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Abstract

Glycogen synthase kinase-3 (GSK-3) is a serine/threonine kinase implicated in numerous
physiological processes and cellular functions through its ability to regulate the function of many
proteins, including transcription factors and structural proteins. GSK-3p has been demonstrated to
function as a regulator of multiple behavioral processes induced by drugs of abuse, particularly
psychostimulant drugs. In this review, we provide an overview of the regulation of GSK-3
activity produced by psychostimulants, and the role of GSK-3p signaling in psychostimulant-
induced behaviors including drug reward, associative learning and memory which play a role in
the maintenance of drug-seeking. Evidence supports the conclusion that GSK-3p is an important
component of the actions of psychostimulant drugs and that GSK-3p is a valid target for
developing novel therapeutics. Additional studies are required to examine the role of GSK-3p in
distinct cell types within the mesolimbic and memory circuits to further elucidate the mechanisms
related to the acquisition, consolidation, and recall of drug-related memories, and potentially
countering neuroadaptations that reinforce drug-seeking behaviors that maintain drug dependence.
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1. Introduction

Substance abuse is a global health problem which has devastating impact on individuals,
families and communities. Substance use disorders are characterized by compulsive drug
seeking and drug use regardless of detrimental consequences. Repeated exposure to drugs of
abuse causes neuroadaptations which result in dysfunction of multiple brain systems. These
systems include circuits important for motivation, cognitive control, and memory.
Dysfunction of these circuits are thought to contribute to high rates of relapse even after long
periods of abstinence, making substance use disorder a chronic relapsing disease that is
particularly difficult to treat. The biological basis for addiction is not completely understood,
but immense progress has been made in elucidating molecules and circuits impacted by
drugs of abuse that contribute both to their acute pleasurable and reinforcing effects and to
the development of addictive disease. One molecule that has been shown to have importance
in these processes is GSK-3B. This review will discuss the evidence that GSK-3p signaling
plays an important role in the acute effects of stimulants as well as in the maintenance of
drug-seeking behaviors. First, brief summaries of the pharmacology of stimulants, neural
circuitry of drug reward and memory, and neurotransmitter systems impacted by drugs of
abuse as related to GSK-3p will be presented.

1.1 Psychostimulants and reward circuitry

Cocaine and the amphetamines, including d-amphetamine, methamphetamine, and
methylene-dioxy-methamphetamine (MDMA; ‘ecstasy’), belong to the class of drugs of
abuse termed psychostimulants. They are sometimes referred to as psychomotorstimulants
because they produce CNS excitation and stimulate locomotor activity. Psychostimulants
share the mechanism of enhanced monoamine transmission, although this is achieved
through distinct molecular mechanisms. Cocaine binds to and inhibits the function of
monoamine transporters (i.e., dopamine transporter (DAT), serotonin transporter (SERT),
and norepinephrine transporter (NET)). As a consequence of inhibition of reuptake by the
transporters, synaptic levels of dopamine, serotonin, and norepinephrine are increased. On
the other hand, amphetamines promote monoamine efflux producing the similar end result
of enhanced synaptic levels of these neurotransmitters. In fact, a common defining feature of
all drugs of abuse is their ability to increase dopamine transmission in the mesocorticolimbic
circuit and this neurochemical event underlies the acute reinforcing effects of drugs of abuse
(DiChara and Imperato, 1988; Carboni et al., 1989).

The mesocorticolimbic pathway is comprised of dopaminergic cell bodies in the ventral
tegmental area (VTA) that project to limbic and cortical regions including the nucleus
accumbens (ventral striatum), dorsal striatum (caudate putamen), amygdala, hippocampus,
and prefrontal cortex (Fields et al., 2007). The nucleus accumbens is divided into two major
subfields primarily by afferent and efferent projection patterns and function, and these are
called the core and the shell. The shell division is primarily associated with drug reward and
the accumbens core and dorsal striatum, contribute to cue-conditioning (Ito and Hayen,
2011). Figure 1 illustrates connections between the nucleus accumbens and other brain areas
important in the development and maintenance of drug-seeking behaviors
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The GABAergic medium spiny neurons in the nucleus accumbens receive dopaminergic
innervations from the VTA and glutamatergic inputs from cortical, limbic and thalamic brain
regions (Britt et al., 2012; Figure 1). The medium spiny neurons in turn project back to the
VTA and substantia nigra in the midbrain, and to the ventral pallidum. This circuit has been
shown to play a role in goal-directed behaviors, associative learning, and memory formation
(consolidation/reconsolidation) (Sesack and Grace, 2010; Phillips et al., 2008). The
dopamine surge in the nucleus accumbens is the initial event in psychostimulant-induced
reinforcement, and it results in alterations in excitatory glutamate transmission. With
repeated exposure to drugs of abuse including psychostimulants, neuroadaptations including
synaptic plasticity drive long-term cellular and behavioral effects, and glutamate plays a key
role in these events (Wolf et al., 2004). While acute administration of cocaine or
amphetamine causes modest elevations of extracellular glutamate in the nucleus accumbens
(Reid et al, 1997; McKee and Meshul, 2005), withdrawal from chronic cocaine results in
reduced basal levels of extracellular glutamate (Schmidt and Pierce, 2010) and lasting
adaptations in corticostriatal excitatory synapses (Conrad et al., 2008; Martin et al., 2006;
Pascoli et al., 2014). Drug- or cue-induced craving and relapse are associated with surges in
synaptic glutamate coming from cortical, limbic and thalamic regions. Specifically,
glutamatergic projections from the medial prefrontal cortex to the nucleus accumbens core
mediate reinstated drug-seeking behavior (i.e., relapse behaviors) (Kalivas, 2009; Luscher
and Malenka, 2011; Britt et al., 2012). Adaptations in glutamatergic synapses are produced
with repeated exposure to psychostimulants and these adaptations include reduced levels of
excitatory amino acid transporter 2 (EAAT?2) and mGLUR2/3, increased activator of G-
protein signaling 3 (AGS-3), and reduced long-term depression (LTD)/long-term
potentiation (LTP). Upon exposure to drug-associated cues, there is a rapid surge in
glutamate, along with increases in matrix metallopeptidase 9 (MMP-9), AMPA/NMDA
ratio, and dendritic spine size (Spencer et al., 2016). Thus, there is significant evidence that
enduring changes in excitability and synaptic plasticity of accumbal medium spiny neurons
are induced by repeated exposure to cocaine and amphetamine and that these adaptations
underlie psychostimulant-specific behaviors (Pierce and Wolf, 2013).

