the expression of these subunits (Xi et al., 2011).  

This is consistent with the finding that increased GSK3β activity leads to a reduction in NR2A 

and B subunits (Li & Gao, 2011).  These studies further link GSK3β in SZ. 

" Another paramount point in the interaction between GSK3β and glutamate is seen 

in GSK3β’s effect on long-term potentiation (LTP) and long-term depression (LTD).  Both LTP 

and LTD are NMDA receptor-mediated phenomena, and are colloquially known as “neural 

plasticity”, described as the strengthening (as in LTP) or weakening (as in LTD) of the efficiency 

of synaptic communication, and has been attributed as the neural mechanism for learning and 

memory (Cooke & Bliss, 2006).  Activation of GSK3β inhibits the development of LTP, while its 

suppression retards LTD, both of which are NMDA-receptor mediated phenomena (Beaulieu et 

al., 2009).  Indeed, SCZ research participants who have experienced multiple psychotic episodes 
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have been noted to have deficits in transcranial magnetic stimulation-induced LTP compared to 

healthy subjects and recent-onset SZCs (Hasan et al., 2011).  Despite the fundamental differences 

in the two prevailing hypotheses of SZ (i.e., a focus on DA or on glutamate), these theories are 

not mutually exclusive, and a more accurate etiology of the disorder may arise from an 

interaction among both neurotransmitter systems.  Clues in support of this proposal lie in that 

cocaine sensitized animals display increases in extracellular glutamate in the NAc, and mice 

pretreated with MK-801 do not develop cocaine sensitization (Miller, Tallarida, & Unterwald, 

2011).

" There is accumulating genetic evidence linking GSK3β to the pathogenesis of SZ.  An 

association with Akt1 haplotypes and SZ has been noted in numerous populations (Emamian, 

2012), and the lymphocytes of SZC individuals express 68% less Akt1 than non-SZC persons 

(Emamian, 2012).  Postmortem hippocampal and PFC brain samples of SZC patients show a 

reduction of Akt1, although it is unknown if this is due to antipsychotic treatment or the actual 

illness itself (Freyburg et al., 2010).  Blasi et al. (2011) found an interaction between the D2 

rs1076560 and Akt1 rs1130233 polymorphisms: Non-SZC carriers displayed a reduction in 

cingulate function and did more poorly on tests involving high levels of attentional processing 

and sustained attention (tests which SZC patients tend to do poorly on).  Interestingly however, 

SZC carriers displayed a greater response to the atypical antipsychotic olanzapine, showing a 

greater amelioration of symptoms (Blasi et al., 2011).  It is suggested that this greater 

amelioration is due an increased room for improvement among SCZ carriers due to a potentiated 

decrease in cognitive abilities, compared to SCZs who do not carry these polymorphisms (Blasi 

et al., 2011).  Finally, the gene ‘disrupted in SZ 1’, as its name suggests is implicated in the 

etiology of SZ, and its variant R264Q was found to inhibit Wnt signaling, linking GSK3β 
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hyperfunction to SZ (Singh et al., 2012).  The opposite is seen in normal populations as 

‘disrupted in SZ 1’ suppresses GSK3β activity (Ross & Margolis, 2009).

" Bipolar disorder.

" BPD is characterized by intense disturbances in mood, with moods cycling through 

episodes of turbulent manic highs, to extreme depressive lows.  Each polarity of the disorder is 

associated with its own unique neurochemical disruptions, with mania having alterations in 

norepinephrine and DA, and depression primarily with serotonin.  Administration of DA agonists 

and the use of sensitized animals have been employed to model the condition of mania as the 

manic state is characterized by racing thoughts, hyperactive behaviour, and lack of sleep, as well 

as uncontrollable behaviour.  Their application can propel a person with BPD into a manic 

episode and generate manic symptoms in the general population (Miller et al., 2012).

" Medications used to treat BPD have given us further insight into the neurobiology of the 

disorder, with lithium and valproate as the primary pharmaceuticals prescribed.  Recent insights 

have identified alterations in GSK3β signaling as one mechanism through which these 

medications achieve their anti-manic properties.  Both lithium and valproate increase pAkt and 

pGSK3β in the striatum and PFC, therefore inactivating GSK3β (see Figure 3; Xu et al., 2009; 

Sutton & Rushlow, 2011).  These mood-stabilizers also attenuate the behavioural effects of DA 

agonists, reducing the characteristic hyperactivity and stereotypy, while also preventing the 

initiation and expression of behavioural sensitization (Miller et al., 2012; Xu et al., 2009).  These 

behavioural effects may be accomplished by balancing striatal and PFC neurochemistry, since 

lithium raised the pGSK3β activity that was depleted by cocaine in the NAc, and valproate 

resuscitated AMPH’s depletion of pGSK3 in both the PFC and caudate putamen (Enman & 
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Unterwald, 2012).  It has been suggested that regulation of GSK3β via these mood-stabilizing 

drugs is achieved through the Akt/βarr2 signaling pathway and not the Wnt signaling cascade, as 

investigation of Wnt-related proteins were not altered with the use of these medications: 

Particularly, Dvl-3 activity remained unaltered (Sutton & Rushlow, 2011).  Further support for 

this theory arises from genetically modified animals, as βarr2 (the scaffolding protein which ties 

Akt into a complex, thereby deactivating it) knockout (KO) mice are insensitive to lithium’s 

inhibiting effects on Akt and GSK3β (Beaulieu et al., 2009).  Another genetic model that has 

been proposed as a promising model for the manic polarity of BPD are mice transgenically 

overexpressing GSK3β.  These mice offer parallels to human BPD patients as they display 

comparative phenotypes: Mice had a 15% reduction in cortical weight compared to wildtype 

controls (Jope, 2011), and magnetic resonance imaging technologies have revealed that persons 

with BPD have smaller hippocampal and amygdala volumes (Hajek, Kopecek, Hoschl, & Alda, 

2012; Hallahan et al., 2011).  The transgenic mice displayed an increased locomotor response to 

novel environments in the form of total distance, total time traveled, and velocity, and they had a 

slower habituation rate, mirroring the hyperactive manic state of BPD individuals.  Additionally, 

mice significantly underconsumed food, compatible with the fact that BPD persons display 

disruptions in appetite (Prickaerts et al., 2006).  This model shows promise and also further 

supports a link between GSK3β in BPD.

" GSK3β is also involved in the depressive polarity of the bipolar spectrum.  GSK3β 

knock-in (KI) mice express GSK3β at normal levels, however they are unable to inactivate 

GSK3β through inhibitory phosphorylation (Polter et al., 2010).  These mice show increased 

susceptibility to hyperactivity as they are more active in novel environments than wild type (WT) 
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mice and display 2.5 times greater hyperactivity when administered an acute AMPH injection 

(Polter et al., 2010), evidence which parallels manic models.  Depression in animal models is 

generally assessed through the “learned helplessness” phenomenon which is operationally 

defined as an increased tendency to surrender more readily: They no longer consider their 

behaviour as being able to control an environmentally imposed aversive state, and thus more 

quickly give up attempting to escape (Maier, 1984).  GSK3β-KIs acquire learned helplessness 

faster than WTs: they surrender more readily when exposed to inescapable foot shocks (Polter et 

al., 2010); they also display reduced immobility in the forced swim test and tail suspension test 

(Polter et al., 2010).  Interestingly, we see a reduction in pGSK3β in WT mice in the cerebral 

cortex and hippocampus but only after learned helplessness to inescapable foot shock has 

occured (thus, not after escapable shock, or after escapable shock without acquiring learned 

helplessness; Polter et al., 2010).  GSK3β-KIs, conversely, cannot phosphorylate GSK3β, as 

mentioned previously.  This suggests that GSK3β-KIs increased susceptibility to stress-induced 

depressive like behaviour is mediated through their overactive GSK3β.

" GSK3β’s relationship to depression also has an interesting link to 5HT 

neurotransmission.  Post-mortem examination of both bipolar and depressed suicide victims 

revealed PFC increases in GSK3β (Beaulieu et al., 2007).  Selective GSK3β inhibitors have anti-

depressant effects, and GSK3β haploinsufficient mice are resistant to serotonin deficiency 

induced depression, suggesting an anti-depressant phenotype (Polter et al., 2010).  The anti-

depressants fluoxetine and imipramine increased pAkt and pGSK3β in the PFC and striatum in 

rats (Sutton & Rushlow, 2011).  5HT receptors have been found to regulate SHAGGY, a GSK3β 

ortholog in drosophila, imperative for the control of circadian rhythms (Beaulieu, 2012).  GSK3β  

has also been confirmed to regulate circadian function in mammalian cultured cells (Beaulieu et 
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al., 2009).  This circadian rhythm modulation link has serious implications for mood disorders as 

they are highly correlated with disruptions in sleeping patterns: Mania typically with a decrease 

in need for sleep, and depression with either an increase or a decrease in sleeping patterns 

(Harvey et al., 2011).  This 5HT-GSK3β evidence corroborates the similar dual modulation seen 

in the SZ research, supporting the theory of GSK3β as an integrator of DA and serotonin.

