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Abstract
Glycogen synthase kinase-3 (GSK3) has recently been linked to mood disorders and schizophrenia,
and the neurotransmitter systems and therapeutic treatments associated with these diseases. GSK3
is a widely influential enzyme that is capable of phosphorylating, and thereby regulating, over forty
known substrates. Four mechanisms regulating GSK3 (phosphorylation, protein complexes,
localization, and substrate phosphorylation) combine to provide substrate-specific regulation of the
actions of GSK3. Several intracellular signaling cascades converge on GSK3 to modulate its activity,
and several neurotransmitter systems also regulate GSK3, including serotonergic, dopaminergic,
cholinergic, and glutamatergic systems. Because of changes in these neurotransmitter systems and
the actions of therapeutic drugs, GSK3 has been linked to the mood disorders, bipolar disorder and
depression, and to schizophrenia. Inhibition of GSK3 may be an important therapeutic target of mood
stabilizers, and regulation of GSK3 may be involved in the therapeutic effects of other drugs used
in psychiatry. Dysregulated GSK3 in bipolar disorder, depression, and schizophrenia could have
multiple effects that could impair neural plasticity, such as modulation of neuronal architecture,
neurogenesis, gene expression, and the ability of neurons to respond to stressful, potentially lethal,
conditions. In part because of these key actions of GSK3 and its associations with mood disorders
and schizophrenia, much research is currently being devoted to identifying new selective inhibitors
of GSK3.
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INTRODUCTION
The association of glycogen synthase kinase-3 (GSK3) with psychiatric diseases is a relatively
new concept, first having been raised only in 1996. At that time, it was discovered that GSK3
is a target of the mood stabilizer lithium [1], a primary treatment for bipolar mood disorder
[2], an illness also referred to as manic-depression. During the intervening ten years, a wide
variety of types of studies have contributed to the hypothesis that inhibition of GSK3 by lithium
makes an important contribution to lithium’s mood stabilizing capability [3]. These recent
findings not only support the proposition that inhibition of GSK3 is an important therapeutic
target of mood stabilizers, but also indicate that regulation of GSK3 may be involved in the
therapeutic effects of other drugs used in psychiatry. Thus, evidence has begun to accumulate
suggesting that dysregulation of GSK3 may occur in depression and schizophrenia, as well as
in bipolar disorder. These connections are especially supported by evidence that
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neurotransmitter systems that are implicated in the pathophysiology of mood disorders and
schizophrenia contribute to regulating GSK3 in the brain in vivo. Equally important to
substantiating the link between GSK3 and psychiatric diseases are recent studies of the
functions of GSK3. These studies have provided strong mechanistic hypotheses concerning
how neuronal plasticity and function could be impaired by abnormally regulated GSK3 in
psychiatric diseases. These diverse findings linking GSK3 to psychiatric diseases are
summarized and evaluated in this review.

REGULATION OF GSK3
The major physiological mechanism that regulates the activity of GSK3 is phosphorylation of
an N-terminal serine of GSK3 (Ser9-GSK3β , the predominant brain isoform, or Ser21-
GSK3α ). This serine phosphorylation inhibits the activity of GSK3 and can be catalyzed by
several kinases, such as Akt (Fig. 1). Thus, many growth factors that activate receptors coupled
to the sequential activation of phosphoinositide 3-kinase (PI3K) and Akt inhibit GSK3 activity
by increasing the Akt-mediated phosphorylation of the regulatory serine of GSK3. As shown
in Fig. (1), other prominent intracellular signaling pathways, including those that activate
protein kinase A or protein kinase C, also converge on GSK3 to inhibit it via phosphorylation
of the N-terminal serine. Tyrosine phosphorylation of GSK3 (Tyr216-GSK3β ; Tyr279-
GSK3α ) also contributes to regulating its activity in an activating manner, but the mediating
kinases remain to be clearly identified and this modification may be carried out by
autophosphorylation, so its importance in regulating the activity of GSK3 in situ remains a
matter of debate [4].

Further, substrate-selective regulation of the actions of GSK3 is also needed because GSK3
phosphorylates more than 40 substrates [5]. This large number of substrates enables GSK3 to
influence many critical cellular functions, such as gene expression, cell structure, neural
plasticity, and survival, so regulatory mechanisms must be invoked to selectively alter GSK3
activity to limit the substrates that it phosphorylates. GSK3-binding proteins provide one
method by which cells have developed substrate-selective regulation of GSK3 (Fig. 2A). For
example, in the Wnt signaling pathway axin and other proteins bind GSK3 to direct its actions
to a specific substrate, β -catenin [6,7]. Recently several additional GSK3-binding proteins
have been identified and it appears that this is a common mechanism by which the action of
GSK3 is directed to specific substrates [5].

Another method by which the capacity of GSK3 to interact with substrates is limited is by
regulation of its subcellular localization (Fig. 2B). For example, nuclear levels of GSK3 are
dynamically regulated with changes in the nuclear GSK3 level evident in several conditions,
and this affects its ability to phosphorylate nuclear substrates, such as certain transcription
factors [8–10]. There also appears to be subcellular compartment-selective phosphorylation of
the inhibitory serine of GSK3 to locally modulate its activity, such as following activation of
signals to the mitochondria which can target mitochondrial GSK3 [11]. Thus, subcellular-
selective changes in the localization and phosphorylation of GSK3 can serve to regulate its
actions on substrates within these compartments.

Finally, GSK3’s actions are often regulated by the phosphorylation state of its substrate,
because most of GSK3’s substrates must be ‘primed’, pre-phosphorylated at a residue four-
amino acids removed from the GSK3 phosphorylating site (Fig. 2C). Thus, the activity of a
signaling pathway leading to the phosphorylation of the primed site of a substrate regulates the
ability of GSK3 to phosphorylate the primed substrate. This, in concert with the other three
regulatory mechanisms (phosphorylation, protein complexes, localization) combines to
provide an integrated control to allow local and substrate-specific regulation of the actions of
GSK3 [5]. In other words, GSK3 needs to be in the right phosphorylation state, in the right
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place, and associated with the right protein partners, at the same time that a substrate is co-
localized and primed by another signaling pathway. Because of these multiple regulatory
mechanisms, many proteins can be targets of phosphorylation by GSK3 in a selective manner.

The activity of GSK3 also can be regulated pharmacologically. Since GSK3 is a key component
of many fundamental neuronal processes, as discussed later in this article, it was very intriguing
when Klein and Melton [1] discovered that the therapeutic agent lithium is a direct inhibitor
of GSK3. This raised the hypothesis that inhibition of GSK3 is important in the therapeutic
actions of lithium, as discussed in the following section, and provided the first selective
inhibitor of GSK3 which greatly facilitated studies of the actions of GSK3. Because of the
likely importance of lithium’s inhibitory effect on GSK3 in treating bipolar disorder, and
because of GSK3’s potential involvement in other prevalent diseases, including Alzheimer’s
disease and diabetes, during the last few years much effort has been focused on discovering
new inhibitors of GSK3, several of which have been identified [12–14]. Thus, there are now
several selective GSK3 inhibitors available and there is currently a large effort directed towards
finding the potential therapeutic effects of GSK3 inhibitors.