1.2. GSK-3Bregulation in brain

GSK-3 is highly expressed in the mammalian brain including in the frontal cortex, nucleus
accumbens, dorsal striatum (caudate putamen), hippocampus and amygdala (Leroy and
Brion, 1999). There are two isoforms of GSK-3, GSK-3a and GSK-3, with the beta
isoform being the most widely studied in regard to the actions of psychostimulants. GSK-3p
is constitutively active via tyrosine phosphorylation (Tyr216-GSK-3p) in resting neurons,
promoting substrate accessibility (Hur and Zhou, 2010). GSK-3p activity is influential in
that it phosphorylates an extensive variety of substrates including transcription factors,
structural proteins, and signaling molecules shown to be critical for many cellular processes
including regulation of gene expression and synaptic plasticity (Grimes and Jope, 2001;
Peineau et al., 2008). As such, GSK-3p influences cellular architecture and motility, cell
survival and apoptosis, neuronal differentiation and DNA transcription (Jope and Johnson
2004; Woodgett, 2001). GSK-3p signaling is implicated in the pathology of several
neuropsychiatric and neurodegenerative diseases (reviewed in Jope and Roh, 2006; Duda et
al., 2018; Kitagishi et al., 2012).
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The activity of GSK-3 is regulated by a number of signaling pathways. GSK-3 activity is
reduced by phosphorylation of the N-terminal serine, Ser9-GSK3p and Ser21-GSK3a..
Several kinases can phosphorylate GSK-3 and hence inhibit its constitutive activity. These
include Akt, a serine threonine kinase downstream of phospho-inositide 3-kinase (PI3K)
signaling which is activated by tyrosine kinases, G-protein coupled receptors, and integrin
signaling (Hong and Lee, 1997). Akt is activated by phosphorylation of two regulator sites,
Thr308 and Ser473 (Alessi et al., 1996) by the kinases PDK1 and PDK2 (Scheid and
Woodgett, 2001). Activated Akt directly phosphorylates and negatively regulates the activity
of GSK-3p (Cross et al., 1995). A second modulator of GSK-3p activity is CaMKII which
also phosphorylates and thus inhibits GSK-3p activity in neurons (Song et al., 2010). Protein
kinase C (PKC; Espada et al., 2009; Goode et al., 1992) and protein kinase A (PKA,; Li et
al., 2000; Shelly et al., 2011; Fang et al., 2000) provide inhibitory regulatory control of
GSK-3p signaling as well. In contrast to these kinases, stimulation of GSK-3p activity in
neurons can be caused by protein phosphatase 1 and 2 (PP1 and PP2) via dephosphorylation
of Ser9-GSK-3p (Bennecib et al., 2000; Morfini et al., 2004). CaMKII, PKC, PKA and other
kinases have been implicated in numerous effects of stimulants, with their influence
dependent upon the specific drug and brain region examined (reviewed in Lee and Messing,
2008).