" Addiction.

 Substance dependence is often precipitated by “harmless” curiosity.  The novice hunts the 

elusive pleasurable effects that the drugs were purported to exert.  Sadly, the ecstasy is often 

short-lived and replaced with tolerance and withdrawal, paradoxically leaving the user with the 

opposite of what he pursued: Dysphoria and an increased threshold for achieving pleasure, even 

in everyday life.  The withdrawal period propagates the psychological and physical enslavement 

that defines addiction, as the user shifts his motives of consumption from pleasure to alleviation 

of the negative withdrawal effects.  Although drugs exert their power via different 

neurotransmitter systems, they are united in their pharmacological actions: All drugs of abuse 

increase DA activity, whether directly or indirectly, and increased DA correlates with increased 

subjective pleasure (Wise, 2008).  The hold of addictive drugs on the brain’s natural reward 

system can become so ingrained that the addict is left with nothing, compulsively seeking a fix.  

This sad state of addiction unfortunately has no cure, and treatment is often unsuccessful, with 

the majority of persons relapsing, spiraling back into the the vicious cycle of abuse 

(Shippenberg, Zapata & Chefer, 2007).  Often treatment requires administering drugs that also 

are psychoactive, and also produce tolerance and withdrawal, sinisterly mirroring the state they 

are trying to alleviate.  Thus, these “medications” parallel the drug of choice of addicts and are 
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not a true treatment.  It is therefore important to understand this complicated and tragic disorder 

in order to come closer to finding a humane treatment.  GSK3β has been garnering attention in 

research relating to substance dependence, especially due to its close relation to DA signaling, 

with evidence supporting it as a potential therapeutic treatment in addiction.

 How is the drug-naive brain different from the drug-exposed brain?  Understanding how 

and why the shift between recreational drug user to chronic compulsive consumer occurs is 

imperative to understanding the disorder.  Abnormalities in cerebral circuitry have been proposed 

as a possible basis for this shift.  PFC circuitry is on the cusp of many theories.  The evidence is 

that chronic drug use modifies the brain’s response to drugs and weakens working memory and 

executive function (thought to reside in the PFC) especially in the context of the drug, leading to 

poor decision making (Koob, 2013).  Indeed, differential neurochemical changes occur in drug-

naive brains vs. those with chronic exposure, suggesting modulation of how these drugs affect 

the brain with prolonged drug use (Koob, 2013; Wee & Koob, 2010).  Interestingly, differential 

effects of GSK3β have been seen in the PFC in these two different types of experiences: In drug-

naive rats, acute AMPH administration activates GSK3β by reducing pAkt in the frontal cortex; 

with chronic administration, increases in pAkt and  pGSK3β are seen, thus chronic 

administration decreased GSK3β activity (Mines & Jope, 2012).  Behavioural sensitization is 

considered to represent a behavioural phenotype of underlying neurobiological changes 

occurring in striatal circuitry and contributing to the manifestation of addiction.  We have seen 

this behavioural model’s effectiveness in exposing the biological substrates of SZ and mania, but 

its validity for modeling addiction is more pronounced: Essentially it demonstrates how repeated 

administration of psychostimulants “sensitizes” the brain’s reward circuits, where drugs and 
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drug-related stimuli produce a progressively stronger behavioural response.  Reductions in 

pGSK3β in the caudate putamen and NAc core are elicited by psychostimulants (Miller et al., 

2009; Xu et al., 2009).  The selective GSK3β inhibitor, SB 216763, attenuates locomotion and 

stereotypy of an acute cocaine or AMPH challenge (Miller, 2009; Enman & Unterwald, 2012).  

SB 216763 also prevents behavioural sensitization to occur in chronically administered animals: 

Systemic administration prevented the acquisition of behavioural sensitization (Miller et al., 

2009), while central infusions into the NAc attenuated both its acquisition and expression (Xu et 

al., 2009). 

" Animals can be genetically engineered to display congenital sensitization, and such 

models have provided insight into addiction.  Mice with a genetic deletion of the DA transporter 

(DAT) have up to 500% increased DA activity, protracted DA clearance, and are naturally 

hyperlocomotive (Li & Gao, 2011).  DAT-KO mice have abnormalities in striatal chemical 

distributions, displaying reduced pAkt and pGSK3β, revealing increased GSK3β activity (Li & 

Gao, 2011; Chen et al., 2009).  Inhibition of GSK3β attenuates the hyperactivity characteristic of 

DAT-KO mice.  These mice are a favourable genetic model for addiction; they are innately more 

susceptible to developing an “addictive phenotype” showing increased incentive learning for 

drugs of abuse including morphine, endocannabioids, and cocaine (Li & Gao, 2011).  Transgenic 

mice displaying a constitutively active form of GSK3β similarily display the abnormal 

hyperlocomotor phenotype characteristic of DAT-KOs.  βarr2-KOs, conversely, show a reduced 

behavioural response to the DA receptor agonist apomorphine.  βarr2-KOs also do not display 

reduced pAKT levels after administering AMPH or apomorphine, suggesting DA agonists can 

only exert their effects through their mediation of βarr2 (Beaulieu et al., 2007).  Furthermore, the
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enhanced dopaminergic tone seen in DAT-KOs is no longer witnessed if βarr2 is also genetically

deleted (Beaulieu et al., 2007).

 Drug use is often associated with unique recurring cues.  This is the case, for example, in 

cocaine and heroin preparation rituals, involving the characteristic crystalline white powder, and 

its paraphernalia (e.g., razors, needles, spoons, etc.).  The environment too is often unvarying, as 

a user settles into their preferred locales to indulge in their hedonistic practice.  These recurring 

phenomena disguise a dangerous conditioning “experiment”, whereby the unknowing user is 

grooming himself to crave the drug in the presence of those unique cues and contexts.  Indeed, 

rats returned to an environment where they self-administered cocaine via a level-press will return 

to the drug-seeking behaviour.  Furthermore, extracellular DA activity increases when rats are 

returned to their drug-associated environments (Weiss, Lorang, Bloom, & Koob, 1993).

 The CPP paradigm utilizes this knowledge of conditioned and contextual cues to answer 

drug-related research questions.  It is also used as a measure of the motivational effects of 

substances being tested (Tzschentke, 2007).  Rats administered euphoria-producing drugs in one 

chamber, but vehicle in another, show a preference for the drug-paired chamber when they have 

free access to either.  It is the environment that is thought to evoke the rewarding properties 

associated with the drug, which is why rats tend to spend more time in the drug-paired chamber 

on test day in the absence of drug administration.  Addiction can be thought of as a disorder of 

aberrant memory processing as cues hold extremely strong incentive value and can thrust an ex-

user into a full-scale relapse (Caggiula et al., 2002).  It is also suggested to be a disorder of 

learning and memory because of its positive effects on mood: Addicts may selectively remember 

positive drug experiences, promoting compulsive use (Ballard, Gallo, & de Wit, 2012).  
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Recently, Wu et al. (2011) found inhibiting GSK3β to block reconsolidation of drug reward 

memory: After establishing a CPP, rats were re-exposed to the drug-paired environment, evoking 

the memory resulting in it being in a labile state.  This exposure to the cocaine-paired contextual 

cues increased GSK3β activity in the basolateral amygdala.  Rats were then administered either 

lithium or SB 216763 into the basolateral amygdala immediately after re-exposure, thereby 

inhibiting GSK3β activity.  This abolished the previously evoked CPP, and it was no longer 

expressed even when re-tested 14 days later.