The importance of maintaining strict controls on the activity of GSK3 because of its many
substrates and actions and its association with several diseases of the central nervous system
[15] has raised much interest in studies of the activation state of GSK3 in vivo, as discussed in
the following sections. However, two important considerations should be taken into account
when conducting and evaluating studies of the in vivo activation state of GSK3. The first of
these is consideration of postmortem stability of the GSK3 phosphorylation state. In mouse
brain, following death there is a rapid dephosphorylation of the regulatory serine of both
isoforms of GSK3, which amounts to about a 90% loss within 2 minutes of postmortem time
[16]. Thus experimentally it is critically important to minimize postmortem artifacts in
determining the phosphorylation state of GSK3. Furthermore, this limitation indicates that
measurements of the serine phosphorylation state of GSK3 in postmortem human brain is not
likely to be meaningful because of the extended postmortem times, encompassing several
hours, of such tissues. It would be imperative that any such studies of postmortem human brain
include more detailed verification of the identity of immunoreactive species other than relying
solely on migration rates in gels. The possibility that similar rapid postmortem changes in the
phosphorylation of GSK3 occurs in other tissues has not been reported. The second
consideration concerning in vivo studies of the GSK3 activation state in mammalian brain is
that anesthetic agents can cause large artifactual changes. Several commonly used anesthetic
agents have been found to change the serine-phosphorylation state of GSK3 in mouse brain
[16,17]. For example, serine phosphorylation of GSK3 is increased approximately five-fold in
mouse brain during pentobarbital-induced anesthesia. Thus, the presence of anesthetic agents
and the postmortem handling of tissue are important considerations when evaluating
measurements of GSK3 in brain tissue, and possibly in other tissues.

MOOD DISORDERS AND GSK3
Bipolar affective disorder, in which patients have a history of experiencing manic episodes
that are often interspersed with depression, and major depression are commonly referred to as
mood disorders. These are debilitating illnesses with a lifetime prevalence rate of
approximately 20%, and they are life-threatening due to suicide as well as other causes [18–
21]. The pathophysiological underpinnings of bipolar mood disorder and depression are
unknown. Research into the causative mechanisms has been greatly hampered by the lack of
adequate animal models of these diseases [22]. However, investigations of the mechanisms of
action of therapeutic agents have provided leads about possible pathological mechanisms, and
recent findings have revealed a number of connections linking GSK3 to the causes and,
especially, to the actions of therapeutic agents used in these disorders.
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For approximately the last fifty years the drug lithium has been the mainstay for the treatment
of bipolar disorder, with a beneficial effect often observed in approximately 60–80% of patients
and with no tolerance or sensitivity developing throughout many years of treatment [2,23].
GSK3 was first linked to bipolar disorder in 1996 by the finding that lithium is a direct inhibitor
of GSK3 [1]. They found that lithium inhibited GSK3 with an IC50 of approximately 2 mM,
slightly greater than the therapeutic concentration range of lithium in serum, which is
approximately 0.5–1.5 mM [1]. Soon thereafter, GSK3 was shown to be inhibited by lithium
both in intact cells [24] and in mammalian brain in vivo [25]. These and subsequent
examinations of many kinases confirmed that the inhibitory effect of lithium was a relatively
selective action targeted to GSK3 [26].

The discovery that lithium directly inhibits GSK3 [1] introduced the concept that this action
may contribute to the therapeutic effects of lithium in mood disorders and, consequently, that
GSK3 may be dysregulated in mood disorders. However, because the therapeutically effective
concentration of lithium in serum is lower than the IC50 of lithium for inhibition of GSK3, it
seemed that the inhibition of GSK3 by lithium at therapeutic levels may be too little to
contribute significantly to mood stabilization. A solution to this limitation was provided by the
discovery of an in vivo amplification mechanism for lithium’s inhibition of GSK3 [27]. We
found that chronic (4 weeks) in vivo treatment with a therapeutically relevant regimen of lithium
administration increased by several-fold the phosphorylation of serine-9 of GSK3β in mouse
brain regions [27]. Increased serine-phosphorylation of GSK3 following lithium
administration indicates that the modest direct inhibitory effect of lithium on GSK3 is amplified
by this phosphorylation mechanism, providing more substantial inhibition of GSK3 at a
therapeutically relevant concentration of lithium than would be attained only by the direct
inhibitory effect of lithium. These observations raised the exciting prospect that lithium inhibits
GSK3 with amplification-mediated selectivity in the magnitude of inhibition [as reviewed in
28].

Other therapies used for mood disorders also have been linked to inhibition of the activity of
GSK3. Valproic acid, originally used as an anticonvulsant and now also widely used as a mood
stabilizer in bipolar disorder, was reported to directly inhibit GSK3 activity by some
investigators [29–31] but not others [32]. Valproic acid treatment also increased the inhibitory
serine phosphorylation of GSK3 in human neuroblastoma cells [27]. Although in vivo treatment
with valproate did not increase serine phosphorylation of GSK3, valproate treatment did reduce
pathophysiologically-induced dephosphorylation of both isoforms of GSK3 [17]. Thus, like
lithium, valproate appears to contribute to the inhibitory control of GSK3 in mammalian brain
in vivo. Increased serine phosphorylation of GSK3β in mouse brain also was induced by
electroconvulsive seizure treatment of mice, another effective and widely used therapeutic
intervention for bipolar disorder [33]. Thus, it is intriguing to find that three disparate mood
stabilizing therapies, lithium, valproic acid, and electroconvulsive seizures, have the common
action of causing inhibition of GSK3. These findings support the postulate that inhibition of
GSK3 contributes to the therapeutic actions of mood stabilizers.

In summary, evidence that the actions of GSK3 are involved in the pathophysiology of bipolar
mood disorder stems from the inhibitory actions on GSK3 of therapeutic interventions used in
this illness. This connection should not be over-interpreted to indicate that GSK3 itself is
hyperactive in bipolar disorder. Although this is one possibility, it is equally likely that
upstream or downstream signals linked to GSK3 may be altered in bipolar disorder. For
example, signaling activities upstream of GSK3 may be the primary deficiency, resulting in
inadequate inhibitory control of GSK3 by these signaling pathways which would be bolstered
by these therapies that inhibit GSK3. Alternatively, targets downstream of GSK3 may be
dysfunctional, so these may be bolstered by inhibition of GSK3 by these therapies. Thus, either
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GSK3 itself or signaling intermediates coupled to GSK3 may be abnormal in bipolar disorder,
so inhibition of GSK3 may contribute to normalizing these targets.

Dysfunctional GSK3, or molecules linked to GSK3, also may contribute to major depression.
The most prevalent model for the pathological cause of depression is the monoamine
hypothesis, which suggests that depression stems from inadequate serotonin (5HT) and/or
norepinephrine neurotransmission. This hypothesis is supported by the findings that most
antidepressants facilitate mono-aminergic neurotransmission, especially serotonergic actions,
although the disease is clearly more complex [19–21]. Therefore, much research is focused on
identifying intracellular signaling pathways coupled to 5HT receptors that may be involved in
mood disorders and that may provide new targets for therapeutic agents. If key signaling
outcomes downstream of receptors can be identified, then drugs targeting these signaling
pathways may provide a therapeutic approach that is an alternative, or an add-on, to classical
antidepressants. Recent evidence indicates that lithium’s inhibition of GSK3 may fulfill such
a role, since GSK3 was recently found to be a downstream target in 5HT receptor-mediated
signaling pathways that may not be adequately inhibited in depression (discussed below), and
the GSK3 inhibitor lithium can be an effective add-on agent in antidepressant-refractory
depression [34,35].