1.3. Receptor signaling and GSK-3p regulation as related to psychostimulants

Given the vast array of kinases and phosphatases that can regulate GSK-3p activity, it is
clear that many cell surface receptors can signal through GSK-3p including those involved
in the actions of psychostimulants. Figure 2 highlights some of these signaling pathways. It
is now well-established that dopamine receptors, particularly D2 receptors, can signal via a
G-protein independent pathway involving Akt (Beaulieu et al., 2004). Following agonist
activation of D2 receptors, p-arrestin2 forms a complex with Akt and PP2A which results in
a reduction of Akt phosphorylation and activity. A consequence of reduced Akt activity is
the activation of GSK-3p which is normally under inhibitory control of Akt (Beaulieu et al.,
2007 & 2009; Mannoury la Cour, 2011; O’Brien et al., 2011). The changes in GSK-3
activity are important for the physiological effects of dopamine and dopaminergic drugs (Li
and Gao, 2011). For example, increased dopaminergic neurotransmission resultant from
genetic knockout of the dopamine transporter (DAT; DAT —/- mice) produces a hyperactive
phenotype which is accompanied by reduced Akt phosphorylation (i.e., Akt inactivation)
and reduced phosphorylation of the downstream substrates, GSK-3a and GSK-3,
consequently increasing GSK-3 activity in the striatum (Beaulieu et al., 2004). In addition to
D2 receptors, dopamine D1 receptors may also signal via Akt and GSK-3p. D1 receptor
knockout mice have lower levels of p-Ser473-Akt in the striatum than wild-type controls
(Beaulieu et al., 2007). D1 receptor agonists increase p-Thr308-Akt in striatal neuronal
cultures (Brami-Cherrier et al., 2002). A more recent study demonstrates that the dopamine
D1 receptor is constitutively associated with GSK-3. Inhibition of GSK-3p impairs this
interaction and D1 receptor membrane expression and activation in cortical neurons (Wang
etal., 2017). When the D1 receptor is activated, interaction with GSK-3p participates in -
arrestin-mediated recycling of D1 receptor, increasing D1 receptor signaling (Wang et al.,
2017). GSK-3 activity is needed for the full expression of the behavioral effects of D1
receptor agonists, as evidenced by the ability of the GSK3 inhibitor, SB216763, to attenuate
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hyperlocomotion produced by systemic administration of SKF82958 (Miller et al., 2010).
Thus, GSK-3 plays an important role in the cellular responses initiated by dopamine
receptor activation.

GSK-3p activity also is under regulatory control of serotonin (5-HT) receptors. In general,
5-HT1 and 5-HT2 receptors have opposite effects on GSK-3p activity. The 5-HT1 receptor
agonist 8-OH-DPAT or the 5-HT2 receptor antagonist LY553837 both increase GSK-3p
phosphorylation in the brain (Li et al., 2004). The selective serotonin reuptake inhibitor
(SSRI) antidepressant, fluoxetine, upregulates phosphorylation of GSK-3p by a 5-HT1A-
dependent mechanism (Hui et al., 2014; Polter et al., 2012) and the regulation of GSK-3
contributes to the antidepressant effects of fluoxetine (Polter et al., 2012). Antipsychotics,
particularly the atypical antipsychotics such as clozapine and risperidone, have an inhibitory
effect on GSK-3p activity which is due to their dual action as 5-HT2A and D2 receptor
antagonists (Li et al., 2007; Alimohamad et al., 2005). Thus, 5-HT receptor modulation of
GSK-3p activity has been implicated in the mechanism of action of antidepressant (SSRIs)
and antipsychotic medications (Beaulieu et al., 2009). Since psychostimulants increase
synaptic levels of serotonin (Teneud et al., 1996), regulation of GSK-3 activity through 5-HT
receptors may have a role in cellular and behavioral effects of cocaine and amphetamine. In
turn, other studies indicate that GSK-3p is able to regulate the function of 5-HT1B and other
GPCRs through receptor phosphorylation which impacts cellular localization and
association with other intracellular proteins (Chen et al., 2009; Zhou et al., 2012).

Although glutamate receptors are not direct molecular targets of cocaine or amphetamine,
psychostimulants can indirectly increase extracellular glutamate in the nucleus accumbens
and caudate putamen (Reid et al. 1997; Smith et al. 1995), and glutamate plays an important
role in substance use disorders (reviewed in Marquez et al., 2017; Scofield et al., 2016). The
activity of GSK-3p can be regulated by glutamatergic NMDA receptors. NMDA application
to cultured hippocampal neurons produces a rapid dephosphoylation of Ser9-GSK3p,
demonstrating that NMDA receptor signaling activates GSK-3p (Luo et al., 2003). This
effect is mediated by the NR2B subunit which increases GSK-3p activity via protein
phosphatase-1 (Szatmari et al., 2005). In agreement, NMDA receptor antagonists such as
phencyclidine and memantine increase the inhibitory serine-phosphorylation of both GSK-3
isoforms in mouse brain (De Sarno et al., 2006; Svenningsson et al., 2003). The interaction
of NMDA receptors and GSK-3 is bidirectional; not only can NMDA receptors affect
GSK-3p activity, GSK-3p can regulate NMDA receptor location and function. GSK-3
regulates surface localization of NMDA receptors, including the NR1 and NR2B subunits
(Chen et al., 2007; Deng et al., 2014), and the GSK-3 inhibitor, lithium, diminishes NMDA
receptor signaling (Nonaka et al., 1998; Hashimoto et al., 2002). Given this relationship, it is
not surprising that GSK-3p signaling and LTD/LTP are interconnected. During induction of
LTD, calcium enters the cell via the NMDA receptor which triggers the calcium/calmodulin-
sensitive enzyme calcineurin (PP2B) and subsequently dephosphorylates inhibitor-1, leading
to activation of PP1. PP1 dephosphorylates Ser9-GSK3p and Akt, resulting in enhanced
GSK-3p activity (Mulkey et al., 1994; Szatmari et al., 2005; Peineau et al., 2007). Inhibition
of GSK-3p prevents the induction of NMDA receptor-LTD but not LTP (Peineau et al.,
2007). In contrast to LTD, GSK-3 activity is inhibited during induction of LTP (Hooper et
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al., 2007; Peineau et al., 2007), and overexpression of GSK-3p inhibits the LTP induction
(Zhu et al., 2007).