Introduction to Research

" Hyperfunction of GSK3β is a recurring theme in various hyperdopaminergic 

neuropsychiatric conditions, and as we have seen, alleviation of symptoms seems to arise during 

inhibition of this molecule.  It is therefore important to continue to research consequences of 

GSK3β’s inhibition, especially in hyperdopaminergic states.  We chose to uncover the role of 

GSK3β in AMPH-induced CPP.  Specifically, we hypothesized that inhibition of GSK3β in the 

NAc would differentially affect the acquisition and expression of central AMPH-induced CPP, 

with acquisition being more susceptible to disruption.  The concepts of acquisition and 

expression can be regarded as the learning of information vs. the recall of information.  Thus 

disruption in acquisition would entail that the actual consolidation phase of learning was 

disrupted (therefore learning never actually transpires), while disruption in expression would 

suggest that there is a disruption only in the recall of the learned information during testing [but 

the learning remains intact, if for example, there was no manipulation at test (e.g., no drug 

administered)].  Thus, administering a GSK3β inhibitor during conditioning would test 

acquisition, while foregoing it until the test day would test expression.  Previous research in our 
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laboratory has found that acquisition is more sensitive to disruption over expression in 

conditioned activity (e.g.,  Gerdjikov, Giles, Swain, & Beninger, 2007).  Numerous studies also 

report that D1 and D2 receptor antagonists block acquisition at doses that do not block 

expression in various paradigms (e.g., Fenu, Spina, Rivas, Longoni, & Di Chiara, 2006; Touzani, 

Bodnar, & Sclafani, 2008).  We further hypothesized that GSK3β inhibition would attenuate 

locomotor activity during drug conditioning in acquisition, as attenuation of psychostimulant-

induced locomotor activity has been witnessed in numerous studies which inhibit GSK3β (e.g., 

Enman & Unterwald, 2011; Miller et al., 2009; Park et al., 2010;). 

" We chose SB 216763 as the GSK3β inhibitor for the experiments.  SB 216763 is an 

arylindolemaleimide which selectively inhibits GSK3β in an ATP-competitive manner (see 

Figure 3; Coghlan et al., 2000).  Coghlan et al. (2000) found that SB 216763 inhibited GSK3β 

kinase activity by 96%.  Twenty-four other serine/threonine and tyrosine protein kinases were 

also tested, and results indicated little or no inhibition.  Choosing a selective inhibitor has the 

advantage of having the outcome more easily attributed to the selective effects of GSK3β 

inhibition, and not to peripheral effects of the drug which can complicate data interpretation.  To 

the author’s knowledge, the only study conducted to investigate GSK3β utilizing the CPP 

paradigm was the recently mentioned study by Wu et al. (2009) which explored reconsolidation 

of cocaine reward memory.
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Chapter 2: Methods

Subjects

 Treatment of rats was in accordance with the guidelines of the Animals for Research Act, 

the Canadian Council on Animal Care, and was approved by Queen’s University Animal Care 

Committee.  Experimentally naive male Wistar rats (N = 110; Charles River, Quebec, Canada), 

weighing 225 - 250 g upon arrival were housed in pairs in clear plexiglass cages with sterilized 

wood chip bedding, on a 12-hour reverse dark-light cycle (lights on at 19:00 h), and in a 

climatically controlled (21 C +/- 2) colony room.  Rodent chow (Lab Diet #5001, PMI Nutrition 

Intl., Brentwood, MO, USA) and tap water was available ad libitum.  Rats were allowed to 

habituate to the colony for one day upon arrival, before being handled daily for 5 minutes per 

day for 5 days.

Surgery

" Rats were anesthetized with an oxygen flow containing 4.5% isoflurane.  Isoflurane 

levels were subsequently decreased during surgery to 1.5% as necessary to maintain a steady 

respiratory rate.  Rats’ heads were shaved, and were given pre-surgical injections for analgesia: 

A subcutaneous injection of bupivacaine (2.0 mg/kg) on the shaved area followed by a 

subcutaneous injection of tramadol (20.0 mg/kg).  Lidocaine was applied to the ear bars of the 

stereotaxic device so as to reduce discomfort, and rats were then secured to the device.  A gross 

scrub of chlorhexidine gluconate was applied to the head, followed by alterations of povidone-

iodine and alcohol three times each to sterilize the incision area.  After an incision was made and 

hemostats applied to reveal the skull, two holes were drilled into the skull with coordinates 1.6 
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mm anterior to bregma and 1.4 mm lateral to the midline.  A 22 gauge (0.711 mm in diameter) 

double guide cannula with length 6.7 mm ventrally from the skull surface was implanted into the 

drilled holes.  The cannula was held in place by four stainless steel screws that had been secured 

to the rat skull and dental acrylic.  Post-operatively, rats were given subcutaneous injections of 

lactated ringer (5.0 ml) and meloxican (2.0 mg/kg), and Polysporin (Johnson & Johnson, 

Skillmon, NJ, USA) was applied to the wound in the head.  Animals were allowed to recover for 

1 week prior to the induction of behavioural testing, and were given subcutaneous injections of 

meloxicam (1.0 mg/kg) and tramadol (20.0 mg/kg) during the first 3 days of recovery.

Drugs

 D-amphetamine sulphate (Sigma-Aldrich, Oakville, ON, Canada) was dissolved in sterile 

saline (0.9% NaCl) and prepared on each trial of AMPH conditioning.  It was administered into 

the NAc at a dose of 20.0 μg/0.5 μl/side.  SB 216763 (Sigma-Aldrich, Oakville, ON, Canada; 

0.5, 1.0, 3.0 μg/0.5 μl/side) was dissolved in dimethyl-sulfoxide (DMSO) and stored at room 

room temperature.  Sterile saline (0.9% NaCl) and/or DMSO were used as control infusions.

Drug Infusions

 Intra-cranial infusions into the NAc were made with a microinfusion pump (KD 

Scientific, Holliston, MA, USA) via mounted 10 μl microsyringes (Hamilton Co., Reno, NV).  

Polyethylene tubing was connected to the microsyringe at one end, and attached to injector 

cannulae at the other.  Bilateral infusions of the drug or vehicle were administered over 30 

seconds, and cannulae were left in place for an additional 60 seconds to promote diffusion.
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Apparatus

" Four rectangular wooden boxes equipped with two chambers (each 38 cm long x 27 cm 

wide x 34 cm high) and a tunnel (8 x 8 x 8 cm) were used for behavioural testing.  The tunnel 

allowed access to either chamber during pre-conditioning and test sessions but was blocked with 

an opaque plexiglass guillotine-style door during conditioning sessions, thereby restricting the rat  

to one chamber.  Each chamber was contextually distinct: One chamber had plexiglass-covered 

plain wooden walls with parallel stainless steel bars (1 cm apart) as its flooring; the other 

chamber has plexiglass walls with alternating black and white vertical stripes, 1 cm in width, and 

its floor is made of galvanized mesh, with openings of 1 cm2.  Activity and location were 

measured by 6 pairs of infrared emitters and detectors, two trisecting the long axis of each 

chamber (at a height of 5.0 cm) and two trisecting the tunnel (at a height of 3.0 cm); locomotion 

was defined as number of beam breaks recorded.

Behavioural Procedure

 Rats were tested during the lights-out period (7:00 - 19:00 h).  Only one rat was tested per 

box, thus a maximum of four rats were tested at a time.  The experimental protocol consisted of 3 

pre-conditioning trials, 8 conditioning trials, and 1 test day.  Rats underwent behavioural testing 

a maximum of once per day.  In experiments that required central infusions, conditioning trials 

were separated by 48 hours.  Counterbalancing of conditioning start side ensured a balanced 

design (see Figure 4 for overview of the behavioural procedure timelines).
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" Pre-conditioning.

 Rats were placed in one of the chambers and had free access to either chamber via the 

tunnel, and each rat’s start side remained the same throughout pre-conditioning.  No drugs were 

administered during pre-conditioning.  Sensors calculated time spent in each chamber, as well as 

the total time spent in the tunnel.  Pre-conditioning lasted 15 minutes on each trial.

" Conditioning.

" All rats were conditioned over 8 days, allowing 48 hours to pass between trials.  Activity 

was measured for 30 minutes on each conditioning trial.  The guillotine-style door was in place 

blocking access to the tunnel.  Thus, rats were restricted to one of the chambers at a time.  Days 

1, 3, 5, and 7, were “drug days” and rats were immediately placed into the apparatus and 

restricted to the drug-paired chamber.  Days 2, 4, 6, and 8 were “vehicle days” and rats were 

immediately placed into the apparatus and restricted to the vehicle-paired chamber.

! 1. Effect of intra-NAc AMPH in CPP.

" Rats were administered AMPH (20.0 μg/0.5 μl/side) on drug days and were administered 

saline (0.5 μl/side) on vehicle days.

 2. Effect of intra-NAc saline in CPP (control group).

 Rats were administered DMSO (0.5 μl/side) thirty minutes prior to saline (0.5 μl/side) on 

both drug days and vehicle days.
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Figure 4. Overview of acquisition and expression timelines.  Each box in the timelines represent 

one day.
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 3. Effect of intra-NAc SB 216763 in CPP (control group).

 Rats were administered SB 216763 (0.3 μg/0.5 μl/side) thirty minutes prior to saline (0.5 

μl/side) on drug days, and DMSO (0.5 μl/side) thirty minutes prior to saline (0.5 μl/side) on 

vehicle days.