The deficiency in serotonergic activity in depression makes especially relevant recent findings
that serotonergic activity contributes to the inhibitory control of GSK3 in mammalian brain in
vivo, so that serotonergic deficiency would lead to abnormally activated GSK3 [36]. In this
study, serotonergic activity was increased in vivo by administration of d-fenfluramine and
clorgyline to mice. D-fenfluramine induces the release of 5HT and inhibits 5HT reup-take, and
clorgyline is a monoamine oxidase inhibitor that inhibits the breakdown of 5HT. Therefore,
administration of d-fenfluramine and clorgyline augments 5HT levels, and this was found to
increase the inhibitory serine-9 phosphorylation of GSK3β in mouse pre-frontal cortex,
hippocampus, and striatum [36]. Increasing 5HT levels by inhibition of monoamine reuptake
using the antidepressants fluoxetine or imipramine also increased serine-9 phosphorylation of
GSK3β in mouse brain. These results demonstrate that increased serotonergic activity
following the administration of anti-depressants inhibits GSK3β in brain.

Examination of 5HT receptor subtypes showed that stimulation of 5HT1A receptors in vivo
caused increases in serine-9 phosphorylation of GSK3β [36]. Conversely, blockade of 5HT2
receptors by administration of a selective antagonist increased the serine-9 phosphorylation of
GSK3β , indicating that 5HT2 receptors normally cause dephosphorylation of phospho-Ser9-
GSK3β (Fig. 3). This balance of 5HT1A and 5HT2 receptors in regulating the phosphorylation
of GSK3 is an interesting finding, since much previous evidence suggests that an imbalance
between 5HT1A and 5HT2 receptors is associated with depression [37–39]. Previous studies
have provided evidence that 5HT1A receptors are deficient in major depressive disorder and
that 5HT2 receptors are up-regulated in depression, although this remains a subject of intense
investigation [reviewed in 40]. Thus, these alterations would lead to decreases in the inhibitory
serine phosphorylation of GSK3 in depression. It has been hypothesized that antidepressants
exert their therapeutic effects through restoring the balance between those two receptor
subtypes [39,41], which may restore phospho-Ser9-GSK3β to normal levels. Unfortunately it
is not possible to directly test this hypothesis in postmortem human brain because of the rapid
postmortem dephosphorylation of GSK3 [16].

The signaling pathways linking serotonergic activity to the regulation of phospho-Ser-GSK3
in brain in vivo are not known since many pathways converge on GSK3 and it is difficult to
make mechanistic conclusions based on in vivo studies where many signaling pathways
converge on GSK3. Most serotonergic receptors are coupled to classical second messenger
pathways by one of three types of heterotrimeric G-proteins, Gq which couples receptors to
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the phosphoinositide second messenger system, and Gi or Gs which couple receptors to
inhibition or activation, respectively, of cyclic AMP production. Gq-coupled serotonergic
receptors activate protein kinase C which, in turn, is known to phosphorylate the regulatory
serine of GSK3 [42,43]. We are unaware of any reports that directly demonstrate protein kinase
C-mediated serine phosphorylation of GSK3 following serotonergic receptor activation
although this connection seems likely to occur. Gi-coupled receptors are known to activate the
PI3K/Akt signaling pathway, so Akt activated in this manner could account for serine
phosphorylation of GSK3 by increased serotonergic activity. 5HT1A receptors coupled to Gi
have been shown to activate PI3K [44] and Akt [45]. Furthermore, the activity of Akt in brain
samples from depressed suicide victims were below that of matched controls [45]. This
indicated that depression might be associated with diminished activity of the PI3K/Akt
signaling pathway which normally leads to inhibition of GSK3β , supporting the possibility
that GSK3β may not be adequately inhibited in depression.

The hypothesis that hyperactive GSK3 may partially contribute to depression or behaviors
associated with depression was further supported by studies of the effects of administration of
GSK3 inhibitors to mice. The most intriguing aspect of these studies are results using the forced
swim test, a widely used model to assess depressive behavior and the effects of antidepressant
agents, measured by immobilization time which is diminished by most antidepressants.
Kaidanovich-Beilin et al. [46] found that administration of a peptide inhibitor of GSK3β
rapidly induced antidepressant-like behavioral effects, specifically reducing immobilization in
the forced swim test. That this depression-associated behavior is modulated by GSK3 was
further supported by recent studies [47,48]. Gould et al. [48] reported that administration of
an ATP competitive GSK3 inhibitor modestly reduced immobilization in the forced swim test.
O’Brien et al. [47] showed more directly the relation between GSK3β and immobilization in
the forced swim test. They found that large reductions in immobilization time were induced
not only by inhibition of GSK3β by lithium administration, but also that lowered GSK3β levels
expressed in heterozygote GSK3β +/− mice was associated with a large reduction of
immobilization in the forced swim test. Taken together, these three reports demonstrate
convincingly that GSK3 has a critical role in this widely used paradigm to assess depressive
activity and the counteracting effects of antidepressants.

In summary, research on 5HT receptor signaling and GSK3β suggests that 5HT receptor
actions, especially the balance of activities between 5HT1A and 5HT2 receptor subtypes, can
regulate GSK3β in brain. Furthermore, 5HT receptor dysfunction and reduced PI3K/Akt
signaling are observed in depression, each of which could contribute to GSK3β activation.
Furthermore, antidepressants that enhance 5HT receptor signaling increase serine
phosphorylation of GSK3. These findings consolidate the hypothesis that abnormally active
GSK3 due to 5HT receptor signaling dysfunction could contribute to the pathophysiology of
depression, and that a part of the therapeutic effects of increased serotonergic activity by
antidepressants is mediated by GSK3 inhibition. Downstream substrates of GSK3 which may
contribute to antidepressant actions, such as exemplified by the reduced immobility in the
forced swim test, remain to be identified. GSK3 phosphorylates many proteins including
structural proteins, transcription factors, metabolic proteins, and others. Later sections in this
article describe some of these actions of GSK3 that may be linked to its actions in psychiatric
diseases.

SCHIZOPHRENIA AND GSK3
Several lines of research have produced findings consistent with the hypothesis that alterations
in GSK3 are connected with schizophrenia. However this association has not received the same
intense scrutiny as it has in mood disorders, and contradictory findings have been reported, so
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the association of GSK3 with schizophrenia, while tantalizing, remains to be more thoroughly
evaluated.