2. Cocaine and Amphetamine Regulate GSK3p Activity In Vivo

Numerous studies have investigated the effects of acute and repeated psychostimulant
administration on GSK-3p activity in mesolimbic circuitry and key afferent pathways.
Regulation of GSK-3p is time-dependent following stimulant administration and also
depends on the brain region investigated and drug administration protocol. Changes in the
phosphorylation state of Akt and GSK-3 in brain tissue have been identified 15 to 120
minutes after a systemic injection of amphetamine or cocaine. Some studies report a rapid
increase in phosphorylation of striatal Akt (Shi and McGinty, 2007) or GSK-3p
(Svenningsson et al., 2003; Nwaneshiudu and Unterwald, 2010) shortly after stimulant
administration (e.g., 15 min). At later times (30—-120 min post-injection), GSK-3p is
activated by dephosphorylation. For example, cocaine significantly decreases the
phosphorylation of Thr308-Akt and Ser9-GSK-3p in the dorsal striatum (caudate putamen)
and nucleus accumbens core 30 minutes after administration (Miller et al., 2009 & 2014).
Acute amphetamine administration also reduces phosphorylation of Thr308-Akt and
GSK-3p in the striatum 90-120 minutes after administration (Beaulieu et al., 2004; Shi and
McGinty 2007). Further time-course analysis indicates that D1 receptors regulate Akt at
early times (i.e., 15 min) after amphetamine administration, while D2 receptors are
responsible for changes in phosphorylation of Akt at later times (i.e., 60 min) (Shi and
McGinty, 2011). Blockade of dopamine D2, but not D1 or NMDA receptors, prevents the
reduction of pThr308-Akt found 30 minutes after acute cocaine administration, whereas
antagonists at dopamine D1, dopamine D2 or glutamatergic NMDA receptors each block
cocaine-induced activation of GSK-3p in the caudate putamen (Miller et al., 2014). Thus,
cocaine can inhibit the phosphorylation of Akt and GSK-3 via activation of disparate
pathways.

Chronic psychostimulant exposure also impacts GSK-3 activity. Decreased
phosphorylation of GSK-3p has been revealed in the nucleus accumbens core (Xu et al.,
2009 and 2011; Xing et al., 2015) and in the VTA (Wang et al., 2012) after chronic cocaine
or methamphetamine administration. While acute cocaine does not alter GSK-3
phosphorylation in the frontal cortex (Miller et al., 2014), repeated cocaine results in
increased GSK-3 phosphorylation in this region (Park et al., 2010). Rats injected with
cocaine in a binge-pattern (three daily injections 1 hour apart for 1, 3, or 14 days) show
lower Akt phosphorylation in the nucleus accumbens and higher in the amygdala after 1 day
of binge cocaine administration without significantly altering GSK-3p phosphorylation.
Further, phosphorylation of Akt and GSK-3p are significantly lower after 14 days of binge
cocaine in the amygdala but not the striatum or hippocampus (Perrine et al., 2008). In
summary, although some differences have been reported at early time points, most studies
indicate that psychostimulant administration increases GSK-3p activity in the striatum
(dorsal and ventral) secondary to increases in neurotransmitter receptor signaling,
particularly through dopamine and glutamate receptors.
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3. Significance of GSK-3 signaling in psychostimulant-induced behavioral
activity and locomotor sensitization

Psychostimulant drugs increase locomotor activity after acute administration, and repeated,
intermittent exposure to psychostimulants is known to induce behavioral sensitization
(Robinson and Berridge, 1993). Sensitization is defined as an increased effect of a drug due
to prior exposure to the drug. In the case of psychostimulants, it is exemplified by an
intensification of drug-induced behaviors including locomotor hyperactivity following
repeated stimulant administration (Robinson and Berridge, 1993). Evidence suggests that
GSK-3 signaling is necessary for stimulant-induced activity and locomotor sensitization. For
example, pharmacological inhibition of GSK-3 reduces the hyperlocomotor phenotype
exhibited by DAT knockout mice which have elevated striatal dopamine levels (Beaulieu et
al., 2004). Dopamine-dependent hyperactivity produced by amphetamine is attenuated in
GSK-3p heterozygote mice which have 50% lower levels of GSK-3p compared to wild-type
mice (Beaulieu et al., 2004). Several studies demonstrate that systemic administration of
GSK-3 inhibitors attenuates hyperactivity induced by amphetamine and cocaine (Miller et
al., 2009; Enman and Unterwald, 2012; Zhao et al., 2016). Data from mice with cell-specific
deletion of GSK-3f suggest that GSK-3 in D2 receptor-expressing cells may have a
predominant role in modulating stimulant-induced locomotor activity, as mice with GSK-3p
deletion in D2 receptor-expressing cells have reduced amphetamine- and cocaine-induced
locomotion whereas mice with GSK-3 deletion in D1 receptor-expressing cells do not (Urs
et al., 2012). However, GSK-3 inhibition dose-dependently reduces ambulatory and
stereotypic activity produced by the D1 receptor agonist SKF-82958 (Miller et al., 2010)
suggesting a role for GSK-3 in D1 receptor-induced hyperactivity as well. Therefore,
hyperlocomotion produced by dopaminergic drugs is mediated at least in part by activation
of GSK-3 signaling. These studies indicate that increased dopaminergic neurotransmission
activates Akt-GSK3p signaling, and this pathway participates in the resultant hyper-
locomotor state.