! 4. Effect of intra-NAc SB 216763 on the acquisition of intra-NAc AMPH induced CPP.

 Rats were administered SB 216763 (0.03, 0.3, 3.0, and 5.0 μg/0.5 μl/side) thirty minutes 

prior to AMPH (20.0 μg/0.5 μl/side) on drug days, and DMSO (0.5 μl/side) thirty minutes prior 

to saline (0.5 μl/side) on vehicle days.

! 5. Effect of intra-NAc SB 216763 on the expression of intra-NAc AMPH induced CPP.

 Rats were administered AMPH (20.0 μg/0.5 μl/side) on drug days and saline (0.5 μl/side) 

on vehicle days.

" Test.

! 1. Acquisition.

" Testing occurred 24 hours after the last conditioning trial.  Rats were placed in the start-

side chamber assigned to them during pre-conditioning, and had free access to either chamber 

via the tunnel.  No drugs were administered during the test trial.  Sensors calculated time spent in 

each chamber, as well as the total time spent in the tunnel.  The test trial lasted 15 minutes.
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 2. Expression.

 Testing occurred 48 hours after the last conditioning trial.  Rats were infused with SB 

216763 (0.03, 0.3, 3.0, and 5.0 μg/0.5 μl/side) 30 minutes prior to testing.  Following the 

infusion, rats were placed in the start-side chamber assigned to them during pre-conditioning, 

and had free access to either chamber via the tunnel.  Sensors calculated time spent in each 

chamber, as well as the total time spent in the tunnel.  The test trial lasted 15 minutes.

Histological Analysis

" Upon completion of the testing phase, rats were euthanized in a gas chamber with carbon 

dioxide and decapitated, followed by careful brain extractions.  Brains were placed in formalin 

for a minimum of 2 days, after which brains were frozen in a cryostat and sliced coronally in 40 

μm sections.  Sections were then mounted onto gelatin-coated glass slides, stained with cresyl 

violet, and cover-slipped.  Cannulae placements were analyzed by an observer blind to the 

behavioural results.  Criteria for placements to be classified as successful were that the entire tip 

of both cannulae be located in the NAc.

Statistical Analyses

 CPP was statistically defined as a significant increase in the amount of time spent on the 

drug-paired side on the test day relative to the time spent on the drug-paired side during pre-

conditioning, averaged across the three trials.  Four two-way mixed design analyses of variance 

(ANOVA) were conducted comparing treatment group × phase (pre-conditioning vs. test).  These 

included: 1) AMPH alone group and saline control group (SAL); 2) SB 216763 alone group and 

  28



SAL group; 3) SB 216763 prior to AMPH during conditioning and tested in acquisition group  

plus SAL group; 4) DMSO prior to AMPH during conditioning and administered SB 216763 

prior to testing in expression group plus SAL group.  In addition, a-priori t-tests were conducted 

to test the researcher’s planned hypotheses, that time spent on the drug-paired side increased 

from pre-conditioning to test.

" Side bias (time spent on each side during preexposure), as well as the tunnel time (pre- 

vs. post-) analyses were conducted, as statistically significant changes in these variables can 

confound the data and potentially compromise true results.  Paired-samples t-tests were used for 

the analyses.  It is important to analyze tunnel time, as a decrease in tunnel time during test 

compared with pre-conditioning may skew the data suggesting a place preference has taken place 

when in actuality only tunnel time has reduced.  Similarly, side-bias may reveal a false place 

preference if the rats show a natural aversion to the drug paired side in pre-conditioning, but 

subsequently adjust and increase time spent during test.  This may simply be a case of 

habituation or decreased avoidance.

 To analyze locomotor activity, we first conducted four two-way mixed designs ANOVA 

comparing treatment group during conditioning sessions (drug vs. vehicle, averaged across the 

four conditioning trials).  These included: 1) AMPH alone group and SAL group; 2) SB 216763 

alone and SAL group; 3) SB 216763 prior to AMPH during conditioning and tested in 

acquisition groups plus SAL group; 4) DMSO prior to AMPH during conditioning and 

administered SB 216763 prior to testing in expression groups plus SAL group.  Simple effects 

analyses, and subsequent pairwise comparisons using Fisher’s least significant difference (LSD) 

test as criteria, were used as follow-up tests.  These analyses allowed us to visualize how activity
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was different between conditioning trials (i.e., between drug and vehicle conditioning days).

 Locomotor activity was also analyzed by two additional one-way ANOVAs: 1) drug day 

analysis (averaged across the four conditioning trials) of SAL, all groups tested in acquisition, 

and all groups tested in expression; 2) vehicle day analysis (averaged across the four 

conditioning trials) of SAL, all groups tested in acquisition, and all groups tested in expression.  

Pairwise comparisons using Fisher’s LSD were used as follow-up tests.  These analyses allowed 

us to visualize if average drug day locomotor activity differed among groups, as well as vehicle 

day locomotor activity.

 Finally, we conducted three additional analyses comparing locomotor activity among 

individual drug days to see if sensitization was also a factor: 1) a one-way ANOVA for AMPH; 

2) a two-way mixed-designs ANOVA for all acquisition groups; 3) a two-way mixed-designs 

ANOVA for all expression groups.  Pairwise comparisons and simple effects analyses using 

Fisher’s LSD were used as follow up tests.
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Chapter 3: Results

Histology

" A total of 110 rats were tested.  All rats had cannulae placements in the NAc, thus all 

were included in the analyses (see Figure 5 for a photograph of a coronal brain section depicting 

a representative NAc injector placement; Figure 6 shows the location of cannulae tips for all 

rats).

Side Bias & Tunnel Time

" Paired t-tests were used to analyze possible side bias (Table 1).  No significant differences 

were found between amount of time spent (averaged across days) on the vehicle-paired side vs. 

the drug-paired side in pre-conditioning (t’s < | 1.56 |, p’s > 0.05).  Paired t-tests were used to 

analyze tunnel time (Table 2), and this revealed a significant difference between the average time 

spent in the tunnel during pre-conditioning and testing for the 5.0 μg/0.5 μl/side of SB 216763 in 

acquisition group [t(10) = -2.58, p = 0.027].  Differences for the remaining groups were non-

significant (t’s < | 2.58 |, p’s > 0.05).  The significant findings in the one group reflected increased 

tunnel time from pre-conditioning to test; significant differences in tunnel time analysis are 

generally only concerning when tunnel time decreases significantly in test (see Table 2 for means 

and SEMs).
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Figure 5. Photograph depicting a representative bilateral nucleus accumbens injector placement.
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Figure 5. Photograph depicting a representative bilateral NAc injector placement.
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Figure 6. Histology figure displaying cannulae placements of each group of rats according to the 

atlas of Paxinos and Watson (1998).  All cannulae were successfully placed into the nucleus 

accumbens.  Vertical numbers on the left of the figure indicate distance (in millimeters) to 

bregma.  Titles above brain slices represent treatment groups.  Numbers in treatment groups 

represent doses of SB 216763 in μg/0.5 μl/side.  SAL = saline, SB = SB 216763, AMPH = 

amphetamine, ACQ = acquisition, and EXP = expression.
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Table 1

Mean (± SEM) Time (s) Spent on the Drug-Paired and Vehicle-Paired Side During Pre-
Conditioning

Time in the drug-
paired side in pre-

conditioning

Time in the drug-
paired side in pre-

conditioning

Time in the vehicle-
paired side in pre-

conditioning

Time in the vehicle-
paired side in pre-

conditioning

Treatment group n Mean SEM Mean SEM t-value p-value

SAL 11 415.24 15.78 426.94 17.38 -0.36 0.726

AMPH 10 439.03 28.02 422.10 28.79 0.30 0.772

SB 0.30 10 403.07 21.32 440.97 24.10 -0.84 0.421

ACQ 0.03 9 430.11 25.42 423.59 26.08 0.13 0.902

ACQ 0.30 9 400.26 22.55 442.33 23.95 -0.91 0.387

ACQ 3.00 10 412.95 14.47 431.00 14.97 -0.63 0.542

ACQ 5.00 11 423.85 13.74 431.61 14.83 -0.28 0.789

EXP 0.03 9 406.00 13.44 447.82 13.96 -1.56 0.158

EXP 0.30 10 406.30 22.16 444.50 23.56 -0.84 0.422

EXP 3.00 10 430.07 22.55 418.43 20.00 0.28 0.789

EXP 5.00 11 415.42 13.78 438.39 14.62 -0.78 0.454

Note: No groups received any infusions during pre-conditioning.  SAL = saline, AMPH = 

amphetamine, SB = SB 216763, ACQ = acquisition, and EXP = expression.  Numbers beside SB, 