Schizophrenia is a prevalent and severe psychotic disorder with considerable variation among
individuals in symptoms associated with thought content, perception, cognition, and affect
[49,50]. The causative factors of schizophrenia remain unknown, but dysregulated dopamine
neurotransmission is likely the most widely investigated hypothesis of the pathophysiology of
schizophrenia. This classical hyperdopaminergic hypothesis of schizophrenia pathology is
supported by the therapeutic effects in schizophrenia of conventional antipsychotics that are
dopamine D2 receptor antagonists and by the psychotogenic effects of dopamine enhancing
drugs. However, although conventional antipsychotics can diminish symptoms in some
patients, it is evident that the pathophysiology of schizophrenia is more complex, and diverse,
than being caused only by increased dopaminergic activity in subcortical regions [49–51].
Some symptoms of schizophrenia, such as cognitive impairments, are resistant to conventional
antipsychotics, and the cognitive deficits in schizophrenia are thought to arise in part from
hypodopaminergic neurotransmission at dopamine D1 receptors in the pre-frontal cortex
[52]. This is supported by clinical studies that show atypical antipsychotics, which increase
dopamine neurotransmission at dopamine D1 receptors [53], improve cognitive symptoms in
schizophrenic patients [54,55]. Especially intriguing is the evidence showing that dopamine
D1 receptor hypoactivity in the pre-frontal cortex can result in dopamine D2 receptor
hyperactivity in the striatum. Imaging studies of the function of dopamine D1 receptors in the
prefrontal cortex [56–58] and of dopamine D2 receptors in the striatum [51,52] of
schizophrenic patients lend further support to the view that an imbalance of cortical/subcortical
dopaminergic function may be central to the pathology of schizophrenia [51]. Thus, regarding
dopaminergic neurotransmission, balanced activities of dopamine D1 and D2 receptors seems
to be critical, and schizophrenia appears to be associated with low dopamine D1 and/or high
dopamine D2 receptor function. Beyond the dopaminergic system, many other theories of the
pathology of schizophrenia have been promulgated. One of the most widely considered is the
evidence of neurodevelopmental abnormalities, supporting the concept that schizophrenia
represents a spectrum of diseases with multi-factorial pathologies [49]. Although studies
connecting GSK3 to schizophrenia are few, they have identified links between GSK3 and these
two major postulates, altered dopaminergic activity and disrupted neurodevelopment.

Abnormalities of GSK3 were first linked to schizophrenia in a series of studies reported by
Agam and colleagues [59–63]. They found approximately 40% lower GSK3β mRNA levels,
GSK3β protein levels, and GSK3 kinase activity in postmortem samples of frontal cortex from
subjects with schizophrenia, and a 30% lower GSK3β protein level in the cerebrospinal fluid,
compared with controls. However, these differences were not detected, except for the lower
GSK3 mRNA level, by the same investigators in samples from a different brain collection
[63]. This difference between brain collections was also encountered by another group who
found differences of GSK3β protein levels in schizophrenic compared to control samples in
one brain collection but not another [64,65]. As noted earlier in this review, a lack of changes
in GSK3 levels does not preclude changes in GSK3 actions because of the intracellular
mechanisms that regulate its activity, such as the inhibitory effect of serine-phosphorylation,
but this can not be studied in human brain samples because of the extensive loss of serine
phosphorylation of GSK3 that occurs postmortem. Further studies with a greater number of
samples will be necessary to draw concrete conclusions about whether or not alterations in
GSK3 expression or protein levels reproducibly occur in subjects with schizophrenia.

Another approach to identifying potential links between schizophrenia and dysregulated GSK3
is to examine the modulatory influences of neurotransmitter systems that are thought to be
involved in the illness, as discussed in the previous section concerning studies of the
serotonergic system in mood disorders. Therefore, since there is evidence for dopaminergic
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dysregulation in schizophrenia, it is pertinent to consider whether dopaminergic activity has a
role in regulating GSK3. This was first examined in brain in vivo by Gil et al. [66] who found
that administration of a dopamine D1 receptor agonist inhibited GSK3 activity in rabbit frontal
cortex and hippocampus, and this was blunted in rabbits following prenatal cocaine exposure
which itself caused inhibition of GSK3β activity. Thus, this study showed for the first time
that dopaminergic activity has a regulatory influence on GSK3 in brain in vivo, and that long
term changes in the dopaminergic system can modulate GSK3. From this initial report,
especially notable is the possibility that low dopamine D1 receptor activation that is reported
to occur in schizophrenia would be associated with impaired inhibitory control of GSK3 (Fig.
4).

Subsequently, more extensive in vivo interactions between the dopaminergic system and GSK3
in mammalian brain were reported. In a recent definitive study, Beaulieu et al. [67] found that
increased dopaminergic stimulation of dopamine D2 receptors in the striatum induced by
administration of the indirect dopamine stimulant amphetamine or present in dopamine
transporter knockout mice (DAT-KO), caused activation of GSK3α and GSK3β in mouse
striatum. This appeared to occur because of decreased Akt activity which resulted in decreased
serine-phosphorylation of GSK3. Hyperactive GSK3 was shown to contribute to the behavioral
phenotype because administration of GSK3 inhibitors, including lithium, antagonized
dopamine-dependent hyperactivity and stereotypy in the DAT-KO mice, and amphetamine-
induced hyperactivity was lower in GSK3β +/− mice [67]. These findings clearly demonstrated
that GSK3 is a downstream target of dopamine D2 receptor-mediated signaling in vivo and
that GSK3 mediates some of the behavioral effects of dopamine, supporting the possibility that
alterations in GSK3 activity may be relevant to schizophrenia and other dopamine-related
disorders [67]. This study notably raises the possibility that GSK3 is abnormally activated in
schizophrenia since dopamine D2 receptor activation is elevated, which in conjunction with
impaired dopamine D1 receptor-mediated inhibition of GSK3 may synergistically contribute
to hyperactivated GSK3 (Fig. 4).

More direct evidence of impaired Akt/GSK3β signaling in subjects with schizophrenia was
recently reported. Emamian et al. [68] found approximately 50% decreases in the protein levels
of one isoform of Akt, called Akt1, in the frontal cortex and lymphocytes of subjects with
schizophrenia compared with controls. Administration to mice of haloperidol, a typical
antipsychotic which is an antagonist of dopamine D2 receptors, increased the activating
phosphorylation of Akt and the inhibitory serine-phosphorylation of GSK3β in brain. The
decreased Akt signaling to GSK3β in schizophrenia and corrective modulation by the
dopaminergic antagonist supports the potential role of dopamine receptor-coupled signaling
to Akt and GSK3β in the pathogenesis of schizophrenia. This study also reported lower
phospho-Ser9-GSK3β levels in samples from subjects with schizophrenia compared with
controls as determined by immunoblot analysis [68]. However, the recently reported rapid
postmortem serine-dephosphorylation of GSK3β [16] suggests that more thorough
examination of immunoreactive bands is necessary to unequivocally identify levels of
phosphoserine-GSK3 in postmortem samples. Most interestingly, Emamian et al. [68] found
that a haplotype of Akt1 that was preferably transmitted to schizophrenic probands is related
to a lower protein level of Akt1 and that amphetamine administration to Akt1-depleted mice
showed disruption of prepulse inhibition, a representative model of impaired sensorimotor
gating of schizophrenia. A recent report confirmed that Akt1 is a susceptibility gene for
schizophrenia in a large population study [69] but it was not confirmed in another study [70].
This finding suggests that reduced Akt1 may contribute to schizophrenia, supporting the
possibility of an association between impaired control of GSK3 and schizophrenia.

The role of GSK3β in association with the Wnt signaling pathway (Fig. 2A) is a well known
factor regulating CNS development [6,7], so altered GSK3β signaling in the brain of subjects
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with schizophrenia also could contribute to the neurodevelopmental abnormalities that have
been linked to schizophrenia. There have been several reports of alterations in the Wnt signaling
pathway, which regulates the action of GSK3, associated with schizophrenia [71–74]. Since
Wnt signaling is a key component of neurodevelopment, and much evidence indicates
neurodevelopmental abnormalities in schizophrenia [75–77], these are tantalizing reports, but
the significance of these findings for the pathophysiology of schizophrenia remain to be
investigated in greater detail.

