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Domaradzka, A.; Chrostek, G.;

Gniadzik, W.; Domagalski, M.; Duda,

P. GSK3β Activity in Reward Circuit

Functioning and Addiction. NeuroSci

2021, 2, 443–466. https://doi.org/

10.3390/neurosci2040033

Academic Editors: Lucilla Parnetti

and Federico Paolini Paoletti

Received: 21 November 2021

Accepted: 15 December 2021

Published: 17 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

University of Wrocław, Department of Molecular Physiology and Neurobiology, Sienkiewicza 21, 50-335 Wroclaw,
Poland; 314118@uwr.edu.pl (J.T.); 317094@uwr.edu.pl (E.W.); 307170@uwr.edu.pl (A.D.);
307556@uwr.edu.pl (G.C.); 315304@uwr.edu.pl (W.G.); 301545@uwr.edu.pl (M.D.)
* Correspondence: przemyslaw.duda2@uwr.edu.pl

Abstract: Glycogen synthase kinase-3β (GSK3β), primarily described as a regulator of glycogen
metabolism, is a molecular hub linking numerous signaling pathways and regulates many cellular
processes like cytoskeletal rearrangement, cell migration, apoptosis, and proliferation. In neurons, the
kinase is engaged in molecular events related to the strengthening and weakening of synapses, which
is a subcellular manifestation of neuroplasticity. Dysregulation of GSK3β activity has been reported
in many neuropsychiatric conditions, like schizophrenia, major depressive disorder, bipolar disorder,
and Alzheimer’s disease. In this review, we describe the kinase action in reward circuit-related
structures in health and disease. The effect of pharmaceuticals used in the treatment of addiction in
the context of GSK3β activity is also discussed.
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1. Introduction
1.1. GSK3β Characteristic

Glycogen synthase kinase-3β (GSK3β) is a serine/threonine kinase originally de-
scribed as a negative regulator of glycogen synthase. Its activity is regulated by phospho-
rylation of residue Tyr216 (taking place during the kinase translation process), which leads
to an activation of GSK3β [1], and Ser9, which results in protein inactivation. Residue Ser9
modification is the most important regulatory mechanism occurring on GSK3β. Several
kinases and phosphatases are involved in a pSer9-related inhibition of GSK3β, including
extracellular signal-regulated kinase (ERK), ribosomal s6 kinase (p90Rsk) [2,3], protein ki-
nase B (Akt) [2,4], cyclic AMP-dependent protein kinase (PKA), mitogen-activated kinases
(MAPKs), integrin-linked kinase (ILK), protein phosphatase 1 (PP1), protein phosphatase
2A (PP2A), and protein phosphatase 2B (PP2B also known as calcineurin) [5,6]. The variety
of GSK3β upstream regulators makes the kinase activity dependent on many extracellular
signals like cytokines, neurotransmitters, neuromodulators, hormones, and growth factors
(reviewed in [7]). Additionally, a diversity of the kinase substrates, including glucose
metabolism enzymes, transcriptional factors, ion channels, microtubule-associated pro-
teins, synaptic scaffold proteins, and pro- and antiapoptotic factors, positions GSK3β in
a center of cell metabolism and makes the kinase a hub connecting different signaling
pathways (reviewed in [7]).

GSK3β regulates the development, differentiation, and migration of neuronal precur-
sor cells. There are two variants of the GSK3β gene, named GSK3β1 and GSK3β2 [8–11].
These two variants are differentially involved in establishing neuronal polarity and axon
guidance [12–15]. They are also involved in the phosphorylation of different substrates [15].

Considering its central role as an integrator of Akt-related pathways [16], GSK3β is
involved in dopamine (DA) signaling and responding to addictive drugs, mainly in the
nucleus accumbens (NAcc) [17]. Downregulation of phosphorylated (activated) Akt leads to a
downregulation of phosphorylated (inactivated) GSK3β, thereby increasing the enzymatic
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activity of GSK3β. Akt is a negative regulator of GSK3β and its functions are modulated
through pathways induced by catecholamines (DA and noradrenaline), serotonin (5-HT),
γ-aminobutyric acid (GABA), and glutamate. The scheme of the neurotransmitters actions
on GSK3β is presented in Figure 1.

Figure 1. Neurotransmitters and neuromodulators influence the activity of GSK3β via their receptors actions. The
abbreviations stand for: LTP—long-term potentiation; LTD—long-term depression; AR—adrenergic receptor; PKC—
protein kinase C; PKA—protein kinase A; GSK3β—glycogen synthase kinase 3β; GABAR—γ-aminobutyric acid receptor;
Akt—protein kinase B; AMPAR - α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; NMDAR - N-methyl-D-
aspartate receptor; PSD95—postsynaptic density 95; CaMK2 - Calcium/calmodulin-dependent protein kinase 2; PP2A—
protein phosphatase 2A; PP2B—protein phosphatase 2B; 5-HTR—serotonin receptor; DR—dopamine receptor.

DA induces Akt signaling pathway by stimulation of DA receptor 2 (D2R) which
results in activation of cAMP-independent signaling [18–20]. The cAMP-independent
pathway involves β-arrestin and PP2A which form a complex with Akt and, as a result,
decrease Akt activity and increase GSK3β activity [20–22]. However, DA receptor 1 (D1R)
can also modulate GSK3β activity by the action of Akt. Inhibition of GSK3β decreases the
level of plasma membrane-localizing D1Rs and its activation in cortical neurons [23].

5-HT receptors also affect GSK3β functions [24]. 5-HT1/7 receptors (5-HT1/7Rs) acti-
vation leads to a stimulation of phosphoinositide 3-kinase (PI3K)/Akt signaling pathway.
In contrast, activation of 5-HT2AR leads to inhibition of the PI3K-Akt pathway, resulting in
increased GSK3β activity [24,25].

GABA regulates GSK3β acting through GABAB receptors (GABABRs) which affect β-
arrestin 2 activity and thereby stimulate Akt activity, which leads to GSK3β inhibition [26].

GSK3β, when regulated by Akt, modulates the activity of transcription factors such as
transcription factor cAMP response element-binding protein (CREB), which action affects
learning and memory processes [27–30]. GSK3β regulates also a mammalian target of
rapamycin (mTOR) which is essential for memory formation and storage [31,32]. mTOR is
involved in the initiation of local translation of synaptic proteins [33,34].