ACQ, and EXP groups represent SB 216763 dose (μg/0.5 μl/side).
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Table 2

Mean (± SEM) Time (s) Spent in the Tunnel During Pre-Conditioning and During Test

Tunnel time in pre-
conditioning

Tunnel time in pre-
conditioning

Tunnel time in testTunnel time in test

Treatment group n Mean SEM Mean SEM t-value p-value

SAL 11 57.85 6.35 72.91 10.90 -1.87 0.091

AMPH 10 38.87 4.71 41.50 6.08 -0.64 0.536

SB 0.30 10 55.97 6.82 68.40 12.79 -1.41 0.191

ACQ 0.03 9 46.30 3.93 69.22 11.83 -1.85 0.102

ACQ 0.30 9 57.41 6.76 63.11 10.95 -0.83 0.431

ACQ 3.00 10 54.70 6.97 66.50 4.55 -1.69 0.126

ACQ 5.00 11 44.49 4.36 56.55 7.38 -2.58 0.027*

EXP 0.03 9 45.37 5.10 63.11 10.23 -2.17 0.062

EXP 0.30 10 49.20 5.32 53.90 6.69 -1.22 0.255

EXP 3.00 10 47.63 5.75 71.90 14.51 -1.64 0.135

EXP 5.00 11 45.18 3.23 40.27 3.70 1.47 0.171

Note: No groups received any infusions during pre-conditioning.  *Significant at the p < 0.05 

level.  SAL = saline, AMPH = amphetamine, SB = SB 216763, ACQ = acquisition, and EXP = 

expression.  Numbers beside SB, ACQ, and EXP groups represent SB 216763 dose (μg/0.5 μl/

side).
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CPP Analyses

" Effect of intra-NAc AMPH on CPP".

" The AMPH group showed an increase in time spent on the drug-paired side from pre-

conditioning to test and the SAL group showed a small decrease (see Figure 7).  A two-way 

ANOVA, with test condition (pre-conditioning and test) as the within-subjects factor and 

treatment group (SAL and 20.0 μg/0.5 μl/side of AMPH) as the between-subjects factor, revealed 

a significant test condition × treatment group interaction [F(1, 19) = 4.79, p = 0.041].  This 

indicates that rats in the AMPH conditioned group, but not the SAL group, acquired CPP after 8 

days of conditioning training.  This was confirmed by planned t-tests revealing a significant 

phase effect for the AMPH group [t(9) = -2.67, p = 0.026].

" Effect of intra-NAc SB 216763 on CPP.

" The SB 216763 alone group showed a small decrease in time spent on the drug-paired 

side from pre-conditioning to test (see Figure 7).  A two-way ANOVA, with test condition (pre-

conditioning and test) as the within-subjects factor and treatment group (SAL and 0.30 μg/0.5 μl/

side of SB 216763) as the between-subjects factor, failed to reveal any significant effects and 

planned t-tests showed no significant effects [F’s(1, 19) < 1.05, p’s > 0.05; t’s < | 0.83 |, p’s > 

0.05].  This indicates that rats administered SB 216763 (0.03 μg/0.5 μl/side) do not show a 

change in preference for the drug-paired side.

" Effect of intra-NAc SB 216763 on the acquisition of intra-NAc AMPH CPP.

" The SB 216763 prior to AMPH (20.0 μg/0.5 μl/side) and tested in acquisition groups that 
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Figure 7. Mean (±SEM) difference in time (s) spent on the drug-paired side from test to pre-

conditioning.  *P < 0.05 for increases in time spent on the drug-paired side on test day from pre-

conditioning using planned t-tests.  Numbers in treatment groups represent doses of SB 216763 

in μg/0.5 μl/side.  All infusions were made into the nucleus accumbens.  Control groups were 

SAL and SB 0.03 (i.e., were never conditioned with amphetamine).  AMPH, ACQ, and EXP 

groups received amphetamine (20.0 μg/0.5 μl/side) on drug day.  All ACQ groups were 

conditioned with SB 216763 administered thirty minutes prior to amphetamine on drug days.  

EXP groups were administered SB 216763 thirty minutes prior to test.  SAL = saline, AMPH = 

amphetamine, ACQ = acquisition, EXP = expression, and SB = SB 216763 alone.
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received doses of 0.03, and 0.3 μg/0.5 μl/side of SB 216763 showed a small increase in time; the 

SB 216763 prior to AMPH (20.0 μg/0.5 μl/side) and tested in acquisition groups that received 

doses 3.0 and 5.0 μg/0.5 μl/side of SB 216763 showed a decrease (see Figure 7).  A two-way 

ANOVA, with test condition (pre-conditioning and test) as the within-subjects factor and 

treatment group (SAL and 0.03, 0.30, 3.0, and 5.0 μg/0.5 μl/side of SB 216763 prior to AMPH in 

acquisition) as the between-subjects factor, failed to reveal any significant effects [F’s(4,45) < 

2.05, p’s > 0.05] and planned t-tests for each group showed no significant effects (t’s < | 2.2 |, p’s 

> 0.05).  Thus pre-treating rats with SB 216763 prevented AMPH-induced CPP.

" Effect of intra-NAc SB 216763 on the expression of intra-NAc AMPH CPP.

" The expression groups that were conditioned with 20.0 μg/0.5 μl/side of AMPH and 

received doses 0.03, 3.0, and 5.0 μg/0.5 μl/side of SB 216763 prior to testing showed an increase 

in time; the expression group conditioned with 20.0 μg/0.5 μl/side of AMPH and dosed 0.3 μg/

0.5 μl/side of SB 216763 prior to testing showed a small decrease in time (see Figure 7).  A two-

way ANOVA, with test condition (pre-conditioning and test) as the within-subjects factor and 

treatment group (SAL and 0.03, 0.30, 3.00, 5.00 μg/0.5 μl/side of SB 216763 in expression) as 

the between-subjects factor failed to reveal any significant effects [F’s(4,46) < 2.24, p’s > 0.05].  

However, planned t-tests of the phase effect for each group revealed that the lowest dose of SB 

216763 (0.03 μg/0.5 μl/side) in expression failed to block the phase effect [t(8) = 2.55, p = 

0.034].  This indicates that rats conditioned with amphetamine and tested with 0.03 μg/0.5 μl/

side of SB 216763 showed a CPP.
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Locomotor Activity Analyses

" AMPH vs. SAL.

" Locomotor activity showed a slight increase from drug day to vehicle day in the SAL 

group, and a notable decrease in the AMPH group (see Figure 8).  A two-way ANOVA with day 

(drug and vehicle) as the the within-subjects factor and treatment group (SAL and 20.0 μg/0.5 μl/

side of AMPH) as the between-subjects factor, revealed a significant day × treatment group 

interaction [F(1,19) = 31.70, p < 0.001].  The significant main effect of group [F(1,19) = 22.69,  

p < 0.001] indicated that rats in the AMPH group differed significantly from those in the SAL 

group in their locomotor activity.  To follow-up the ANOVA, a simple main effects analysis of 

day at treatment group was conducted in order to parse out if locomotor activity differences 

existed between the drug and vehicle days within each treatment group.  The analysis revealed 

the AMPH group differed significantly between days in locomotor activity [F(1,19) = 51.56, p < 

0.001], however the SAL group did not [F(1,19) = 0.39, p = 0.537].  Thus, rats in the AMPH 

group displayed increased activity on drug conditioning days.

" SB 216763 alone vs. SAL.

" Locomotor activity showed a very slight increase from drug day to vehicle day in the SB 

216763 alone group (see Figure 8).  A two-way ANOVA was conducted with day (drug and 

vehicle) as the within-subjects factor and treatment group (SAL and 0.30 μg/0.5 μl/side of SB 

216763) as the between-subjects factor.  The analysis failed to reveal any significant effects 

[F’s(1,19) < 2.04, p > 0.05], indicating that groups did not differ significantly in locomotor 

activity.
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Figure 8.  Locomotor activity means (±SEM) measured in beam breaks for drug day and vehicle 

day for all treatment groups, averaged across the four conditioning trials.  *Significantly (p’s < 

0.05) different from vehicle day by simple effects analysis using Fisher’s LSD.  Numbers in 

treatment groups represent doses of SB 216763 in µg/0.5 µl/side.  All infusions were made into 

the nucleus accumbens.  Control groups were SAL and SB 0.03 (i.e., were never conditioned 

with amphetamine).  AMPH, ACQ, and EXP groups received amphetamine (20.0 µg/ 0.5 µl/side) 

on drug day.  All ACQ groups were conditioned with SB 216763 administered thirty minutes 

prior to amphetamine on drug days.  EXP groups were administered SB 216763 thirty minutes 

prior to test.  SAL = saline, AMPH = amphetamine, ACQ = acquisition, EXP = expression, and 

SB = SB 216763 alone.
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" All groups in acquisition vs. SAL.