In addition to dopaminergic activity, alterations of cholinergic and glutamatergic
neurotransmission also have been linked to the pathology of schizophrenia, so it is of interest
that each of these neurotransmitter systems recently was found to influence the regulation of
brain GSK3 in vivo. Schizophrenia has been linked to dysregulated cholinergic
neurotransmission in several studies, and especially strong is the evidence indicating
association with the cognitive impairment of schizophrenia [78,79]. Cognitive impairment is
often evident in schizophrenia, and schizophrenia has been reported to be associated with
reduced choline acetyltransferase, the enzyme that synthesizes acetylcholine which is a critical
neuro-transmitter for cognition, and choline acetyltransferase activity was reported to be
inversely correlated with cognitive impairments in schizophrenia [80–82]. There have been
several reports of decreased levels of muscarinic receptors in specific brain regions of
schizophrenic patients, including frontal cortex [83–85], anterior cingulate gyrus [86],
hippocampus [87], Broadmann’s area 9 [88], and caudate-putamen [85,89]. Taken together,
these and other findings suggest that muscarinic receptor stimulation can be impaired in
schizophrenia either at the level of acetylcholine synthesis or receptor activation. Therefore, it
is of interest that a regulatory influence of cholinergic activity modulating the phosphorylation
of brain GSK3 in vivo was recently identified. De Sarno et al. [90] found that cholinergic
stimulation with the muscarinic receptor-selective agonist pilocarpine or the
acetylcholinesterase inhibitor physostigmine rapidly increased the serine-phosphorylation of
GSK3α and of GSK3β by several-fold in three mouse brain regions. This finding raised the
possibility that dysfunctional cholinergic activity may cause inadequate inhibitory control of
GSK3 which can be restored by stimulation of muscarinic receptors.

Much research has linked altered glutamatergic neurotransmission to schizophrenia [91]. One
of the most widely used models of schizophrenia involves application of glutamatergic N-
methyl D-aspartate (NMDA) receptor antagonists to animals because in healthy human
subjects these agents can induce symptoms similar to those seen in schizophrenia [92]. Thus,
administration of the noncompetitive NMDA receptor antagonists phencyclidine or ketamine
can induce several symptoms of schizophrenia in normal control individuals, and can worsen
symptoms in schizophrenic subjects [reviewed in 51]. Conversely, administration of NMDA
receptor agonists examined as adjunctive treatments have been reported to improve psychotic
symptoms in schizophrenia [93]. These findings support the hypothesis that activation of
NMDA receptors may be impaired in schizophrenia [93].

This connection between NMDA receptor activity and schizophrenia raises the question of
whether this may contribute to the regulation of GSK3, and several recent studies have provided
support for this regulatory interaction. NMDA treatment of cultured hippocampal neurons
caused a rapid and nearly complete dephosphorylation of phospho-Ser9-GSK3β , indicating
that GSK3β is activated by NMDA receptor signaling [94]. In accordance with that conclusion,
in vivo blockade of NMDA receptors by administration of the antagonist phencyclidine
increased mouse brain serine-phosphorylation of GSK3 [95], a response was also observed in
mouse brain following administration of memantine, an NMDA antagonist approved for use
in humans [90]. A conflicting report showed that in immature rats blockade of NMDA receptors
by in vivo administration of the antagonist MK-801 transiently decreased the serine-
phosphorylation of GSK3 [96], a difference from the other reports that could be due to age-
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dependent differences in responses to NMDA receptor modulation or differences between
NMDA antagonists. Thus, although still only few, the majority of studies indicate that NMDA
receptor stimulation dephosphorylates GSK3 and that blockade of NMDA receptors in vivo is
sufficient to cause increased levels of serine-phosphorylated GSK3.

Overall, quite a few connections have been identified between GSK3 and schizophrenia, but
there are also serious contradictions in this data. Thus, some data suggests the action of GSK3
is reduced, whereas other data suggests it is increased, in association with schizophrenia.
Schizophrenia-associated reductions of GSK3 are indicated by the measurements in
postmortem brain samples and by the inhibitory effects of the NMDA antagonists
phencyclidine and memantine. Postmortem measurements are the most direct approach to
identifying disease-related links, but this strategy is also fraught with difficulties inherent in
using postmortem tissue and in studying such a heterogeneous sample population. These
difficulties are exemplified by the mixed results obtained in different sample sets. Countering
the indications of reduced GSK3, there is substantial evidence of increased GSK3 actions in
schizophrenia. This evidence comes from studies showing reduced Akt in schizophrenia and
studies of neurotransmitter effects on regulating GSK3. The two studies implicating Akt
deficits in schizophrenia provide strong evidence that this inhibitory regulator of GSK3 is
dysfunctional, thus allowing hyperactivation of GSK3. This is corroborated by some
indications in schizophrenia of low dopamine D1 receptors which inhibit GSK3, and elevated
dopamine D2 receptors that activate GSK3, and that typical antipsychotics block D2 receptors,
which would cause inhibition of GSK3. The altered balance of D1 and D2 receptors, along
with a possible deficit in cholinergic neurotransmission, lead to the prediction that GSK3 is
inadequately controlled in schizophrenia. However, lithium, a GSK3 inhibitor, has very limited
therapeutic effects in schizophrenia, suggesting that if GSK3 activity is abnormal in
schizophrenia it may only contribute to a subset of symptoms. Thus, although intriguing
connections between schizophrenia and alterations of GSK3 have been identified, much more
research is necessary to integrate the findings from studies of GSK3 in postmortem tissue, the
developmental influences of GSK3, and the regulatory effects on GSK3 of neurotransmitter
systems that have been shown to be involved in schizophrenia.

NEURONAL FUNCTIONS REGULATED BY GSK3 WHICH MAY UNDERLIE THE
PATHOLOGY AND TREATMENT MECHANISMS IN PSYCHIATRIC DISEASES

The evidence linking GSK3 to the pathology and treatment of mood disorders and
schizophrenia raises the key question of how dysregulated GSK3 might contribute to these
diseases. As the understanding of the actions of GSK3 has been greatly expanded during the
last few years, several effects of GSK3 have been identified as strong candidates that might
link its dysregulation to these diseases. These actions are centered on neural plasticity, and this
is considered below within the contexts of structural effects, neurogenesis, gene expression,
and responses to stress.

Plasticity: Cell Structure and Remodelling
Perhaps the most widely accepted conceptual basis for mood disorders, and also considered in
schizophrenia research, is the postulate that there is impaired neural plasticity associated with
the pathophysiology of these diseases. One reason for the fairly widespread acceptance of this
concept is that it can be applied to nearly every aspect of neuronal function, thus its application
to mood disorders really does little to help to precisely and specifically define key functions
that are dysregulated in these diseases. Therefore, for the purpose of this review, we define
neural plasticity more narrowly as the ability of neurons to respond appropriately to fluctuating
inputs, such as changes in neurotransmission, stress, or cellular insults. In other words, these
represent adaptive changes that facilitate neuronal function in response to alterations in external
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inputs, and these inputs may be normal fluctuations in neurotransmission or exposure to stress.
In this context, much evidence has documented the crucial role of GSK3 in neuronal plasticity,
and here we consider specifically structural plasticity as an example of one of the many
influences of GSK3 on neural plasticity.