Repeated administration of psychostimulants can result in locomotor sensitization.
Adaptions in dopaminergic and glutamatergic neurotransmission appear to play a role in
sensitization. Administration of dopamine D1 or D2 receptor antagonists prior to daily
cocaine prevents the development of behavioral sensitization (McCreary and Marsden, 1993;
Karler et al., 1994), and transgenic mice lacking the dopamine D1 receptor do not develop
locomotor sensitization to cocaine compared to wild-type controls (Karlsson et al., 2008).
Further, pretreatment with an NMDA receptor antagonist MK-801 prevents the development
of cocaine sensitization (Karler et al., 1989) and cocaine-sensitization produces augmented
extracellular glutamate in the core of the nucleus accumbens (Pierce et al., 1996). Therefore,
dopamine D1 and D2 receptors and glutamatergic NMDA receptors each appear to play a
regulatory role in sensitization produced by repeated administration of psychostimulants.
GSK-3 activity in the striatum, and the accumbens core in particular, is critical in the
acquisition of behavioral sensitization. Daily pretreatment with systemic GSK-3 inhibitors
or their direct infusion into the nucleus accumbens core prior to cocaine, amphetamine or
methamphetamine administration prevents the development of locomotor sensitization
(Miller et al., 2009; Enman and Unterwald 2012; Xu et al., 2009 and 2011). Additionally,
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cocaine- and amphetamine-induced locomotor sensitization is reduced in D2 receptor
knockout mice and these mice have reduced locomotor response to a D1 agonist (Solis et al.,
2019). Together, these findings suggest that D2 receptor activation of Akt-GSK-3 pathway is
essential for the development of sensitization. It is still unknown however, how the GSK3
signaling cascade influences stimulant-induced plasticity and sensitization.

Findings by Zhao et al. (2016) demonstrate that acute cocaine or a D1 receptor agonist
reduces the firing of medium spiny neurons in the nucleus accumbens of anesthetized rats.
This effect of cocaine is blocked by a D1 receptor antagonist, whereas a D2-like receptor
agonist or antagonist has no effect on these measures. Pretreatment with a GSK-3 inhibitor
attenuates the inhibitory effect of both the D1 receptor agonist and cocaine. GSK-3
inhibition also blocks paired-pulse facilitation by cocaine, suggesting that D1 receptor-
mediated GSK-3p activation following cocaine inhibits the presynaptic release of glutamate
in the accumbens (Zhao et al., 2016). Therefore, acute cocaine exposure, via blocking
dopamine reuptake, may promote feedback inhibition of glutamate release through
presynaptic dopamine receptors and this feedback may be regulated by GSK-3 activity.

Cocaine has been shown to increase dopamine and inhibit glutamate transmission from VTA
terminals (Adrover et al., 2014). However, reports indicate that extracellular glutamate levels
in the nucleus accumbens increase immediately following acute cocaine or amphetamine
administration, and this effect is blocked by pretreatment with dopamine D1 or D2 receptor
antagonists (Reid et al., 1997, Smith et al., 1995). Repeated cocaine exposure reduces
membrane excitability but increases the frequency of miniature excitatory postsynaptic
currents (mEPSC) of accumbal D1 receptor-expressing medium spiny neurons and reduces
mEPSC in the population of D2 receptor-expressing medium spiny neurons (Kim et al.,
2011). Additionally, repeated cocaine or amphetamine reduces firing of nucleus accumbens
shell neurons and increases firing of neurons within the accumbens core (Kourich and
Thomas, 2009). Therefore, GSK-3 may have differential roles in pre- and post-synaptic
signaling in the nucleus accumbens as well as differentially influence neuronal activity
depending upon brain region.

Acute and repeated exposure to cocaine activates cholinergic interneurons in the nucleus
accumbens shell, and these interneurons are important modulators of medium spiny neuron
activity in the striatum (Berlanga et al., 2003; Chuhma et al., 2014). Cholinergic interneuron
activity plays a role in associative-learning, including formation of cocaine-context
associations (Witten et al., 2010; Lee et al., 2016). Genetic knockdown of GSK-3f
expression in the nucleus accumbens shell results in a reduction of action potential firing of
cholinergic interneurons, thus demonstrating that GSK-3p activity also plays a role in
regulating interneuron activity in the nucleus accumbens (Crofton et al., 2017) although it is
unknown if this is due to altered GSK-3p signaling within the interneurons themselves or
through altered input from medium spiny neurons or other afferents. In addition, cocaine
self-administration is augmented when rats are responding for higher unit doses, but not
lower doses of cocaine following GSK-3p knockdown in the accumbens shell (Crofton et
al., 2017). It should be noted, however, that GSK-3p activation following stimulant
administration has largely been detected in nucleus accumbens core versus the shell region
(Xu et al., 2011; Miller et al., 2014). Core and shell neurons differ in responding to afferent
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input and functionally with the core being more involved in responses to conditioned stimuli
and the shell involved in processing of unconditioned stimuli (Meredith et al., 2008; Ito and
Hayen, 2011). It remains to be seen if GSK-3 signaling is directly linked to the differential
effects of cocaine on the nucleus accumbens core versus shell and action potential firing of
specific cell populations within these regions.