The kinase plays an important role in the regulation of many other transcription
factors, like β-catenin, a component of the Wnt signal transduction pathway [35–38]. In
addition, GSK3β mediates a signaling pathway exchange into β-catenin-independent
Wnt signaling [35]. GSK3β is active in the absence of Wnt [39], and promotes β-catenin
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degradation through N-terminal phosphorylation followed by ubiquitination and targeting
to proteasomes [40]. In contrast, activation of Wnt receptors leads to an inhibition of
GSK3β, which results in a stabilization of β-catenin [41]. β-catenin regulates the expression
of different types of miRNAs, which play an important role in neuroplasticity [42].

GSK3β activity may also be affected by noradrenaline acting through the α1A-adrenergic
receptor (α1AAR), α2-adrenergic receptor (α2AR), and β-adrenergic receptors (βAR). α1AAR
activation effects in residue Ser9 phosphorylation through protein kinase C (PKC) [43],
whereas α2AR and βAR stimulate residue Ser9 phosphorylation via PKA [44,45].

Glutamate is also involved in the modulation of GSK3β action. N-methyl-D-aspartate
receptors (NMDARs), when activated by glutamate, regulate GSK3β activity by its residue
Ser9 dephosphorylation [46], which is related to NR2B subunit, and the effect is medi-
ated by the action of PP1 [47]. Importantly, not only NMDARs affect GSK3β, but GSK3β
itself regulates the synaptic localization of NR1 and NR2B subunits and thus, NMDAR
functions [48,49]. Calcium/calmodulin-dependent protein kinase 2 (CaMK2) and cal-
cineurin [50], which modify residue Ser9, play an important role in the aforementioned
processes [51,52]. CaMK2 causes residue Ser9 phosphorylation and thus inhibition of
GSK3β, whereas calcineurin dephosphorylates Ser9 and activates GSK3β. Both, CaMK2
and calcineurin, are activated by Ca2+ presence in the cytoplasm [51,52]. A high concentra-
tion of Ca2+ activates CaMK2, whereas a moderate concentration activates calcineurin [50].
Calcium influx into the cytoplasm is associated with glutamatergic transmission. Glu-
tamate activates α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AM-
PARs), which are responsible for membrane depolarization, ¬ and NMDARs, which are
directly involved in calcium current and neuroplasticity. Activation of NMDARs, due to
AMPAR-induced membrane depolarization, results in Ca2+ influx into the cell [53], which
leads to an activation of CaMK2 or calcineurin (depending on the Ca2+ concentration).
CaMK2 activity results in the incorporation of AMPARs-containing intracellular vesicles
into the postsynaptic membrane, and the synthesis of new AMPAR subunits. The former
is considered as the early phase, and the latter as the late phase of long-term potentiation
(LTP). GSK3β inhibited by CaMK2 is also involved in the incorporation of AMPARs into
the membrane [54]. In contrast, activation of protein phosphatases, including calcineurin,
which disinhibits GSK3β, leads to long-term depression (LTD), a process of synapses
weakening due to AMPARs internalization. Active GSK3β, which phosphorylates postsy-
naptic density protein 95 (PSD95) and kinesin light chain 2, regulates the internalization of
AMPARs [55].

Given its involvement in the functioning of the reward circuit, GSK3β is considered
to be a tempting therapeutic target in addiction treatment [56]. Moreover, the kinase has
recently been linked to the pathogenesis and progression of major depressive disorder [57]
and schizophrenia [58]. Intensive research is being done on inhibitors of the protein
activity, some of which directly affect GSK3β. The inhibitors may be useful in therapies for
the aforementioned affective disorders, in which GSK3β is dysregulated [57]. The most
significant concern is their selectivity and safety against other kinases, as well as their
specific brain distribution in the treatment of central nervous system (CNS) disorders. The
categories and further characteristics of particular inhibitors have been described elsewhere
(for review see [59]).

1.2. Reward Circuit Anatomy and Functioning

For more than 60 years, tests were made to bring a closer look at the mechanism of
the reward circuit. It was discovered by Olds and Milner at McGill University in the early
1950s [60]. Using pharmacological and physiological manipulations, behavioral testing,
optogenetic manipulations with brain imaging, and in vivo electrophysiology, scientists
got to know the anatomy and pathways of the circuit [61].

The main function of the reward circuit is to promote the individual response to
survival-promoting behavior by maximizing contact with beneficial stimuli. The reward
system motivates animals to consumer behavior, such as mating, high-calorie food intake,
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or social interactions. In that case, the system increases the number of individuals and the
likelihood of survival. All these actions induce associative learning, which is characteristic
of highly developed species [62]. The impairment of this process, observed in a number of
psychiatric conditions, is the clinical symptom of anhedonia.

The system is composed of several brain regions: ventral tegmental area (VTA—a
group of dopaminergic neurons on the floor of the mesencephalon), NAcc (mainly GABAer-
gic region in the basal forebrain), prefrontal cortex (PFC), basolateral amygdala (AMY),
lateral hippocampus, and medial forebrain bundle [63–66]. All of these components
are connected in a triple-synaptic pathway: descending output running from the ante-
rior bed nuclei of the medial forebrain bundle to VTA, an ascending pathway running
from VTA to NAcc, and a further ascending projection running from NAcc to the ventral
pallidum [67,68]. The first pathway is probably associated with glutamate neurotransmis-
sion [69], the second with DA, and the third uses GABA, substance P, and enkephalin as
neuromodulators [70–72]. All of these neuronal projections create a coherent relationship
between processing emotions, connecting them with the situation, and triggering the ap-
propriate response. Moreover, all the processes are also connected to the hippocampus
and allow the subject to remember the pleasurable situation. The simplified scheme of the
anatomy of the reward circuit is illustrated in Figure 2.

Figure 2. The schematic illustration of the anatomy of the human reward circuit. The main structures
of the circuit are delineated with dash lines and the main projections are presented in colors.