" Locomotor activity showed a notable decrease from drug day to vehicle day in all of the 

acquisition groups (see Figure 8).  A two-way ANOVA was conducted with day (drug and 

vehicle) as the within-subjects factor and treatment group (SAL and 0.03, 0.30, 3.0, and 5.0 μg/

0.5 μl/side of SB 216763 in acquisition) as the between-subjects factor.  This analysis revealed a 

significant day × treatment group interaction [F(4,45) = 3.59, p = 0.013], indicating that the 

phase effect differed among groups.  To follow-up the ANOVA, a simple effects analysis of day 

at treatment group was conducted in order to parse out if locomotor activity differences existed 

between the drug and vehicle days within each treatment group.  The simple effect of day 

showed that all acquisition groups differed significantly between drug and vehicle days in 

locomotor activity [F’s(1,45) > 5.45, p’s < 0.05].  The SAL group did not display a significant 

difference between days [F(1,45) = 0.56, p = 0.463].  Thus, only rats in the SB 216763 in 

acquisition groups displayed increased activity on drug conditioning days.

" All groups in expression vs. SAL

" Locomotor activity showed a notable decrease from drug day to vehicle day in all of the 

SB 216763 in expression groups (see Figure 8).  A two-way ANOVA was conducted with day 

(drug and vehicle) as the the within-subjects factor and treatment group (SAL and 0.03, 0.30, 3.0, 

and 5.0 μg/0.5 μl/side of SB 216763 in expression) as the between-subjects factor.  This analysis 

revealed a significant day × treatment group interaction [F(4,45) = 8.04, p < 0.001], indicating 

that the phase effect differed significantly in locomotor activity among groups.  To follow-up the 

ANOVA, a simple effects analysis of day at treatment group was conducted in order to parse out 

if locomotor activity differences existed between the drug and vehicle days within each treatment 
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group.  The simple effect of day showed that all SB 216763 in expression groups differed 

significantly between drug and vehicle days in locomotor activity [F’s(1,45) > 11.28, p’s < 

0.001].  However, the SAL group did not display a significant difference between days [F(1,45) 

= 0.172, p = 0.681].  Thus, only rats in the SB 216763 acquisition groups displayed increased 

activity on drug conditioning days.

" Drug day locomotor activity for SAL, all groups in acquisition, and all groups in 

expression.

" A one-way ANOVA was conducted comparing SAL, all groups in acquisition, and all 

groups in expression on drug day locomotor.  Drug day locomotor activity was noticeably higher 

in all acquisition groups, and substantially higher in all expression groups, when compared to 

SAL; all of the expression groups’ drug day locomotor activity was also noticeably greater than it 

was for all acquisition groups (see Figure 8 and Figure 9).  The ANOVA revealed significant 

differences among groups [F(8,80) = 7.71, p < 0.001].  Pairwise comparisons using Fisher’s LSD 

indicated that acquisition 0.30 and 3.00 differed significantly from SAL (p = 0.034 and p = 0.047 

respectively).  Acquisition 0.03 was marginally significant (p = 0.083), while acquisition 5.00 

failed to reach significance even marginally (p > 0.05).  Thus, acquisition groups in general had 

greater drug day locomotor activity than SAL, with the exception of the 5.00 group, which 

received the highest dose of SB 216763.  The analysis also revealed that all expression groups 

were significantly different on drug day locomotor activity than SAL (p’s < 0.001), as well as all 

acquisition groups (p’s < 0.05).  Thus all groups in expression had greater locomotor activity on 

drug day than SAL and all acquisition groups.

  42



Figure 9. Locomotor activity means (±SEM) for drug day measured in beam breaks for saline, all 

acquisition groups, and all expression groups, averaged across the four conditioning trials. 

*Significantly (p’s < 0.05) different.  **Significantly different from SAL (p’s < 0.05).  All 

analyses were pairwise comparisons using Fisher’s LSD.  Numbers in treatment groups represent 

doses of SB 216763 in µg/0.5 µl/side.  All infusions were made into the nucleus accumbens.  

SAL was the control group (i.e., were never conditioned with amphetamine).  ACQ and EXP 

groups received amphetamine (20.0 µg/ 0.5 µl/side) on drug day.  All ACQ groups were 

conditioned with SB 216763 administered thirty minutes prior to amphetamine on drug days.  

EXP groups were administered SB 216763 thirty minutes prior to test.  SAL = saline, ACQ = 

acquisition, and EXP = expression.
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" Vehicle day locomotor activity for SAL, all groups in acquisition, and all groups in 

expression.

" A one-way ANOVA was conducted comparing SAL, all acquisition groups, and all 

expression groups on vehicle day locomotor activity.  Vehicle day locomotor activity was slightly 

greater for acquisition groups, and noticeably greater for the expression groups, than it was for 

SAL; vehicle day locomotor activity was slightly greater for all expression groups than for all of 

the acquisition groups (see Figure 8 and Figure 10).  The ANOVA revealed significant 

differences among groups [F(8,80) = 2.61, p = 0.014].  Pairwise comparisons using Fisher’s LSD 

indicated that acquisition groups did not differ significantly from the SAL on locomotor activity 

on the vehicle day (p > 0.05).  The analysis also revealed that expression groups 0.30, 3.00, and 

5.00 differed significantly than SAL (p’s < 0.05).  Furthermore, expression 0.03 was marginally 

significant (p = 0.053).  Thus, expression groups in general had greater locomotor activity on 

vehicle day in comparison to SAL.  Finally, the analysis also yielded differences among 

expression and acquisition groups.  Expression 3.00 differed significantly from all acquisition 

groups (p’s < 0.05).  Expression 5.00 was significantly different from acquisition 3.00 (p = 

0.030), and marginally significant from acquisition 5.00 (p = 0.056).  Thus, vehicle day 

locomotor activity was greater for some expression groups than for acquisition groups, but this 

result was not always consistent.

" Analysis of Behavioural Sensitization.

! Analysis of behavioural sensitization for AMPH.

" Locomotor activity did not seem to differ across individual drug days for AMPH (see
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Figure 10. Locomotor activity means (±SEM) for vehicle day measured in beam breaks for 

saline, all acquisition groups, and all expression groups, averaged across the four conditioning 

trials.  *Significantly (p’s < 0.05) different from SAL.  ♦Significantly different from all ACQ 

groups (p < 0.05).  ♦♦Significantly different from ACQ 3.0 (p < 0.05).  All analyses were 

pairwise comparisons using Fisher’s LSD.  Numbers in treatment groups represent doses of SB 

216763 in µg/0.5 µl/side. All infusions were made into the nucleus accumbens.  SAL was the 

control group (i.e., were never conditioned with amphetamine).  ACQ and EXP groups received 

amphetamine (20.0 µg/ 0.5 µl/side) on drug day.  All ACQ groups were conditioned with SB 

216763 administered thirty minutes prior to amphetamine on drug days.  EXP groups were 

administered SB 216763 thirty minutes prior to test.  SAL = saline, ACQ = acquisition, and EXP 

= expression.
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Figure 11 and Figure 12).  A one-way repeated-measures ANOVA was conducted for AMPH 

comparing drug day locomotor activity.  There was no main effect of drug day [F(3, 24) = 0.33, 

p > 0.05], thus drug days did not differ significantly among each other.  Therefore, the AMPH 

group did not display evidence for sensitization.

" Analysis of behavioural sensitization for acquisition groups.

! An apparent decrease in locomotor activity was notable across individual drug days for 

acquisition groups (see Figure 11 and Figure 12).  A two-way ANOVA with drug day (1, 2, 3, 

and 4) as the the within-subjects factor and acquisition group (0.03, 0.30, 3.00, and 5.00) as the 

between-subjects factor, revealed a significant main effect of drug day [F(3,90) = 8.58, p < 

0.001].  This main effect indicated that the groups displayed significant differences among 

individual drug day conditioning sessions in their locomotor activity.  To follow-up the ANOVA, 

pairwise comparisons using Fisher’s LSD were conducted in order to parse out which drug days 

differed significantly.  The analysis revealed that averaged across groups, drug day 1 was 

significantly greater than drug days 3 and 4 in locomotor activity (p < 0.001 and p = 0.001, 

respectively).  Additionally, drug day 2 locomotor activity was also significantly greater than 

drug days 3 and 4 (p = 0.027 and p = 0.005, respectively).  Thus, groups in acquisition display 

evidence for reverse sensitization (i.e., a progressive decrease in locomotor activity with 

subsequent conditioning trials).

" Analysis of behavioural sensitization for expression groups.