Together, studies indicate that exposure to psychostimulants activates GSK-3p in a regional,
time, and drug experience dependent manner, and disruption of this GSK-3p signaling
interferes with drug-induced behavioral activity. Further study is needed, using techniques
with cellular specificity, to determine how GSK-3p activation induced by acute and repeated
psychostimulant exposure influences cell-specific synaptic plasticity within the nucleus
accumbens core and shell regions as well as afferent and efferent pathways and its influence
upon motivated behaviors.

4. Significance of GSK-3 signaling in psychostimulant-induced reward

processes

Learned associations between a rewarding or aversive experience and a specific context can
be measured using the conditioned place preference or aversion assay, a form of Pavlovian
conditioning where preference for a context that was previously paired with a drug is
measured. The ability of a drug to produce a conditioned place preference indicates that the
drug has rewarding properties (Bardo and Bevins, 2000). Psychostimulants, including
cocaine and amphetamine, reliably induce a conditioned place preference in rats and mice.
Evidence demonstrates a critical role for both glutamatergic receptor and dopaminergic
receptor signaling in the nucleus accumbens in psychostimulant-induced conditioned place
preference (Kim et al., 1996; Cervo and Samanin, 1995; Anderson, 2005). Since both of
these receptors can regulate GSK-3p activity, a role for GSK-3p signaling is implicated in
this process. In support of this, systemic administration of a GSK3 inhibitor prior to cocaine
or amphetamine conditioning sessions prevents the development of place preference (Miller
et al., 2014; Enman and Unterwald, 2012; Wickens et al., 2017). Intra-accumbal
administration of a GSK-3 inhibitor also blocks development of amphetamine-induced place
preference (Wickens et al., 2017), whereas GSK-3 inhibition in the VTA does not alter
acquisition of cocaine-induced place preference (Li et al., 2014). The acquisition of a
contextual fear conditioning response is unaltered by GSK-3 inhibition, demonstrating that
impaired GSK-3 signaling does not globally inhibit contextual learning processes (Kimura et
al., 2008; Miller et al., 2014). The development of cocaine-induced conditioned place
preference is also significantly attenuated in male and female transgenic mice with reduced
levels of GSK-3p specifically within the nucleus accumbens, whereas the development of
morphine-induced place preference remains intact in these mice (Shi et al., 2019a). This
finding agrees with studies indicating that opiates and psychostimulants differentially alter
excitatory synapses and neuronal activity in the nucleus accumbens (Graziane et al., 2016;
German and Fields, 2007; Sjulson et al., 2018; Hearing, 2019) and can signal through
different pathways during the acquisition of conditioned place preference and retrieval of
drug-associated contextual memories (Miller et al., 2014, Shi et al., 2014; Wang et al.,
2019).
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In addition to drug-induced conditioned place preference, conditioned place aversion is
regulated by motivational systems in the nucleus accumbens (Wise and Koob, 2014; Wenzel
et al., 2015). Dopaminergic transmission in the accumbens is required for conditioned place
aversion (Shippenberg et al., 1993; Bals-Kubik et al., 1993). Knockdown of GSK-3p in the
nucleus accumbens interferes with the development of place aversion associated with a
kappa opioid receptor agonist (Shi et al., 2019a), indicating that accumbal GSK-3 signaling
also plays an important role in associations between negative motivational state and
environment. Regional differences in cellular subpopulations may be involved in processing
reward-predicting cues versus aversive cues (de Jong et al., 2019) differentially impacting
target regions (Hikida et al., 2010). However, optogenetic stimulation of D1 receptor- and
D2 receptor-expressing medium spiny neurons indicates that activation of both receptors
induce reward or aversion depending upon the level of stimulation (Soares-Cunha et al.,
2019). Taken together, these observations suggest that acquisition of cocaine- and
amphetamine—induced conditioned place preference, as well as aversive cue processing,
depends upon activation of GSK-3p within the nucleus accumbens and projections from
regions that regulate the development of conditioned responses to cues.

Although most studies have focused upon the nucleus accumbens, a few studies have
investigated contributions of GSK-3 activity in other brain regions that regulate the
mesolimbic pathway or in a neuron specific manner. GSK-3p signaling in the ventral
hippocampus has been shown to play a distinct role in the modulation of responses to
contextual cues related to cocaine reward as knockdown of GSK-3p expression in the ventral
hippocampus prior to drug conditioning reduces place preference for cocaine (Barr et al.,
2020). Multiple studies have demonstrated that input from the ventral hippocampus to
nucleus accumbens modulates accumbal neurotransmission and that this input regulates the
reinforcing properties of psychostimulants (Ciocchi et al., 2015; LeGates et al., 2018;
Sjulson et al., 2018; Zhou et al., 2019; Sikora et al., 2016; Pascoli et al., 2014; Trouche et
al., 2019). It is likely that interruption of GSK-3p signaling in the hippocampus interferes
with contextual processing important for formation of memories for drug-associated
environmental cues through alteration of afferent input to the nucleus accumbens.
Dopaminergic transmission in the nucleus accumbens also plays a role in novel object
recognition and novel object location memory (Nelson et al., 2010). Knockdown of GSK-3p
in either the nucleus accumbens or the ventral hippocampus impairs performance on the
object location task, but not object recognition (Shi et al., 2019a; Barr et al., 2020). These
results demonstrate a role for GSK-3p in short-term spatial location memory, but not non-
spatial memory for objects. The nucleus accumbens contributes to the processing of
hippocampal-dependent spatial information, and performance on spatial tasks depends on
functional interaction between the hippocampus and accumbens. Therefore, GSK-3p is
likely important in regulation of the functional input from the hippocampus to the nucleus
accumbens involved in processing contextual information defined by spatial cues as well as
interoceptive and emotional cues.
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5. Role for GSK-3p signaling in psychostimulant-cue associative