GSK3 has many influences on cell biology and architecture, as recently reviewed [5]. Briefly,
GSK3 phosphorylates several proteins that can bind to microtubules, protein complexes that
provide structural stability to neurons but which must maintain plasticity in order to allow the
dynamic changes in neuronal shape and contacts which continually occurs in neurons. These
substrates of GSK3 include the microtubule-associated protein (MAP) tau, MAP1β , APC,
CRMP-2, and others. By phosphorylating microtubule-associated proteins GSK3 modulates
microtubule dynamics which are important in neuronal remodelling, neurite outgrowth and
collapse, and axonogenesis [97–104]. These are all key processes in structural neural plasticity,
emphasizing the widespread influences of GSK3 and the importance of maintaining strict
control of GSK3 activity. GSK3 also phosphorylates the protein motor kinesin, thereby
modulating intracellular transport of many types of cargo [105], modulates growth cone
extension [106,107], and modulates cell motility [108]. Thus, fluctuations in GSK3 activity
modulate many intracellular structural dynamics of neurons. GSK3 is also an essential
component of several developmentally important signaling pathways (which are also
functional in adult brain), including Wnt [6,7], Hedgehog [109,110], Reelin [111], and Notch
[112] signaling, each of which controls aspects of neuronal structure. Dysregulation of GSK3
associated with these developmental systems may be particularly relevant to schizophrenia for
which there is a strong body of evidence of developmental deficiency. Thus, GSK3 has
numerous effects on cell biology, architecture, and remodeling, actions that may underlie its
detrimental effects in psychiatric disorders when it is not properly regulated. For example,
deficient serotonergic activity, as can occur in mood disorders, can cause GSK3 in the brain
to be abnormally active. This can impair neural plasticity through the actions of GSK3 on these
dynamic structural targets, and bolstering serotonergic activity with antidepressants is now
known to strengthen the inhibitory control of GSK3 in the brain, thereby potentially facilitating
neural plasticity by modulating these structural dynamics.

Neurogenesis
Impaired neurogenesis in animal models of depression, and its correction by antidepressants,
has recently brought this process into prominence as a potential crucial mechanism in
depression and other psychiatric diseases. Neurogenesis in this context involves the production,
survival, or integration of new neurons in the adult brain. In a simplified manner, this theory
posits that depression may be causally associated with impaired neurogenesis, and that
antidepressants augment one or more of the components of neurogenesis [113–115]. Thus it
is intriguing that GSK3 also is a noted regulator of neurogenesis. Using a variety of
experimental systems, several early studies nearly simultaneously reported increases in
markers of neurogenesis following diverse treatments in animals or cells with agents that are
therapeutic in mood disorders, including antidepressants [116–118], electroconvulsive shock
[119,120], and lithium [121–124]. None of these studies with lithium examined the mechanism
by which neurogenesis was enhanced, but studies of GSK3 make it a target worth investigating.
For example, in addition to the well known role of the Wnt signaling pathway (activation of
which inhibits GSK3) on neuronal development [125], several studies reported effects of
inhibitors of GSK3 on neurogenesis in embryonic stem cells [126–128]. Thus, inhibition of
GSK3, which may be impaired in mood disorders, by lithium and other therapeutics may bolster
neurogenesis, an action that may contribute to therapeutic outcomes. With respect to
depression, especially compelling is the recent report by Santarelli et al. [118] which provided
strong evidence that the behavioral effects of chronic antidepressants may be mediated by the
stimulation of hippocampal neurogenesis. Since serotonergic activity is reduced in depression,
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it is also of interest that several studies found activation of 5HT1A receptors, which we showed
[36] causes phosphorylation (inactivation) of GSK3, enhanced neurogenesis [113,129,130]. In
summary, there is growing, but still very incomplete, data suggesting links between
neurogenesis and both mood disorders and therapeutic agents, and that GSK3 may contribute
to these regulatory mechanisms.

Gene Expression
Of the many substrates that are phosphorylated by GSK3, the largest category consists of
transcription factors, proteins that are key regulators of gene expression, with over a dozen
transcription factors known to be substrates of GSK3 [5]. These include several of the most
widely studied transcription factors, such as AP-1, NFκ B, HSF-1, CREB, p53, the co-activator
β -catenin, as well as others. This gives GSK3 the capacity to have a tremendous impact on
gene expression and consequently to regulate many cellular functions.

Phosphorylation by GSK3 regulates these transcription factors through diverse mechanisms,
examples of which include the following. The most widely studied substrate of GSK3β in this
category is β -catenin, a component of the Wnt signaling pathway [6,7]. Phosphorylation of
β -catenin by GSK3 promotes its proteolysis, whereas inhibition of GSK3 allows the
accumulation of β -catenin which acts in the nucleus in conjunction with transcription factors
to control gene expression. Thus, GSK3 controls the level of β -catenin by facilitating its
degradation. GSK3 also can regulate the nuclear localization of transcription factors, such as
nuclear factor of activated T cells (NFAT). In the nucleus GSK3 phosphorylates NFAT,
signaling its export to the cytosol, terminating its action as a transcription factor [131]. In
addition to controlling stability and subcellular localization, GSK3 regulates the transcriptional
activities of transcription factors, such as heat shock factor-1 (HSF-1) and p53. Phosphorylation
by GSK3 contributes to the inactivation of HSF-1 [132], whereas inhibition of GSK3
counteracts this negative influence on HSF-1, allowing greater expression of heat shock
proteins to bolster cellular plasticity and survival [133]. While nuclear GSK3 down-regulates
the survival-promoting action of HSF-1, nuclear GSK3 also promotes apoptosis by
contributing to the activation of p53 [10,134,135]. Conversely, inhibition of GSK3 greatly
attenuates the actions of p53. Thus, GSK3 acts in diverse ways to either reduce or enhance
transcription factor activities.

Taken together, it is evident that GSK3 uses a variety of means to regulate the activities of a
broad spectrum of transcription factors, affording it the capacity to regulate the expression of
numerous genes and, consequently many cell functions. Thus, phosphorylation of these
substrates likely influences neuronal plasticity by regulating gene expression, and dysregulated
GSK3 in psychiatric diseases can easily be envisioned as having detrimental effects on the
normal regulation of these transcription factors.

CREB and BDNF
One of the most often examined transcription factor in studies of both mood disorders and
schizophrenia is cyclic AMP response element binding protein (CREB). Stimulation of either
serotonergic or dopaminergic receptors can activate CREB, thus alterations of CREB have
been linked to the psychiatric diseases associated with each of these neurotransmitters, mood
disorders and schizophrenia, respectively. CREB is activated when it is phosphorylated on
Serine-133. Phospho-Ser133-CREB is a primed substrate for GSK3, which subsequently can
phosphorylate Serine-129 to inactivate CREB (30, 136). Thus, inhibition of GSK3 can facilitate
CREB activity (30). The expression of the key neurotrophin, brain-derived neurotrophic factor
(BDNF), is regulated by CREB [137,138]. Recently, much evidence indicates that the
production and/or actions of BDNF may be deficient in depression [139,140]. BDNF
expression is reduced in animal models of stress-induced depression [141,142], and
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administration of antidepressants or electro-convulsive shock can increase BDNF expression
and counteract stress-induced decreases in BDNF [143–145]. Especially persuasive is the
finding that centrally administered BDNF produced antide-pressant-like behavior [146,147].
Studies of subjects with major depression also support the hypothesis that BDNF is depleted
in major depression, as BDNF serum levels were reduced in major depression subjects
compared to control subjects [148,149], and postmortem measurements of brain BDNF
immunoreactivity demonstrated higher levels in antidepressant-treated than non-treated
subjects with major depression [150]. Thus, many studies have linked CREB-regulated BDNF
expression to mood disorders and the actions of therapeutic agents, but as reviewed by Jacobsen
and Mork (151) there are also contradictory findings. With CREB being regulated by GSK3,
and CREB regulating BDNF, it is intriguing that links have been established between BDNF
and GSK3. Treatment with lithium [151–153] or valproate [152], which are GSK3 inhibitors,
increased BDNF protein levels in rat brain, although strain-dependent effects also have been
reported [154]. However, it remains to be demonstrated the extent to which these actions of
mood stabilizers on BDNF expression are due to inhibition of GSK3. Recent findings that
antidepressants [36] and electroconvulsive shock treatment [33] can inhibit GSK3 suggest that
this action may contribute to the increases in CREB, and subsequently BDNF expression,
caused by these treatments. In addition to impairing the expression of BDNF, GSK3 also can
impede BDNF-induced intra-cellular signaling activities [155]. Thus, in mood disorders
impaired inhibitory control of GSK3 may reduce CREB activity, the expression of BDNF, and
signaling induced by BDNF, to contribute to deficient BDNF actions, and the inhibitory effects
of therapeutic treatments on GSK3 may contribute to facilitated CREB activity and BDNF
expression and BDNF-induced activation of intracellular signaling pathways.