The basal ganglia are a central area for monitoring and developing motivated behav-
iors [73]. NAcc, which is a part of the basal ganglia area, is the main data manager of the
reward circuit. It is involved in the cognitive processing of rewards and determining the
desirability of stimuli as well as acquiring and eliciting conditioned behaviors that facili-
tate future reward-seeking behavior. VTA consists of the GABAergic and dopaminergic
neurons releasing DA into the forebrain, ventral striatum, and PFC via the mesolimbic
pathway. VTA responds to glutamate when reward stimuli are present. When PFC receives
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the signal from VTA, it starts to process the information and helps to focus on a pleasant
action. The anterior cingulate and orbitofrontal gyri are areas that determine the salience
of stimuli and the reaction, and send information to NAcc to control impulsive reactions
for stimulus. Current evidence suggests that VTA modulates the stimulus by different
subtypes of dopaminergic neurons. VTA projects excitatory input to NAcc, and aversive to
the PFC in response to cocaine stimulus [74,75]. The rewarding effect in NAcc depends on
the rate of DA release. DA binds to the low-affinity D1R and gives a drug reward, or to
the high-affinity D2R, which does not give a drug reward. However, the strongest effect is
exerted when both the D1 and D2 receptors are activated [76]. Hippocampus is responsible
for connecting situations-specific memories of people, places, and things with pleasure
and remembering them. Efferent hippocampal cells partially depolarize NAcc, making it
more easily excitable. Basolateral AMY is a center of input and processing of emotions,
also responsible for conditioned learning and integration between environmental signal-
ing and memory of previous reward or aversion. Together with the hippocampus, AMY
translates the emotion into specific outcomes [77]. The dorsal raphe nucleus is a center of
serotoninergic neurons and regulates mood and modulates the reward pathway [77].

1.3. Addiction Mechanism

Neuroscience describes addiction as a chronic brain disease, which has strong genetic,
cultural, and neurodevelopmental connections. In the Diagnostic and Statistical Manual of
Mental Disorders fifth edition (DSM-5), addiction occurs as a description of the clinical ob-
servation of the patient’s symptoms, which can include cognitive, emotional, and physical
symptoms, such as impaired control (more of the substance is used, the substance is used
more often, and the patient wants to stop using the substance but is not able to), social
problems (inability to complete tasks, giving up activities the patient used to care about
because of the substance use, and neglecting responsibilities), risky use (continued use
despite known problems), and physical dependence (needing more of the substance to get
the same effect, and having withdrawal symptoms when the substance is not used) [78]. It
is important to pay attention to the difference between addiction and physical dependence.
Physical dependence is the result of developing tolerance to the drug. Addiction is a disease
characterized by the steadily progressive use of the drug that leads to harm to the addicted
one. Contrastingly, drugs like cocaine cause strong addiction, but not physical dependence.
Furthermore, laboratory animals self-administrated the addictive drug despite the lack of
physical dependence, intolerance, or withdrawal [79]. Ethanol, barbiturates, and opiates
produce physical dependence [80–82].

Activation of the reward system by chemical substances results in neuroplastic changes
and dysregulation in the motivational system, which could be demonstrated with mice
receiving their favorite food containing a toxic substance or an addictive drug together
with the toxin. After eating poisoned food, mice were not willing to eat this food again,
differently when food contain the addictive drug, despite adverse effects.

Two molecular mechanisms leading to persistent addiction are suspected: long-lived
or permanent up- or down-regulation (sensitization or tolerance) of the expression of
crucial molecular pathways, or a brief burst of gene expression or protein translation that
confers long-term alterations on behavior by causing the physical remodeling of synapses
and circuits [83].

Different drugs affect different neurotransmitters and initiate various reactions. All
abusive drugs, like cocaine, amphetamine, opiates, nicotine, δ9-tetrahydrocannabinol
(THC), and alcohol enhance the secretion of DA in the brain reward system. Cocaine and
amphetamine exert their action in NAcc and AMY. Opiates affect mainly opioid receptors
(OR), nicotine influences nicotinic cholinergic receptors (nAChRs) and GABA receptors,
THC and alcohol affect endocannabinoid receptors (CB) and OR. All the drugs activate the
reward circuit by dopaminergic effect and induce a period of decreased DA activity during
withdrawal which leads to neuroadaptation [84].
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NAcc is composed mainly of GABAergic medium spiny neurons (MSNs) and receives
DA and glutamine inputs. However, the cells can be divided into two families: D1-type
family (containing D1-like DA receptors and dynorphin) and D2-type family (containing
D2-like DA receptors and enkephalin) [85]. In response to drug exposure, D1-type induces
sanitization and increases the rewarding effects of a drug of abuse. In contrast, D2-type
desensitizes the rewarding effect [86]. Chronic substance abuse leads to a decrease in DA
receptor density and reward metabolism. This downregulation results in a diminished
ability of low-activity stimuli to activate the sensitivity of the reward system. Long-term
suppression of the reward system leads to the deterioration of the drug abuser’s mental
state. The lack of satisfaction from performing potentially pleasurable activities leads to
repeated administration of an addictive drug because it is the easiest and possible way to
feel pleasure and activate the reward system [87,88].

Studies by Shultz et al. have shown that not only direct contact with a drug stimulates
dopaminergic neurons, but also learned signals that precede the administration of the
drug. When a stimulus is presented in the environment that normally precedes drug
administration, dopaminergic neurons are activated, but if the drug is not delivered, the
system is silenced. If the drug is administered, reinforcement occurs, which shows the
link between the whole reward system mechanism and associative learning [89,90]. It is
suspected that the stimulus-response may be related to Pavlovian-to-Instrumental-Transfer
(PIT). Pavlovian effects may directly influence behavior and have a strong impact on drug
relapse [91,92].