memories

In addition to the initial reinforcing effects of psychostimulants, drug-associated stimuli
through associative learning can acquire motivational significance and produce drug-seeking
behaviors (MacNiven et al., 2018; Kilts et al., 2001; Volkow et al., 2006). Memories of drug-
associated stimuli or cues are consolidated for later retrieval. Exposure to these cues causes
drug memories to be recalled and this can produce intense drug craving. Cue-induced drug
craving activates brain regions involved in stimulus-reward association and motivation,
including the basolateral nucleus of the amygdala and the hippocampus, regions that send
glutamatergic afferents to the nucleus accumbens and process information about novelty,
context and emotions (Gardner, 2011; Childress et al., 1999; Wexler et al., 2001; Fotros et
al., 2013). The process of reconsolidation after memory retrieval is thought to strengthen the
memory. However, memories can be destabilized after retrieval, enabling the updating of
memory by various conditions prior to undergoing reconsolidation (reviewed in Tronson and
Taylor, 2007). The nucleus accumbens core, basolateral amygdala, and hippocampus are
involved in the reconsolidation of the memories underlying cocaine-related associative
memory (Theberge et al., 2010; Li et al., 2016; Wells et al., 2011).

A potential role for GSK-3p in memory reactivation and reconsolidation was demonstrated
by Kimura et al., (2008). Mice heterozygous for the GSK-3p gene were able to learn a
spatial task at a similar rate compared to wild-type mice. However, GSK-3p heterozygous
mice displayed reduced memory of the task at longer time intervals. When a GSK-3
inhibitor was administered before conditioning in a contextual fear conditioning task,
memory for the task was not affected when assessed a week later. In contrast, when the
GSK-3 inhibitor was administered before re-exposure to the context, memory of the task
was impaired when tested one week after re-exposure (Kimura et al., 2008). These
observations suggest that activation of GSK-3 is not necessary for acquisition of fear
conditioning but disruption of signaling initiated by memory retrieval alters the expression
of learned behavior. In support of this, hippocampal GSK-3p has been shown to be activated
during memory retrieval in a passive avoidance task (Hong et al., 2012) in which mice learn
to avoid an environment in which an aversive stimulus (foot-shock) was previously
delivered. Delivery of a GSK-3 inhibitor into the dorsal hippocampus prior to testing
interferes with memory retrieval, suggesting the activation of GSK-3 in this region is
necessary to produce expression of behavior based upon memory of the task. However, there
was no effect when these animals were re-tested 24 hours after re-exposure suggesting a
specific effect on retrieval (Hong et al., 2012). GSK-3 is activated following a conditioning
session (1 hr after conditioning), during consolidation (24 hr after conditioning) and during
reconsolidation (after retrieval) with the reconsolidation period showing the greatest degree
of activation (Hong et al., 2012). Genetic knockdown of GSK-3p in the dentate gyrus of the
dorsal hippocampus in transgenic mice produces deficits in a spatial memory task (i.e.,
Morris water maze) as well as contextual fear conditioning (Chew et al., 2015; Liu et al.,
2017). Therefore, some degree of GSK-3 activity is likely involved in early stages of
memory formation and complete deletion of GSK-3 in certain cell populations likely
disrupts neurotransmission or cellular signaling in brain regions involved in these processes.
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The period following memory retrieval seems to a time in which GSK-3p activity is most
critical, and this includes retrieval of memories related to psychostimulants.

Reactivation of cocaine- or methamphetamine-associated memories induced by re-exposure
to a context previously paired with the drug, engages the Akt-GSK-3p signaling pathway
within the nucleus accumbens, hippocampus and basolateral amygdala resulting in GSK-3
activation (Wu et al., 2011; Shi et al., 2014 & 2019b). These are regions involved in cue-
induced drug craving (Gardner, 2011). Systemic injection of a GSK-3 inhibitor following
reactivation of drug-cue memories inhibits cue-induced GSK-3p activity and impairs
subsequent place preference behavior (Wu et al. 2011; Shi et al., 2014). Loss of place
preference appears to be permanent as there is no spontaneous recovery of preference even
weeks later (Shi et al., 2014, 2019b, unpublished data). Infusion of a GSK-3 inhibitor into
the basolateral amygdala immediately after the reactivation of cue memories also disrupts
cocaine memory reconsolidation and prevents cue-induced increases in GSK-3p activity in
that region (Wu et al., 2011).