Stress and Cell Survival
Neural plasticity includes the capacity of cells to respond appropriately to stressful events or
agents, including those that could be lethal. Experimentally, this can be measured by assessing
the terminal outcome of stress-induced cell death by apoptosis. Thus, even though apoptosis
may not be a causative factor in mood disorders or schizophrenia, measurements of apoptosis
are a direct indicator of neural plasticity, the ability to respond and adapt to stressful insults,
and can indicate the role of enzymes and therapeutic agents in these plastic responses. In this
context, abundant evidence has proven that GSK3 is detrimental to neural plasticity, as one of
the most replicated actions of GSK3 is that its activity impedes survival following exposure
to many kinds of insults that are able to cause mitochondria-mediated apoptosis and eventual
cell death.

Thus, using evidence of apoptosis as an indicator of impaired neural plasticity, GSK3 has been
demonstrated to impair survival and to promote apoptosis caused by a wide variety of different
conditions or agents. Among these many conditions in which GSK3 promotes apoptosis are
exposure to growth factor withdrawal and inhibition of the phosphoinositide 3-kinase (PI3K)/
Akt signaling pathway [156], mitochondrial toxins [157], hypoxia/ischemia [158], glutamate
excitotoxicity [159], endoplasmic reticulum stress [160], DNA damage [10], ceramide [161],
oxidative stress [162], Alzheimer’s disease-related amyloid β -peptide [163], prion peptide
[164], polyglutamine toxicity [165] HIV-associated conditions [166], hypertonic stress [167],
and a variety of other conditions. This large and diverse number of conditions in which GSK3
impairs survival and promotes apoptosis has solidly established the conclusion that if the
activity of GSK3 is not adequately controlled, then it can be severely detrimental for neural
plasticity. This established role of GSK3 in impairing neural plasticity in conditions that can
cause cell death can be directly extrapolated to non-lethal, but nevertheless critical, stressful
conditions that may occur in psychiatric disorders. Thus, inadequately controlled GSK3 is
thought to impair neural plasticity in both lethal and non-lethal conditions, giving rise to
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impaired responses to stressful conditions, and providing the target for lithium and other
therapeutic agents to bolster neural plasticity by inhibiting GSK3.

The mechanisms whereby GSK3 impairs neural plasticity to the extent that it can facilitate
apoptosis after exposure of cells to potentially lethal conditions remain to be fully clarified,
but several possibilities have been raised. We summarize these mechanisms based on
subcellular localization, considering nuclear, mitochondrial, and cytosolic actions.

The fact that GSK3 can promote apoptosis was clearly demonstrated by Pap and Cooper
[156] who found that overexpression of GSK3 was sufficient to induce apoptosis. Concerning
a mechanism for this action, they showed that this was blocked by expression of dominant-
negative p53, suggesting that activation of p53 makes an important contribution to GSK3-
induced apoptosis [156]. Subsequently, p53 was shown to bind GSK3 in a mutually synergistic
fashion, as p53 activates GSK3 and GSK3 promotes p53-induced apoptosis [10,134,135]. As
noted above, regulation of gene expression through modulatory effects of GSK3 on many
transcription factors likely contributes to its impairment of neural plasticity and also may
underlie some of its proapoptotic actions. For example, GSK3β phosphorylates CREB to inhibit
its activity [15], and much evidence has shown that CREB promotes cell survival [168].
Therefore, inhibition of CREB by GSK3 would block the anti-apoptotic actions of CREB. The
same situation may apply to HSF-1 which promotes cell survival by inducing the expression
of heat shock proteins, an action blocked by GSK3 [133]. Interestingly the large
neuroprotection provided by lithium from ischemia [169] was associated with increased
activation of HSF-1 in vivo [170]. Transcription factor NFAT3 was recently identified as a key
target in GSK3-promoted apoptosis in cerebellar granule neurons [171]. Thus, several of the
many transcription factors that are targets of GSK3 may contribute to facilitation of apoptosis
through regulation of gene expression, and notably, apoptosis can put GSK3 in the right place
to regulate transcription factors because several apoptotic conditions cause a rapid
accumulation of GSK3 in the nucleus [9].

GSK3 also is present in mitochondria, which is noteworthy because of the central role of
mitochondria in cellular responses to stress, as well as its central role in apoptosis. Although
little is known about the possibility that mitochondria also may be directly involved in the
apoptotic actions of GSK3, it is notable that GSK3 in the mitochondria is activated by some
apoptotic stimuli, such as DNA damage and endoplasmic reticulum stress [11]. GSK3’s
apoptotic action is known to be upstream of caspase-3 [172], of caspase-9 [172], of cytochrome
c release from mitochondria [134], of the permeability transition pore complex in mitochondria
[173], and of activation of the proapoptotic bcl2-family member Bax, which targets to
mitochondria [174,175]. Thus, GSK3 in mitochondria, or targeting proteins that act on
mitochondria such as Bax [175], may contribute to the facilitative effect of GSK3 on apoptosis.

Finally, cytosolic targets also may be important in the actions of GSK3 that impair neural
plasticity and in lethal conditions can lead to cell death by apoptosis. Pap and Cooper [176]
showed that inhibition of protein synthesis, which GSK3 achieves by phosphorylating and
inhibiting eIF2B, is an important component of GSK3’s proapoptotic action. GSK3 also can
promote apoptotic signaling pathways, such as activation of the c-Jun NH2-terminal kinase
pathway [177,178]. And as mentioned previously, actions of GSK3 that modulate microtubule
dynamics and kinesin-mediated intra-cellular transport can impair neural plasticity in a manner
that could promote cell death.