DA not only transmits signals to the entire system but also activates several molecular
pathways. It binds to the D1Rs, which activates CREB that leads to increased transcrip-
tion of ∆FosB [93,94]. Fos family proteins, which include c-Fos, FosB, Fra1, and Fra2,
heterodimerize with Jun proteins (c-Jun, JunB, JunD) to construct active transcription factor
complex—AP1 [95,96]. ∆FosB naturally accumulates in NAcc [95] in response to drug
or natural reward, such as consumption of sucrose or high-fat food, as well as physical
activity. Its expression is selectively dependent on substance P in the dynorphin subset of
MSN [97,98]. Studies conducted on transgenic mice with overexpression of ∆FosB have
shown a greater increase in locomotor response (50% higher than wild-type mice) to cocaine
exposure. The higher activity remained constant throughout the period of chronic cocaine
administration. Studies showed that selective induction of FosB in dynorphin neurons is
involved in the enhanced stimulus-response, which may suggest that in humans, overex-
pression induced by exposure to cocaine may also lead to long-term enhanced sensitivity to
the stimulus and reward effects of the drug, which may indirectly affect the development of
a state of addiction [96,99]. It is suggested that the main targets for the transcription factor
are: AMPAR subunit GluR2 and gene encoding dynorphin. Overexpression of GluR2 in
the NAcc, by the use of virus-mediated gene transfer, increased the sensitivity of animals
to the rewarding effects of cocaine, thereby mimicking partially the phenotype observed
in ∆FosB-overexpressing mice [96]. GluR2 expression induction may explain the reduced
electrophysiological sensitivity of NAcc neurons to AMPAR agonists after chronic cocaine
administration because GluR2-containing AMPAR exhibit reduced overall conductance
and reduced Ca2+ permeability. The reduced response of these neurons to excitatory stimuli
may enhance responses to the drug of abuse [100]. Another target for ∆FosB is dynorphin,
the opioid peptide which is an endogenous ligand for the κ-opioid receptor (κOR). The
dynorphin/κOR system modulates the activity of dopaminergic and glutamatergic neu-
rons. Dynorphin inhibits dopaminergic neurons innervating MSN because of κOR presence
on dopaminergic nerve terminals in the NAcc and also on the perikaryons and dendrites
in VTA. However, dynorphin expression is differentially regulated by CREB and ∆FosB.
The former induces dynorphin expression in NAcc and reduces the rewarding properties
of the drug of abuse, and the latter decreases the opioid peptide expression, which con-
tributes to the enhancement of the reward mechanism seen with ∆FosB induction. Because
drug-induced CREB activation dissipates rapidly after the administration of the drug, the
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reciprocal regulation of dynorphin by CREB and ∆FosB explains the reciprocal changes in
behavior that occurs during the early and late phases of withdrawal [94,101–103].

DA and glutamate levels in NAcc are reduced during the early phase of drug absti-
nence. However, gene expression and protein translation are still observed. Molecular
changes and decreased DA activity during withdrawal lead to compulsive drug-seeking
and increase dosing.

Studies on human species: family, adoption, and twins, demonstrated the genetic
basis in susceptibility to addiction [104,105]. Both genetic and environmental factors create
the behavioral phenotype of addiction. Moreover, environmental and social factors can also
influence the neurobiological substrates of addiction [106]. However, there is no single gene
responsible for addiction. The genetic factors related to the secretion of neurotransmitters
which affects personality and temperament. Studies on healthy adult men showed that
those with high levels of DA in the striatum find the psychostimulant methylphenidate
unpleasant, while men with striatal DA deficiencies find methylphenidate pleasant. The
research shows that, in line with Blum’s assumptions, reward deficiency can be a factor of
addiction [107–109].

2. GSK3β Expression Profile in the Reward Circuit-Related Structures

Regarding the reward system, GSK3β is known to be highly expressed in the hip-
pocampus, NAcc, PFC, and AMY [110]. However, its expression is suppressed in most
pyramidal neurons in the cortex and in about 50% of neurons in the Cornu Ammonis 1 region
(CA1) of the hippocampus [111]. Furthermore, it was shown that there is a nearly 50%
reduction in GSK3β mRNA in the human brain in adults compared to adolescents [112].

The altered expression of GSK3β is often associated with various diseases as well as
addiction-related behaviors. It has been demonstrated that rats with knockdown of GSK3β
in NAcc suffered from increased depression and addiction behaviors. It can be concluded
that GSK3β has modulatory effects at different levels of stress exposure [113]. Reduced
GSK3β expression in the PFC was discovered in suicidal adolescents [112]. Overexpression
of GSK3β may also contribute to neurodegenerative diseases [114,115].

3. GSK3β Activity in the Reward Circuit

Considering that GSK3β is highly expressed in many structures of the reward system,
the activity of the kinase should play an important role in the functioning of the system
and significantly affects occurring processes.

One of the most important structures in the reward system is NAcc, in which activation
of Akt leads to phosphorylation of the transcription factor CREB, which activates the
expression of genes involved in neuronal plasticity [27–30]. Inhibition of GSK3β through
the Akt signaling pathway in NAcc leads also to activation of mTOR, which initiates the
induction of mRNA-dependent translation of the microtubule-binding protein CRMP-2
important in learning and memory formation [116–118]. GSK3β activity in the NAcc
influences the development of preference for the place and is involved in object localization
tasks [119]. Activation of GSK3β in NAcc is associated with the development of social
failure in susceptible mice. This is supported by the fact that when the dominant-negative
form of the kinase is expressed in NAcc, mice are resistant to social failure. This indicates
that GSK3β activity in NAcc may play an important role in mediating resistance to social
stress [111].

Increased GSK3β activity in the NAcc core (NAccC) is associated with increased
locomotor activity, whereas inhibition of the kinase in the NAccC attenuates behavioral
sensitization and decreases locomotor activity [120]. GSK3β activity in NAccC is impor-
tant in the induction of psychostimulant-induced sensitization, however, the molecular
mechanism remains unclear [120].

GSK3β activity in NAcc shell (NAccSh) influences behaviors associated with addic-
tion, depression, and anxiety. Studies in rats showed that knockdown of GSK3β reduces
neuronal activity in tonically autoactive neurons (TAN) in the NAccSh. TANs play impor-
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tant roles in behaviors associated with addiction, depression, and anxiety. However, the
exact mechanisms by which GSK3β causes changes in NAccSh have not been elucidated
and require further studies [121].

GSK3β shows significant activity in the hippocampus, where it mediates glutamate re-
ceptor activity and synaptic plasticity [122–124]. Interactions between GSK3β and NMDAR
in the hippocampus provide evidence for a link between GSK3β and LTP/LTD [47,125,126].
Studies in the rat hippocampus showed that activation of GSK3β inhibits LTP [124],
whereas inhibition of GSK3β activity inhibits LTD. Thus, activation of GSK3β is nec-
essary to induce LTD, while decreased GSK3β activity is necessary to induce LTP [127].
LTP inhibition in the hippocampus by GSK3β activity impairs learning, memory recall,
and reconsolidation [128,129]. The over-activity of the kinase in the hippocampus is detri-
mental because it is associated with inflammatory processes and oxidative damage, which
hinders the formation of new neuronal connections. This results in reduced plasticity and
dendritic spines density. Impaired social interaction is also observed when the kinase is
overexpressed [130].