Upon further examination of cellular processes involved in reconsolidation, it was found that
administration of glutamatergic NMDA receptor antagonists targeting the NR2A- and
NR2B-subtypes following recall of cocaine-associated memories, impairs expression of
cocaine place preference one and seven days later, and when administered prior to retrieval,
prevents the activation of GSK-3p in the amygdala, nucleus accumbens, and hippocampus
produced by cocaine memory reactivation (Shi et al., 2019b). These findings indicate that
activation of NMDA receptors is the major upstream element regulating GSK-3p activity by
psychostimulant-associated cues. This is in concordance with previous studies
demonstrating a role for NMDA receptors in contextual conditioning that is rewarding or
aversive (Sikora et al., 2016; Bespalov, 1996). In further investigation of the signaling
pathway involved in these processes, protein phosphatase-1 inhibition with okadaic acid
blocks activation of GSK3p induced by exposure to cocaine-contextual cues and abolishes a
previously established cocaine place preference (Shi et al., 2019b). NMDA receptors
containing the NR2B subunit have been shown to increase GSK-3p activity via protein
phosphatase-1 (Szatmari et al., 2005; Peineau et al., 2007). Together these studies
demonstrate that re-exposure to cocaine-associated environments activates NMDA receptors
in the hippocampus, amygdala, and nucleus accumbens, that subsequently dephosphorylate
GSK3p through protein phosphatase-1, and this pathway is necessary for reconsolidation of
drug-associated memaories. The proposed signaling cascade involved in the maintenance of
cocaine-associated memories is illustrated in Figure 3. Thus, targeting this pathway could
abolish cocaine contextual memories thereby reducing cue-induced craving and relapse.

6. Conclusions

In summary, a growing body of literature indicates the important role of GSK-3p in the
actions of psychostimulants. Specifically, GSK-3p is regulated following exposure to
cocaine or amphetamine in a time- and brain region-dependent manner. Dopamine receptors
are likely the initiators of GSK-3 activation following acute psychostimulant administration,
although glutamate, serotonin, or other receptors may be involved as well. Pharmacological
and genetic knockdown studies demonstrate that GSK-3p activation is necessary for the
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rewarding effects of cocaine and amphetamine. Another important line of research has
demonstrated that maintenance of psychostimulant contextual memories relies on GSK-3
signaling secondary to NMDA receptor activation. Inhibition of GSK-3p activity following
recall of drug-associated memories interferes with memory reconsolidation, and thereby can
erase a previously established place preference. This suggests that GSK-3 inhibitors might
be therapeutically useful in the prevention of relapse to psychostimulant use by dampening
drug-associated memaories and craving in the presence of cues previously associated with
drug use. This avenue of research is sure to continue to yield further insights into the
importance of this kinase. Targeting the molecular adaptations underlying the persistence of
drug-related associative memories suggests a novel approach to diminishing drug-seeking
and other behaviors that maintain psychostimulant dependence.
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Highlights

This review discusses the evidence that GSK-3p signaling plays an important role in the
acute effects of stimulants as well as in the maintenance of drug-seeking behaviors.
Evidence is presented that summarizes how psychostimulant drugs of abuse regulate the
function of GSK3 in specific areas of the brain. A role for GSK3 in producing drug
reward and reinforcement resulting in drug-seeking behaviors is described. Finally, data
to support the involvement of GSK3 signaling in associative learning processes and the
maintenance of psychostimulant memories is reviewed.
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Figure 1: Schematic depiction of the mesocorticolimbic circuit in the rodent brain important for
the development and maintenance of behaviors underlying drug-seeking and influenced by
GSK-3B activity.

The ventral tegmental area (VTA) sends dopaminergic projections (purple) to the nucleus
accumbens (NAc), prefrontal cortex (PFC), and basolateral amygdala (BLA). Glutamatergic
projections from the PFC, amygdala, and hippocampus (green) innervate the NAc to
modulate GABAergic transmission to the VTA (blue), as well as directly regulate VTA

neuronal activity. Additional structures have been omitted for clarity.
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Figure 2. GSK-3p activity is regulated by several neurotransmitters whose synaptic levels are
affected by psychostimulants.

Through their effects on dopamine, serotonin and glutamate transmission, psychostimulants
can regulate the activity of GSK-3p3. Examples of upstream signaling pathways resulting in
GSK-3p regulation are shown. GSK-3p has numerous potential substrates including
transcription factors, structural proteins, receptors, signaling molecules and metabolic
enzymes. As such, GSK-3p well-positioned to influence neuroplasticity, gene transcription,
and learning and memory processes. BArr, beta-arrestin; PKA, protein kinase A; PLC,
phospholipase C; PP2, protein phosphatase 2; PP1, protein phosphatase 1; PI3K,
phosphatidylinositol 3-kinase; TF, transcription factor; p, phosphorylated.
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Figure 3: Potential signaling pathway underlying reconsolidation of stimulant-associated
contextual memories.

Activation of NMDA receptors in the nucleus accumbens and hippocampus following the
reactivation of cocaine-contextual memories stimulates a protein phosphatase cascade,
through PP2B and PP1, resulting in dephosphorylation of Akt and GSK-3p. GSK-3p can
regulate mTORC1 and CREB. Arrows indicate changes in enzyme activity following
reactivation of cocaine-associated memories. GSK, glycogen synthase kinase; mTORC1,
mammalian target of rapamycin complex 1; PI3K, phosphatidylinositol 3-kinase; PP1,
protein phosphatase 1; PP2B, protein phosphatase 2B. CREB, cAMP response element-
binding protein. Adapted from Shi et al., 2014 & 2019b.
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