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Mental illnesses, such as bipolar disorder, attention-deficit/hyperactivity disorder, depression and schizophrenia are a major public health
concern worldwide. Several pharmacologic agents acting on monoamine neurotransmission are used for the management of these disorders.
However, there is still little understanding of the ultimate molecular mechanisms responsible for the therapeutic effects of these drugs or
their relations with disease etiology. Here | provide an overview of recent advances on the involvement of the signalling molecules Akt and
glycogen synthase kinase-3 (GSKB) in the regulation of behaviour by the monoamine neurotransmitters dopamine (DA) and serotonin (5-HT).
| examine the possible participation of these signalling molecules to the effects of antidepressants, lithium and antipsychotics, as well as
their possible contribution to mental disorders. Regulation of Akt and GSK3 may constitute an important signalling hub in the subcellular
integration of 5-HT and DA neurotransmission. It may also provide a link between the action of these neurotransmitters and gene prod-
ucts, like disrupted in schizophrenia 1 (DISC1) and neuregulin (NRG), that are associated with increased risk for mental disorders. How-
ever, changes in Akt and GSKS3 signalling are not restricted to a single disorder, and their contribution to specific behavioural symptoms or
therapeutic effects may be modulated by broader changes in biologic contexts or signalling landscapes. Understanding these interactions

may provide a better understanding of mental ilinesses, leading to better efficacy of new therapeutic approaches.

Introduction

Neurotransmission mediated by the monoamines dopamine
(DA) and serotonin (5-HT) is a major target for psychiatric
drugs. Reuptake inhibitors that elevate synaptic 5-HT levels
are commonly used for the treatment of major depression
and other mood disorders,' whereas medications blocking
5-HT,, receptors have antipsychotic effects.? Likewise, the
first generation of antipsychotic drugs, such as haloperidol
and chlorpromazine, are potent blockers of D2-class DA re-
ceptors,”* whereas psychostimulants, like amphetamine and
methylphenidate, that are used for the treatment of attention-
deficit/hyperactivity disorder (ADHD) elevate DA tones.
Most DA neurons in the brain have their cell bodies in the
substantia nigra pars compacta and ventral tegmental area

that project to the striatum, nucleus accumbens and frontal
cortex. Most 5-HT neurons are located in the raphe nuclei
and send projections to multiple brain regions, including the
striatum, hippocampus and frontal cortex.

Multiple control mechanisms regulate the activity of
monoaminergic synapses. Briefly, DA and 5-HT are synthe-
sized in presynaptic neurons, stored into vesicles by the
vesicular monoamine transporter and released to the synapse
in response to action potentials.” In the adult brain, the rate-
limiting enzymes for the synthesis of DA and 5-HT are tyro-
sine hydroxylase and tryptophan hydroxylase 2 (Tph2), re-
spectively.” Following release, neurotransmitter molecules
stimulate postsynaptic receptors. The duration of this stimula-
tion and concentration of neurotransmitters at the synapse are
tightly regulated by transporters, such as the DA transporter
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(DAT) and the 5-HT transporter, that reuptake neurotrans-
mitters from the extracellular space to the cytoplasm of
presynaptic neurons where they will be stored into vesi-
cles.> The intensity of neurotransmitter release and synthesis
are also regulated by autoreceptors on presynaptic neurons.
There are 6 DA receptors and more than 15 5-HT receptors
(Table 1). With the exception of 1 class of 5-HT receptors (5-HT;
receptors), all of these are 7-transmembrane domain proteins
coupled to heterotrimeric G proteins. These G protein-
coupled receptors (GPCRs) exert most of their known actions
on signalling by modulating the production of different
second-messenger molecules (Table 1).

Although understanding the effects of psychoactive drugs
on DA and 5-HT neurotransmission has allowed the de-
velopment of drugs targeting key molecules, such as mono-
amine transporters, more selectively,” there is still little infor-
mation concerning the involvement of these neurotransmitter
systems in the etiology of mental disorders. For example, sev-
eral genetic studies have focused on the role of DA receptor
dysfunction in human disorders.”" However, as noted in
2000 by Wong and colleagues,” “while there are some evi-
dences that polymorphisms and mutations in [DA] receptors
can alter functional activity and pharmacological profiles, no
conclusive data link these gene variants to drug response or
disease.” Unfortunately, this situation has not changed much
over the past 10 years.