Inhibition of Akt by DA in the mouse striatum appears to contribute to two types of
D2-like DA receptors, D2R and D3R, while D1R and D4R are not involved in the signal-
ing [21,131–134]. Transient stimulation of D2R leads to an increased level of Akt phospho-
rylation, which is followed by phosphorylation of GSK3β [131,135], whereas prolonged
D2R stimulation causes reduced Akt phosphorylation and increases GSK3β activity in the
dorsal striatum [132,136].

GSK3β has been shown to be involved in the diurnal variation in the expression of the
conditional place preference, but not in the acquisition of the cocaine-induced conditional
place preference in VTA. However, the precise mechanisms that mediate these processes
are not known [137].

GSK3β activity is also linked to the medial PFC (mPFC). Knockout of GSK3β in D2R
mPFC neurons causes an anxiety-like behavior, impairs working memory and social in-
teractions. In addition, the kinase knockout in mPFC neurons has a significant impact
on neuronal translatomes and significantly affects pathways related to synaptic function.
Accordingly, GSK3β activity in adult D2R mPFC neurons contributes to behavioral regu-
lation, affecting cognitive function, social interactions, and protects against anxiety-like
behaviors [138].

GSK3β activity in AMY significantly affects decision-making related to the assessment
of benefits and losses. However, molecular mechanism is still unknown and further
researches are needed [139].

In conclusion, the activity of GSK3β is modified by many different signaling path-
ways in the reward circuit. The kinase activity is different depending on the structure it
affects. Active GSK3β weakens synapses and decreases neuronal excitability, while GSK3β
inhibition is essential for the induction of LTP, a major mechanism involved in learning and
memory formation. Addiction is a disorder that pathologically regulates the underlying
mechanisms of learning and memory [140–147] suggesting a key role for GSK3β which
significantly affects these processes.

4. Role of GSK3β in Addiction

The mechanism of addiction is related to a dysregulated neurotransmission, which
can induct signaling pathways that regulate GSK3β functions. Addictive substances lead
to increased levels of extracellular DA, 5-HT, glutamate, and noradrenaline in the reward
system. Depending on the type of neurotransmitter, different receptors are responsible for
signal transduction (Figure 3) [118,148–151].
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Figure 3. Simplified scheme of converging acute actions of drugs of abuse on the VTA-NAcc. The abbreviations stand for:
VTA—ventral tegmental area; NAcc—nucleus accumbens; DA—dopamine.

Many studies on the effects of psychostimulants on GSK3β activity in the reward
system have been made. There are no reports on the effects of these substances on GSK3β
expression in relation to the reward circuit during postnatal life. It is only known that
cocaine-treated rabbits in utero had no changes in GSK3β expression in the brain at
day 20 of postnatal life [152]. It appears that the regulation of the kinase activity is
highly dependent on the time after administration of a given stimulant. Changes in the
level of Akt and GSK3β phosphorylation in the brain were detected 15–120 min after
administration of psychostimulants, e.g., cocaine or amphetamine. A rapid increase in the
phosphorylation of GSK3β [153,154] and Akt [155] in the striatum was identified 15–20
after the administration of the drug. 30–120 min after psychostimulant administration,
GSK3β is activated by its dephosphorylation. It has been documented that a significant
decrease in residue Ser9 phosphorylation of GSK3β and residue Thr308 phosphorylation of
Akt occurs 30 min after cocaine administration [156,157] and 90–120 min after amphetamine
administration [131,155]. It appears that after a short time of amphetamine administration
Akt is regulated by D1R and after about an hour D2R becomes involved [158].

Increased GSK3β activity is also affected by prolonged exposure to psychostimulants.
In NAccC [120,159,160] and in VTA [161], reduced GSK3β phosphorylation was observed
after cocaine and amphetamine administration. Furthermore, regular cocaine adminis-
tration is found to increase GSK3β phosphorylation in the frontal cortex [162], but acute
cocaine does not cause any changes in this brain area [157].

GSK3β is a key factor in addiction development. NAcc is essential in the mechanism
of cocaine addiction [157,163] since the kinase activity in NAcc has been shown to increase
after exposure to cocaine [156,163]. Thus, it can be concluded that GSK3β activation is
essential for the rewarding effects of cocaine.

There is a positive correlation between the level of GSK3β and cocaine preference
scores [119]. Knockdown of GSK3β in mice resulted in reduced ability to develop a cocaine-
induced place preference [157] and in turn, low levels of GSK3β in NAcc resulted in a
lack of preference for cocaine-paired environments [119]. Interestingly, administration of
cocaine to rats for 14 days resulted in a decrease of GSK3β phosphorylation on residue Ser9
in the NAccC, despite that it was not observed in NAccSh [120]. Similar observations were
made for amphetamine derivatives. The administration of methamphetamine (METH)
resulted in an increase in the level of residue Ser9 phosphorylated GSK3β in the NAccC, but
in NAccSh it was not observed [159,164], which means that increased exposure to METH
led to increased activity of GSK3β in the NAccC [165]. In addition, METH significantly
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increases GSK3β residue Ser9 phosphorylation and pSer9 GSK3β/Ser9 GSK3β expression
in PFC, hippocampus, and VTA. On the contrary, cannabidiol (CBD) treatment for 1 h
prior to METH administration decreased the level of pSer9 GSK3β and pSer9 GSK3β/Ser9
GSK3β expression levels in the four structures related to the reward circuit mentioned
above in a dose-dependent manner compared to the group in which METH alone was
administered. Therefore, it can be concluded that CBD can suppress METH-induced pSer9
GSK3β protein expression in PFC, NAcc, hippocampus, and VTA [160].