! Locomotor activity did not seem to systematically differ across individual drug days for 

expression groups (see Figure 11 and Figure 12).  A two-way ANOVA with drug day (1, 2, 3, and 
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Figure 11. Locomotor activity means (±SEM) measured in beam breaks for each drug day for 

amphetamine, all acquisition groups, and all expression groups.  ANOVAs revealed no 

significant interactions, thus further analysis at the individual group level was not conducted.  All 

infusions were made into the nucleus accumbens.  All groups received amphetamine (20.0 µg/0.5  

µl/side) on drug day.  Acquisition groups were conditioned with SB 216763 administered thirty 

minutes prior to amphetamine on drug days.  Expression groups were administered SB 216763 

thirty minutes prior to test.  AMPH = amphetamine, ACQ = acquisition, and EXP = expression.
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Figure 12. Locomotor activity means (±SEM) measured in beam breaks for each drug day for the 

amphetamine group, and averaged across all acquisition groups, and all expression groups. 

*Significantly (p’s < 0.01) different from drug day 1.  ♦Significantly different (p’s < 0.05) from 

drug day 2.  All analyses were pairwise comparisons using Fisher’s LSD. All infusions were 

made into the nucleus accumbens.  All groups received amphetamine (20.0 µg/ 0.5 µl/side) on 

drug day.  Acquisition groups were conditioned with SB 216763 administered thirty minutes 

prior to amphetamine on drug days.  Expression groups were administered SB 216763 thirty 

minutes prior to test. AMPH = amphetamine, ACQ = all acquisition groups, and EXP = all 

expression groups.
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4) as the the within-subjects factor and expression group (0.03, 0.30, 3.00, and 5.00) as the 

between-subjects factor, did not reveal any significant results (F’s < 2.44, p’s > 0.05).  Thus, no 

expression groups displayed evidence for sensitization.
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Chapter 4: Discussion

" The results can be summarized as follows: (1) intra-NAc infusions of AMPH produced a 

CPP; (2) intra-NAc infusions of SB 216763 alone did not produce a CPP; (3) inhibition of 

GSK3β with intra-NAc infusions of SB 216763 blocked the acquisition of intra-NAc AMPH 

CPP at all doses tested; (4) inhibition of GSK3β with intra-NAc infusions of SB 216763 dose-

dependently blocked the expression of intra-NAc AMPH CPP; (5) groups administered AMPH 

(thus, AMPH, all acquisition, and all expression groups) displayed increased activity on drug 

days compared to vehicle days; (6) pretreatment with SB 216763 attenuated AMPH-induced 

hyperactivity; (7) ACQ groups displayed evidence for reverse sensitization; (8) there was no 

evidence for sensitization in either AMPH or any EXP groups.

" Our finding that inhibition of GSK3β blocked the acquisition and expression (dose-

dependently) of AMPH CPP supports the suggestion that this protein is involved in mediating the 

behavioural effects of dopaminergic drugs.  Results implicate GSK3β in incentive learning, as 

the incentive learning properties of AMPH were attenuated upon suppression of this kinase.  To 

our knowledge, this is the first study investigating the effect of GSK3β in the establishment and 

the expression of CPP [Wu et al. (2011) used a CPP reconsolidation paradigm].  However, other 

studies have probed this question through a variety of different paradigms, lending further 

support for this hypothesis.  Thus, GSK3β inhibition attenuated behavioural sensitization 

(Enman & Unterwald, 2012; Xu et al., 2009); Xu et al. (2009) found that both selective (SB 

216763) and non-selective (lithium) GSK3β inhibitors were capable of dose-dependently 

attenuating behavioural sensitization at both acquisition and expression.  Although we used a 

different paradigm to investigate GSK3β’s effects on DA-mediated behaviour, our study parallels 
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these findings since we too found inhibition of this protein to block acquisition and expression.  

Paralleling our hypothesis that acquisition and expression of intra-NAc AMPH CPP were 

differentially affected by GSK3β inhibition, our results demonstrated that acquisition was indeed 

more sensitive to disruption: The lowest dose tested which blocked acquisition (0.3 μg/0.5 μl/

side of SB 216763) did not block AMPH CPP in expression.  This may imply that GSK3β is 

more critical during the actual learning process (i.e., acquisition), rather than during recall (i.e., 

expression).  Despite the fact that our data mirror results seen in other studies involving GSK3β 

inhibition, it is somewhat surprising that expression is so strongly disrupted.  In research 

involving antagonism of D1 and D2 receptors, generally we see acquisition blocked but not 

expression in a variety of paradigms (e.g., Fenu et al., 2006; Touzani et al., 2008).  The theory 

which explains this proposes that dopaminergic learning and its signaling cascades produce 

changes at the synaptic level which are the molecular basis of learning.  Once these changes 

occur, expression is left unaffected even with the administration of D1/D2 antagonists or 

signaling molecule inhibitors.  Acquisition, however, is affected because inhibition/antagonism 

during conditioning prevents these changes to actively occur during the learning process, thus 

learning never actually occurs (for a review see Ikemoto & Panksepp, 1999).  Although there 

was no direct antagonism of DA receptors, GSK3β is a downstream molecule of D2-like 

receptors, and thus its inhibition would disrupt the subsequent chain of events that would 

normally occur upon DA receptor agonism.  Although we do see a stronger disruption in 

acquisition, the fact that higher doses of SB 216763 disrupted expression suggests that GSK3β is 

more extensively involved in learning.  Another possibility (which is not incompatible to the 

previous suggestion) is that SB 216763 is a very potent disruptor of learning.  The former may be 

more accurate as other GSK3β inhibitors have been noted to block both acquisition and 
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expression (e.g., lithium; Xu et al., 2009).  Further research should be conducted testing more 

doses of SB 216763 in order to find a dose which does not block acquisition.

" GSK3β seems also to be involved in the dopaminergic motor activity enhancing effects 

of dopaminergic drugs.  We found its inhibition to attenuate the locomotor hyperactivity 

characteristically promoted by DA agonists (in the current case, AMPH).  For this analysis, we 

first confirmed that our AMPH and SAL groups differed in locomotor activity.  Further analysis 

dictated that the AMPH group had higher activity on drug day compared to vehicle day, whereas 

the SAL group did not differ between days.  We also found the SB 216763 alone group did not 

differ from the SAL group in locomotor activity.  Our subsequent analyses compared the 

acquisition groups and SAL group, as well as the expression groups and SAL group.  These 

yielded significant differences between groups, and follow-up analyses found all acquisition and 

expression groups to differ significantly between days.  Thus each treatment group in acquisition 

and in expression had higher locomotor activity on drug day when compared to vehicle day.

" Two additional analyses were conducted analyzing locomotor activity for SAL, all 

acquisition groups, and all expression groups.  The first analysis compared these groups on drug 

day locomotor activity, and found significant differences among them.  Follow-up tests found the 

SAL group to differ significantly from all expression groups.  SAL also differed significantly 

from acquisition groups 0.30 and 3.00, with 0.03 almost reaching significance.  Thus, both 

acquisition and expression groups trended towards greater drug day locomotor activity when 

compared to SAL, with the exception of the acquisition 5.00 that received the greatest dose of 

SB 216763.  Interestingly, we also found all expression groups to be significantly more active 

than all acquisition groups.  Therefore, intra-NAc infusions of SB 216763 generally suppressed 
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AMPH-induced locomotor activity significantly, but not completely: It’s activity was generally 

still higher than the SAL group.  The SB 216763 alone group did not differ significantly from our 

SAL group in locomotor activity.  This implies that the suppression of locomotor activity by SB 

216763 seen in the acquisition groups was not due to the drug’s motor suppressing effects per se, 

but rather to its unique actions on locomotor activity produced by a DA agonist.

" Vehicle day locomotor activity was also analyzed for SAL, all expression, and all 

acquisition groups, yielding significant differences among groups.  The analysis further revealed 

that most expression groups differed significantly on vehicle day locomotor activity from SAL, 

with the lowest dose of SB 216763 administered in expression having marginal significance (i.e., 

expression 0.03).  Thus expression groups in general had greater overall vehicle day locomotor 

activity than SAL.  Acquisition groups did not differ significantly from SAL on vehicle day 

locomotor activity.  This result suggests that the effects of AMPH may have generalized into the 

vehicle days.  Consequently, the expression groups that received only AMPH on drug days 

display increased locomotor activity on vehicle days.  Conversely, acquisition groups showed an 

attenuated response to AMPH when it was preceded by SB 216763 and hence also failed to show 

an elevated response on vehicle days.  The differences between vehicle day locomotor activity 

was so pronounced among some comparisons of expression and acquisition groups that it 

reached significance, indicating that on occasion expression groups also had greater vehicle day 

locomotor activity than acquisition groups.  In spite of these apparent generalizations of AMPH’s 

effect to vehicle sessions, a significant stimulant effects of AMPH was observed. 