Overall, it is evident that following exposure to stressful conditions GSK3 can have multiple
effects that could impair neural plasticity and in potentially lethal conditions could facilitate
the apoptotic process. These include actions of GSK3 that both contribute to apoptosis and
actions that block anti-apoptotic processes. Thus much evidence has shown that GSK3
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promotes the signaling activity of mitochondria-mediated apoptosis that is induced by many
insults. An important corollary to this hypothesis is that the neuro-protective properties of
lithium can stem from its inhibition of GSK3, as has been demonstrated [172], allowing lithium
to have the broad neuroprotective properties that have been observed. Although a single
specific target of GSK3 that accounts for its promotion of apoptosis may yet be found, currently
it appears that GSK3 has multiple actions that together serve to facilitate apoptosis. These
include actions in the nucleus to inhibit the expression of anti-apoptotic proteins and promote
p53-dependent apoptosis, in the mitochondria to impair mitochondrial function and impede
energy production, and in the cytosol, such as inhibiting protein synthesis and destabilizing
microtubules and other cytoskeletal structures,. Taken together, these actions make GSK3 a
powerful agent for contributing to impaired neural plasticity which in extreme conditions can
facilitate the apoptosis process.

CONCLUSIONS
GSK3 has a pervasive influence on neuronal function, affecting structure, remodelling, gene
expression, survival, and many other aspects of cellular operations. Therefore, the activity of
GSK3 is tightly controlled in a substrate-specific manner to allow modulation of select actions
of GSK3 by many signaling pathways that converge upon it. As would be expected of such a
multi-functional enzyme, recent studies have found that the activities of several
neurotransmitter systems regulate GSK3 in the brain in a receptor subtype-selective manner.
For example, 5HT1A receptor stimulation promotes inhibitory serine-phosphorylation of
GSK3, whereas stimulation of 5HT2 receptors does the opposite, promoting dephosphorylation
and activation of GSK3. Strong regulatory influences on GSK3 exerted by neurotransmitter
systems that are involved in mood disorders and schizophrenia, especially the serotonergic and
dopaminergic systems respectively, support the postulate that abnormalities in the activities of
these neurotransmitters in these diseases likely are associated with abnormal control of GSK3.
Taken in conjunction with the strong evidence that therapeutic agents used especially in mood
disorders but also in schizophrenia regulate GSK3, this mounting evidence supports the
conclusion that abnormally regulated GSK3 is associated with mood disorders and possibly
schizophrenia. Thus, GSK3 and its signaling partners, both upstream and downstream of
GSK3, provide potential targets for new therapeutic agents.
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Fig 1. Regulation of the inhibitory serine-phosphorylation of GSK3
Phosphorylation of Ser-9 of GSK3β inhibits its activity. Some of the kinases reported to
phosphorylate this site on GSK3β include Akt, protein kinase A (PKA; also known as cyclic
AMP-dependent protein kinase), protein kinase C (PKC), and p90 ribosomal S6 kinase
(p90RSK). Signaling leading from a growth factor receptor to activation of Akt is depicted.
Growth factor receptor stimulation causes tyrosine phosphorylation (pY) of the receptor which
interacts with various adaptor proteins to initiate a signaling cascade that results in activation
of Akt via dual phosphorylation on threonine-308 and serine-473 which results in Akt-induced
serine-phosphorylation and inactivation of GSK3β . ILK, integrin-linked kinase; PDK,
phosphoinositide-dependent kinase; PI3K, phosphoinositide 3-kinase; PIP2,
phosphatidylinositol-4,5-bisphosphate; PIP3, phosphatidylinositol-3,4,5-trisphosphate.
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Fig 2. Mechanisms contributing to substrate-selective regulation of GSK3
A. GSK3-binding proteins. GSK3-binding proteins regulate the action of GSK3 in the Wnt
signaling pathway. Axin acts as a scaffold bringing together the substrate β -catenin with APC,
the priming kinase, casein kinase 1 (CK1), and GSK3. In the absence of Wnt, phosphorylation
of β -catenin by CK1 and GSK3 targets it for degradation. Wnt activation results in disheveled
(dvl) and FRAT binding to GSK3, inhibiting its phosphorylation of β -catenin. This results in
the stabilization and accumulation of β -catenin, its translocation to the nucleus, and facilitation
of TCF/LEF-mediated transcription.
APC, adenomatous polyposis coli gene product; FRAT, frequently rearranged in advanced T-
cell lymphoma; LEF, lymphoid-enhancing factor; TCF, T cell factor.
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B. Subcellular distribution. GSK3 is predominantly a cytosolic protein, where it can be
regulated by serine phosphorylation carried out by several kinases, such as Akt. GSK3
reversibly translocates to the nucleus where it’s level is increased in the S-phase of the cell
cycle and during some types of apoptosis. Nuclear accumulation of GSK3 facilitates its actions
on nuclear substrates, such as the transcription factor cyclic AMP response element-binding
protein (CREB), which is inhibited following phosphorylation by GSK3. Mitochondria also
contain GSK3. Although no studies have reported alterations of mitochondrial GSK3 levels,
its activity can be regulated by serine phosphorylation. For example, activation of cytosolic
Akt can lead to its import into mitochondria where it can serine-phosphorylate mitochondrial
GSK3 to inhibit its activity.
C. Priming phosphorylation of GSK3 substrates. Many substrates of GSK3 must be
"primed", which means they are pre-phosphorylated at a serine/threonine four residues
removed from the serine/threonine that is phosphorylated by GSK3. Thus, the consensus site
for phosphorylation of primed substrates by GSK3 is S/T-X-X-X-S/T(p). This provides an
important regulatory mechanism controlling the action of GSK3 because signaling pathways
phosphorylating its substrates must be active before GSK3 can have any effect on such
substrates. The preference of GSK3 for phosphorylating substrates that have been
prephosphorylated (or "primed") 4 amino acids C-terminal to the target Ser/Thr is due to the
presence of a phosphate binding pocket in GSK3. The phosphate of the primed substrate sits
in this pocket and positions the phosphate acceptor site to enable efficient phosphorylation by
GSK3.
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Fig 3. Schematic depiction of the regulation of GSK3 by 5HT1A and 5HT2 receptors and changes
that may be associated with major depression
GSK3β is inhibited by phosphorylation of serine-9. This inhibitory phosphorylation is
promoted by activation of 5HT1A receptors. However, decreased 5HT1A receptors occur in
major depression, so there may be insufficient signaling leading to inhibition of GSK3β in
depression. Conversely, activation of 5HT2 receptors cause activation of GSK3β by promoting
its dephosphorylation. Increased 5HT2 receptors occur in major depression, suggesting
increased activation of GSK3β . Overall, the balance between 5HT1A and 5HT2 receptors
contributes to maintaining the normal activity level of GSK3β , and changes in each receptor
associated with depression disrupt the 5HT receptor-mediated inhibitory signals that normally
control GSK3β , suggesting that the activity of GSK3β is not adequately controlled in major
depression.
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Fig 4. Schematic depiction of the regulation of GSK3 by dopamine D1 and dopamine D2 receptors
and changes associated with schizophrenia
GSK3β is inhibited by phosphorylation of serine-9. This inhibitory phosphorylation is
promoted by activation of dopamine D1 receptors. However, decreased dopamine D1 receptor
activation occurs in schizophrenia, so there may be insufficient signaling leading to inhibition
of GSK3β in schizophrenia. Conversely, activation of dopamine D2 receptors cause activation
of GSK3β by promoting its dephosphorylation. Increased dopamine D2 receptor activation
occurs in schizophrenia, in part by deficient inhibitory inputs from dopamine D1 receptors,
suggesting increased activation of GSK3β . Overall, the balance between dopamine D1 and
D2 receptors contributes to maintaining the normal activity level of GSK3β , and changes in
each receptor associated with schizophrenia disrupt the control of GSK3β .
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