Psychomotor stimulants, such as cocaine or amphetamine, are known to activate
dopaminergic neurotransmission in NAcc, which results in increased locomotor activ-
ity [166,167]. It is also well known that DA participates in a pathway mediated by cAMP.
However, it turns out that DA also has a signaling pathway involving GSK3β. The use of
GSK3β inhibitors that cause an increase in the phosphorylation level at Ser9, and thus, pre-
sumably a decrease in the kinase activity, has been shown to alleviate hyperactivity induced
by the administration of psychomotor drugs such as cocaine or amphetamine [156,168]. In-
terestingly, microinjection of the inhibitor SB216763 into the NAccC results in a blockade of
expression of locomotor sensitization induced by multiple injections of these psychomotor
stimulants [120,165]. Another study showed that inhibition of temporal GSK3β inactivation
in NAccC by downregulating Ser9 phosphorylation enhances the hyper-locomotor activity
caused by cocaine administration [169]. Therefore, it could be concluded that drug-induced
locomotor activity is dependent on GSK3β activity in the NAccC.

The effect of cocaine on Akt activity is observed in NAcc and AMY but has no
association with the hippocampus [163]. Importantly, these effects depend on the time
of cocaine administration. In NAcc a decrease in Akt activity is observed after 1 day. In
AMY, the activity of Akt is higher after 1 day, remains unchanged after 3 days of daily
administration of cocaine, and after 14 days of daily administration GSK3β activity is
decreased. After 14 days of daily cocaine administration, the level of phosphorylated
GSK3β was notably reduced, which may suggest that in AMY GSK3β is not the only
substrate of Akt after cocaine administration [163].

Cocaine-induced changes in GSK3β activity can also cause changes in NAccSh func-
tioning. Studies in rats have shown that the knockdown of GSK3β in the NAccSh resulted
in an increased activity associated with self-administration of cocaine, which occurs partic-
ularly at high doses of cocaine [121].

GSK3β signaling is also required in the reconsolidation of memories linked to cocaine
reward [170]. Some upstream factors control GSK3β activity that is necessary for cocaine
reward memory, such as subtypes of NMDAR subunits: GluN2A and GluN2B [171–175].
Those receptor subunits are activated during the memory reactivation and stimulation of
these subunits-containing receptors activate GSK3β by dephosphorylation at Ser9 [47,175].
GluN2A receptors are blocked before the recollection of cocaine reward memory, which
blocks GluN2B dephosphorylation in NAcc. Based on this information, GluN2A receptors
participate in the GSK3β activation after cocaine reward recall. It is also known that
GluN2B receptors have a very similar role [175]. Cocaine administration to rats upregulates
GSK3β through stimulation of DA receptors [176].

It was shown that mice with GSK3β knockout have reduced activity after amphetamine
injection compared to wild-type mice [131], while transgenic mice overexpressing GSK3β
showed increased locomotor activity [177].

In contrast to psychostimulants, administration of opioids is not correlated with
higher activity of GSK3β in NAcc [178]. Knockdown of GSK3β in NAcc impairs the
development of site preference when cocaine is used, whereas no such effect is observed
with morphine treatment [179]. When GSK3β levels were reduced, the mice showed a
preference for a morphine-paired environment [119]. Furthermore, it was found that when
rats were in the morphine-paired zone, MSNs in the NAcc showed their firing frequency
during morphine-induced site preference expression [178]. It could be concluded that
the activation of GSK3β is involved in the cocaine reward process, but is not necessary
for morphine reward [119]. It is shown that there is an increase in pSer9 GSK3β level



NeuroSci 2021, 2 453

when morphine is administrated. This is supported by the fact that for the morphine
withdrawal group, GSK3β phosphorylation decreases, compared to the morphine intake
group. Treatment of animals with morphine results in decision-making problems, which
are associated with increased levels of pSer9 GSK3β [138].

In mice, ethanol administration leads to activation of PI3K and Akt, which causes
GSK3β phosphorylation at Ser9 in NAcc [180,181]. That inhibits GSK3β activity, which
in turn activates the transcription factor CREB [182]. Exposure to ethanol during fetal
development also changes GSK3β activity in the fetal brain [183,184]. The Wnt signaling
pathway, in which GSK3β is involved, is extremely important for proper axis formation
during embryonic development [56].

It is well known that the PFC is involved in mediating reward-seeking-related behav-
iors [185,186], as well as negative emotional states [187]. mPFC is also known to play an
important role when it comes to withdrawal and alcohol-seeking behaviors [188]. Studies
have shown that reduced mPFC activity associated with its dysregulation is associated
with anxiety disorders [189,190], and that mPFC activation is altered in healthy individuals
who have been exposed to anxiety stimuli [191]. Thus, it can be speculated that molecular
mechanisms which are dysregulated in mPFC may be involved in alcohol withdrawal
anxiety.

Studies in rats have shown that GSK3β activity in mPFC may be associated with
the negative effects of ethanol withdrawal. GSK3β inhibition provides protection against
ethanol neurotoxicity, whereas increased GSK3β activity results in sensitization of neu-
rons to the toxic effects of ethanol. As ethanol neurotoxicity may contribute to cognitive
decline, it is possible that a reduction of cells loss through GSK3β inhibition may prevent
binge drinking and relapse [192]. GSK3β affects mPFC functions associated with ethanol
seeking via brain-derived neurotrophic factor (BDNF). Overexpression of GSK3β leads
to reduced levels of BDNF protein in mPFC. BDNF is transported from the mPFC to
the ventral and dorsal striatum. The factor levels in the striatum increase after alcohol
consumption, leading to alcohol aversion. Accordingly, GSK3β is inhibited after alcohol
consumption, resulting in reduced BDNF secretion, so the amount of BDNF in the striatum
is reduced, leading to a relapse of ethanol seeking [193]. A positive correlation was found
between ethanol intake and GSK3β expression. Ethanol consumption leads to GSK3β
overexpression, which makes the brain more sensitive to the anxiety effects of ethanol
abstinence, resulting in increased ethanol self-administration [194]. It is known that during
repeated cycles of excessive alcohol administration and withdrawal, the activity of Akt
and PI3K signaling in the NAcc is increased [181], and phosphorylation at Ser9 residue
of GSK3β is increased [195]. Activation of these signaling pathways also occurs in mPFC
during ethanol withdrawal, resulting in activation of the transcription factor CREB [182].
Therefore, it is possible that the PI3K-Akt-GSK3β-CREB pathway in mPFC is involved in
anxiety behaviors associated with alcohol withdrawal.