" An anomaly to the current study was the abnormally high locomotor activity of the 

AMPH only group.  Both the drug and vehicle days were higher than any of the corresponding 
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phases for the expression groups.  All of these groups were treated similarly during conditioning 

sessions.  One possible explanation is sampling error.  Alternatively, there may be differences 

between batches of rats that arrive from the breeder.  The AMPH group was tested near the 

beginning of this study and may have been made up of rats that were more active overall than 

those in subsequent groups.  In spite of their unusually high level of activity, they showed a 

significant stimulant effect of AMPH and they showed a CPP.

" The unusual high locomotor activity prompted us to analyze if sensitization was 

occurring.  Behavioural sensitization has been reported across drug days in CPP for a number of 

substances including those in the opioid family (e.g., Niikura, Ho, Kreek, & Zhang, 2013; Niu et 

al., 2013), as well as psychostimulants (e.g., Carmack et al., 2013; Shuman, Cai, Sage, & 

Anagnostaras, 2012).  Despite these reports, our laboratory has failed to find consistent 

locomotor sensitization in psychostimulant CPP (e.g., Gerdjikov & Beninger, 2006; Gerdijikov 

et al., 2007).  The current analyses also did not see evidence for locomotor sensitization: There 

were no statistical differences among individual drug days for AMPH or for any expression 

groups.  Interestingly, the acquisition groups displayed evidence for reverse sensitization, as a 

main effect of drug day was found.  Drug days 1 and 2 both had significantly greater locomotor 

activity than drug days 3 and 4.  SB 216763 administered prior to AMPH seems to be accounting 

for the decrease in locomotor activity over days, however it does not seem to be systematically 

linked to dose, as no interaction was found.

" State dependent learning denotes that learning which occurs in one state (e.g., under the 

influence of some drug), can only be retrieved in that same state (Tzschentke, 1998).  The 

common observation of a significant CPP with AMPH, cocaine and many other drugs, where 
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animals are conditioned with the drug, but tested without the drug, contradicts the state 

dependent learning hypothesis (Hsu, Schroeder, & Packard, 2002).  Nevertheless, state 

dependency remains as a potential confound for the CPP paradigm when conditioning and testing 

occur in different drug states.  Thus the question arises as to whether the present results are 

genuinely attributed to learning (or a block of learning), or whether results are actually due to 

state dependent effects.  We cannot completely rule out the possibility that SB 216763 

administered prior to AMPH may be influencing our results via this mechanism.  Although we 

did not control for this by designing state dependent tests, we hesitate to attribute our results to 

state dependency.  Our acquisition 0.03 group that received SB 216763 during drug day 

conditioning trials failed to show a CPP.  If SB 216763 were producing internal cues which 

would facilitate a state dependent recall, then the absence of SB 216763 during testing would 

falsely yield a block of CPP, as is possible with our acquisition 0.03 group.  If this result in 

acquisition was due to state dependent effects, then we may predict that our expression 0.03 

group should also have disrupted CPP as the SB 216763 cue is present during testing, but not in 

conditioning.  This was not the case:  Our expression 0.03 group displayed a preference for the 

drug-paired side.  This result contradicts the state dependent learning hypothesis.  Future studies 

involving SB 216763 should include state dependent tests for stronger controls.

" Another weakness with the current study was dealing with the NAc as a homogeneous 

structure.  Current trends in neuroscience suggest two anatomically distinct regions of the NAc, 

the core and the shell, which are associated with discrete aspects of learning and reward.  These 

areas receive varying projections: The shell is innervated by projections from the basolateral 

amygdala and the ventral subiculum; the core similarly receives inputs from the basolateral 
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amygdala, but parahippocampal regions innervate it also (Ito & Hayan, 2011), supporting the 

proposition that the NAc is comprised of two distinct structures.  Behavioural research supports 

this suggestion.  The shell of the NAc may be more integral for reward as rats will self-

administer psychostimulants in this area, but not the core (Ikemoto, 2007).  Furthermore, intra-

NAc infusions of DA receptor antagonists into the core, but not shell, disrupt systemically 

induced nicotine and morphine CPP (Ikemoto, 2007).  Direct infusions of psychostimulants into 

the core induces a greater stimulatory response than in the shell, and only lesions to the core 

disrupt psychomotor activity, suggesting a greater motor role for this area (Ikemoto, 2007).  

Finally, control of reward-seeking behaviour by contextual information versus discreet cues has 

been attributed to the shell and core, respectively (Chaudhri, Sahuque, Schairer, & Janak, 2010; 

Ito & Hayan, 2011).  Such contrasts are relevant to the current study, as the CPP paradigm was 

based on discriminating contexts.  Our study lacks the core/shell distinction, as our surgical 

target was on the border between these two structures.  Thus our animals generally received 

infusions into both structures.  Interestingly, Xu et al. (2009) found inhibition of GSK3β to 

attenuate cocaine-induced behavioural sensitization when the inhibiting compound was infused 

selectively into the NAc core, but failed to attenuate it when administered in the shell.  This may 

be due to the core’s proposed management of motor effects, as the paradigm of behavioural 

sensitization emphasizes analysis of locomotor activity.  The study also uncovered increased 

GSK3β activity in the core but not shell of the NAc during cocaine-induced behavioural 

sensitization, further elucidating a possible functional division of these structures (Xu et al., 

2009).  Future studies are needed to further disentangle the relationship between these structures 

and DA associated behaviours, as well as to uncover GSK3β’s function in these structures.

" There is evidence of dysregulation of GSK3β in many clinical populations.  Evidence for
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this includes post-mortem brain analysis of SCZs, BPD persons, and depressed suicide victims, 

each of which found a reduction in pGSK3β (Freyburg et al., 2010; Beaulieu et al., 2009).  

Analysis of peripheral blood mononuclear cells during manic and depressive states of BPD 

patients were also noted to have reduced pGSKβ (Polter et al., 2010).  This parallels the 

previously cited study by Blasi et al. (2011) which found decreased pGSK3β and reduced AKT1 

protein levels in peripheral blood mononuclear cells of SCZ persons who were carriers of the the 

D2 rs1076560 and Akt1 rs1130233 polymorphisms.  These cases all support dysfunction of 

GSK3β as a possible common underlying mechanism through which these disorders may arise, 

or interact.

" Further support comes from the pharmacological action of the medications used to treat 

these conditions.  In fact, all primary medications prescribed for these conditions reduce GSK3β 

activity, possibly bringing brain neurochemistry closer to a state of equilibrium.  This includes 

anti-depressants for major depressive disorder, mood stabilizers for BPD, and antipsychotics for 

SZ.  Recently, ketamine has been novelly proposed as a fast-acting anti-depressant for its rapid 

action in alleviating depressive symptoms (compared to traditional anti-depressants which can 

take weeks to take effect; Latapy, Rioux, Guitton, & Beaulieu, 2012).  Although ketamine is used 

to model SZ behaviourally, it is unlike other NMDA-receptor antagonists such as MK-801 or 

phencyclidine, which cause increased GSK3β activity.  Rather, sub-anesthetic doses of ketamine 

were found to reduce GSK3β activity in the hippocampus and PFC of mice (Beurel, Song, & 

Jope, 2011).  This may account for the mechanism through which ketamine elicits its anti-

depressant effects.  Thus, GSK3β seems to play a critical role in balanced mental health.  

Additionally, there is evidence for GSK3β’s involvement in substance dependence.  Inhibition of 

GSK3β resuscitated the anomalies produced by long term drug use (e.g., restored pGSK3β and 
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pAkt to near pre-drug levels; Park et al., 2010; Enman & Unterwald, 2012), similar to the way 

pharmaceuticals aid restoring the unsound mind.  We have also seen its inhibition to block 

cocaine-reward memory, attenuating drug-seeking behaviour in the CPP paradigm (Wu et al., 

2011).  Perhaps GSK3β may also be a therapeutically relevant target in the treatment of 

addiction, comparable to its importance in the treatment of SZ, BPD, and depression.  Further 

studies must be conducted in order to elucidate this claim, and get closer at reaching a treatment 

for substance dependence which does not parallel the condition it is trying to treat."

" In conclusion, the current study demonstrates that GSK3β is necessary for the acquisition 

and the expression of intra-NAc AMPH-induced CPP, and contributes to AMPH-induced 

locomotor activity.  These results are in agreement with previous studies which implicate GSK3β  

in DA-mediated behaviour.  This is the first study examining the role of GSK3β in the 

acquisition and expression of CPP.
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