Excessive alcohol consumption initiates the translation of several mTOR-dependent
mRNAs in rat NAcc. Importantly, all of these proteins contribute to synaptic functions. By
inducing the translation of synaptic proteins, mTOR enables neuroadaptations resulting
from excessive alcohol intake. Induction of mTOR activity is enabled by inhibition of
GSK3β, confirming its important role in ethanol dependence [194].

It is unclear whether nicotine exposure plays a direct role in Akt-GSK3β signaling in
single neurons. However, in vitro studies have shown that nicotine is an activator of the
Akt-GSK3β pathway in lung cancer cells [196]. Adolescent rats also showed a selective
increase in phosphorylation of GSK3β after nicotine administration [197].

Cannabinoids are said to have neuroprotective functions [198–203]. Some of these
neuroprotective functions are associated with the activation of the PI3K/Akt pathway.
Cannabinoids appear to be capable of activating this pathway [204–206] by acting on the
CB1 and CB2 receptors [207]. THC activates PI3K/Akt pathway via stimulation of CB1,
leading to phosphorylation and inactivation of GSK3β in the mouse brain. The effects of
THC on Akt and GSK3β were dose-dependent and not dependent on MAPK activation in
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the hippocampus [208]. In the striatum, activation of the Akt/GSK3β pathway by THC was
not dependent on dopaminergic transmission [209,210]. The pool of phosphorylated Akt
was associated with the cell membrane, whereas the cytosolic pool showed no major level of
phosphorylation. On the contrary, GSK3β phosphorylation level after THC administration
was increased for both the membrane and cytosolic pools, which indicates that inactivation
of GSK3β by THC is independent of its subcellular localization. GSK3β activity was shown
to be tightly regulated by CB1, as its blockade by the inhibitor rimonabat also decreased
the kinase phosphorylation level. Application of wortmannin, which is an irreversible
PI3K inhibitor, abolished Akt phosphorylation, whereas GSK3β phosphorylation was only
slightly reduced, indicating the presence of other pathways involved in the regulation of
GSK3β upon THC administration. However, it has not been shown which pathways might
be involved, thus further research is needed [208].

Under the influence of addictive substances, both the expression and activity of
GSK3β are altered through a number of signaling pathways that are highly important in
the functioning of the CNS. Drug-regulated GSK3β activity and function vary depending
on the structure of the reward system it affects. Consequently, targeting GSK3β may be
helpful in treating addiction induced by substances that significantly affect the kinase.
Summarizing illustration of the effects of particular drugs of abuse on the kinase activity is
presented in Figure 4.

Figure 4. Drugs of abuse affect the activity of GSK3β via the kinase upstream regulators. The abbreviations stand for:
ERK—extracellular signal-regulated kinase; PI3K—phosphoinositide 3-kinase; PKA—protein kinase A; Akt—protein kinase
B; GSK3β—glycogen synthase kinase 3β; PP2A—protein phosphatase 2A.

5. Addiction Treatment and Its Effect on GSK3β

GSK3β is widely known to be a target of pharmaceuticals used in addiction treatment.
Memories of drug exposure in NAcc are highly resistant to extinction. The reward circuit,
when activated, is involved in the reconsolidation of previously learned memories. The
disruption of reward memories may potentially be the treatment in drug addiction [170].
Inhibition of the kinase during memory retrieval may obliterate the place preference of the
cocaine. It also attenuates hyperactivity and prevents the development of sensitization of
the drugs following their repeated administration [168]. Multiple studies in mice show
that selective inhibition of GSK3β by SB216763 reduces the development and expression of
behavior induced by amphetamine or cocaine [168,170]. Knockdown of GSK3β allowed
to analyze the role of the protein in NAccSh in addiction-related behaviors. The results
implicate that inactivation of GSK3β increases cocaine-taking and seeking behavior. It may
also influence DA signals [121].
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PFC is involved in alcohol-seeking behavior and withdrawal. Alcohol-mediated acti-
vation of PI3K and Akt results in inhibition of GSK3β and activation of CREB. Wortmannin,
the PI3K-Akt-GSK3β-CREB signaling pathway inhibitor, is a potential candidate to be used
in alcohol abuse treatment. Intra-mPFC injection of wortmannin in rats caused an inhibi-
tion of PI3K and reversed the behavioral effects of withdrawal [182]. The inhibitor reduced
alcohol intake and, by disturbing GSK3β, decreased anxiety-related behavior in alcohol-
exposed rodents [211]. However, wortmannin is not a specific GSK3β agonist, and it has
not yet been tested, whether enhancing the phosphorylation the of PI3K-Akt-GSK3β-CREB
pathway increases the anxiety-like behavior caused by alcohol abuse.

Bupropion is seemed to be a tempting target of the research on addiction treatment. It
is a drug used in the treatment of METH addiction. It works by inhibiting the reuptake
of monoamine through DA transporters (DAT). As a result, there is an increase in striatal
extracellular DA levels in rats. However, the precise pharmacological mechanisms of action
are unclear and the efficiency has not been confirmed in the human striatum. The main
consequence of addiction treatment is its effect on the pharmacological inhibition of GSK3β
(Table 1), which significantly limits DA-dependent locomotor behaviors [131]. However,
it is important to remember that inhibition of GSK3β does not completely suppress DA-
mediated behavior. DA functions are controlled by a complicated signaling network and
full response depends on the cooperation of all components of the pathway.

Naltrexone and acamprosate are two medications shown to be efficacious for relapse
prevention in alcohol addiction treatment. Acamprosate is a putative glutamate receptors
antagonist, while naltrexone is an opioid-antagonist [212]. The comparison of efficacy pro-
files shows that each drug gives different effects on certain drinking outcomes. Naltrexone
blocks endogenous opioids triggered by alcohol and consequently decreases dopaminergic
activity. Therefore, it reduces heavy drinking and craving, by decreasing the positive
reinforcing effects of alcohol if drinking occurs [213]. Acamprosate appears to have an
inhibitory effect on glutamate response and modulate NMDAR. The drug also affects
K+-induced changes in intracellular Ca2+ concentration, by inhibiting the upregulation
of Ca2+ channels, which is caused by chronic alcohol consumption and states of with-
drawal [214]. It promotes abstinence by reestablishing the disturbed balance between
GABA and glutamate systems [215]. In contrast to naltrexone, acamprosate is effective
only during periods of abstinence. Both pharmaceuticals have been approved and are used
in alcohol-dependence treatment. Naltrexone action is related to GSK3β increased activity,
whereas acamprosate sustains the activity of Akt (Table 1).

In contrast to anti-craving drugs, disulfiram is associated with an aversive reaction
when combined with alcohol. The therapeutic effect of the drug is based on its incom-
patibility with alcohol. Disulfiram blocks the enzyme aldehyde dehydrogenase, ALDH.
Accumulation of acetaldehyde, in the presence of alcohol, usually results in an unpleasant
disulfiram-ethanol reaction (DER) consisting of nausea and vomiting. The threat of a DER
and negative effects of alcohol consumption results in an avoidance of pain and sickness
and consequently increases the effectiveness of the drug [216]. A disulfiram therapy in
cocaine and alcohol-dependent individuals supports the effectiveness of cocaine addiction
treatment. Disulfiram inhibits dopamine β-hydroxylase (DBH), thus increasing brain
dopamine concentrations [217]. The drug seems to have a direct effect on cocaine use and
it is not mediated by stopping concurrent alcohol use [218]. Disulfiram appears to be a
safe medication, but the treatment needs to be supervised due to DER toxicity. Disulfiram
blocks PI3K/Akt pathway (Table 1).

Buprenorphine is an opioid mixed agonist-antagonist, which in treatment is combined
with naloxone, due to the risk of abuse [219]. A combination of drugs can be delivered
sublingually or by injection and the ratio of buprenorphine to naloxone is 4:1. The drug
can be used for pain treatment. Buprenorphine alone and in combination with naloxone
are safe and reduce the use and craving for opiates among opiate-addicted patients, thus it
was approved for the treatment of opiate addiction [220]. Buprenorphine affects GSK3β
via activation of Akt (Table 1).
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Varenicline is a partial agonist of nAChR used to treat smoking cessation. The drug
affects the α4/β2 subtype of the receptor and blocks nicotine reward [221]. Varenicline
significantly reduces withdrawal and craving symptoms [222] and it shows superior
efficacy to bupropion and nicotine patches, whereas bupropion and nicotine patches have
similar efficacy [223]. No evidence of increased risk of serious cardiovascular adverse
events during or after smoking cessation treatment was observed [224]. In addition, the
association with neuropsychiatric adverse events such as suicidality and aggression has
not been proven. Varenicline appears to be the most effective single pharmacotherapy
available, therefore varenicline and bupropion can be used safely by psychiatrically stable
smokers. Varenicline decreases the phosphorylation of GSK3β (Table 1).

Gabapentin is a structural analog of GABA and is used to treat neuropathic pain
and inflammation. The anti-epileptic property makes the drug use in chronic agitation
and pain therapies for neonates and infants. In adults, gabapentin is widely used to
eliminate chemotherapy- and injury-related pain [225]. Gabapentin is also related to alcohol
addiction treatment. Alcohol withdrawal syndrome (AWS) is thought to be mediated by
GABA and glutamate brain signaling [226]. The drug binds to voltage-sensitive Ca2+

channels and affects their function [227]. Gabapentin has an influence on GABA and
glutamate activity, therefore is effective in the treatment of AWS. It also prevents relapse
after medicated alcohol detoxification, in contrast to anti-craving medications, such as
naltrexone. Gabapentin activates PI3K/Akt/mTOR pathway (Table 1).

Methadone is a synthetic µ OR (µOR) agonist and NMDAR antagonist, which effects
are similar to those observed with morphine but much stronger [228]. It is used in the
long-term treatment of heroin addiction and for the management of severe pain that does
not respond to other treatments [229]. The differences in absorption and metabolism of
methadone-maintained individuals make it impossible to establish a diagnostic dose that
has an appropriate relationship between its blood concentration and clinical effect [230].
The therapy involves a controlled administration of methadone, thereby stabilization of
the opioid-dependent patient. Methadone is expected to activate GSK3β (Table 1).

Table 1. Pharmacological substances used in addiction treatment and its impact on GSK3β.

Drug Molecular Activity Type of Addiction Impact on GSK3β

Naltrexone Opioid-agonist Alcohol Decreases pSer9 GSK3β
amount [227]

Acamprosate

Glutamate receptors
antagonist,

inhibits upregulation
of Ca2+ channels

Alcohol Sustains Akt
activation [231]

Disulfiram
Blocks the enzyme

aldehyde
dehydrogenase

Cocaine
Alcohol

Inhibits
PI3K/Akt/mTOR

Pathway [229]

Bupropion
Inhibits the reuptake

of monoamine
through DAT

Methamphetamine Inhibits GSK3β [218–220]

Buprenorphine Opioid
agonist-antagonist Opiate Activates Akt

via ORL-1 receptor [232]

Varenicline Partial agonist of
nAChR Nicotine Decreases pSer9

GSK3β 1 [231]

Gabapentin
Influences GABA

and glutamate
activity

Alcohol
Activates

PI3K/Akt/mTOR
pathway [233]

Methadone µOR agonist,
NMDAR antagonist Heroine Decreases pSer9 GSK3β

amount 2 [234]
1 by inducted dopamine release. 2 due to opioid exposure.
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6. Conclusions

GSK3β, despite being engaged in carbohydrates metabolism, is a multifunctional
kinase related to many cellular processes. Both, a variety of upstream regulators of GSK3β
activity, and a wide spectrum of the kinase substrates place GSK3β at a center point
of cellular metabolism regulation and make the kinase a hub linking many signaling
pathways. Neurotransmitters and neuromodulators also impact the action of GSK3β,
however, the kinase itself can modulate the neurotransmitters receptors responses to its
ligands, and is directly engaged in a synaptic potentiation process. Not surprisingly, GSK3β
dysregulation has been found to participate in the pathogenesis and progression of major
depressive disorder, schizophrenia, and drug addiction. Addiction develops due to a
drug-induced malfunctioning of the structures of the reward system, in which one of the
main neurotransmitters is DA. Receptors for DA, when activated, influence GSK3β action,
moreover, the kinase activity has been observed to be changed in the reward system-related
structures during exposure to the drug of abuse. Thus, GSK3β seems to be a promising
target for the treatment of addiction.
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