Instead of establishing a clear link with monoamine neuro-
transmission, genetic studies of mental disorders conducted
over the last decade identified several polymorphisms in
genes, such as disrupted in schizophrenia 1 (DISC1)* and
neuregulin 1 (Nrg1),* that are not obviously related to DA or
5-HT neurotransmission. This suggests that drugs acting on
5-HT or DA neurotransmission may exert their therapeutic
effects in mental disorders by “normalizing” cell signalling
mechanisms that are also affected by genetic or environment-
al factors in people with these disorders. Recent lines of evi-
dence from my colleagues and I, as well as other groups,
have indicated that both DA and 5-HT exert part of their ac-
tions on behaviour by modulating the activity of glycogen
synthase kinase-3 (GSK3) and signalling molecules, such as

Table 1: Dopamine and serotonin receptor classes

Receptor class Receptors Coupled to Localization
Dopamine
Diclass  D1andD5 GoS (cAMP T)  Postsynaptic
D2 class D2L, D2S, D3, D4 Goi/o (cAMP ) Pre- and postsynaptic
B arrestin-2
(D2, D3)
5-HT, 5-HT,, ., 5-HT, Gai/o (cAMP 1) Pre- and postsynaptic
5-HT, 5-HT,, . Gaq Postsynaptic and
non-neuronal
5-HT, 5-HT,, . lon channel Postsynaptic and
non-neuronal
5-HT others  5-HT,, 5-HT, 5-H, GaS (cAMP T) Postsynaptic and

non-neuronal

5-HT = serotonin; cAMP = cyclic adenosine monophosphate.
For reviews of 5-HT and dopamine receptors see Hoyer et al.' and Beaulieu and
Gainetdinov."

Akt, that are involved in its regulation. Interestingly, this sig-
nalling pathway is also regulated by different types of psychi-
atric drugs, including antipsychotics, antidepressants and
lithium.” Furthermore, several proteins encoded by genes as-
sociated with mental disorders affect the activity of this sig-
nalling pathway. In this brief review, I provide an overview
of research by my colleagues and I on the characterization of
the regulation of Akt and GSK3 signalling by DA and 5-HT. I
also examine the possible role of these molecules as subcellu-
lar integrators for the effects of DA and 5-HT in mental disor-
ders and the action of psychiatric drugs.

The Akt-GSK3 signalling pathway

Glycogen synthase kinase-3 and Akt, also known as protein
kinase B, are serine threonine kinases that were initially iden-
tified as playing a role in the regulation of glycogen synthesis
in response to insulin receptor stimulation.”* Over the years,
these molecules were shown to be involved in a host of nor-
mal and pathologic processes, including the regulation of
glycogenesis, cellular proliferation, programmed cell death,
embryogenesis and circadian entrainment.*

There are 3 isoforms of Akt that are encoded by separate
human genes, AKT1 (position 14q32.32), AKT2 (position
19q13.1-q13.2) and AKT3 (position 1q44). All of these iso-
forms are activated in response to phosphoinositide-3
kinase (Pi3K)-mediated signalling following the stimulation
of various cell surface receptors like GPCRs and receptor
tyrosine kinases (e.g., the brain-derived neurotrophic factor
receptor TrkB and the Nrgl receptor ErbB). Activation of
Pi3K signalling results in the activation of Aktl following
its phosphorylation on the Thr308 and Ser473 residues.”
Akt is also negatively regulated by protein phosphatases,
notably protein phosphatase 2A (PP2A) that can inactivate
Akt in vivo.*®

Glycogen synthase kinase-3 isoforms are among the most
extensively studied substrates of Akt. There are 2 isoforms of
GSK3 (GSK3a. and GSK3p) that are encoded by different hu-
man genes, GSK3A (position 19q13.2) and GSK3B (position
3q13.3).* These proteins are constitutively active serine/
threonine kinases that are negatively regulated by Akt and
other serine/threonine kinases through phosphorylation of
serine residues on their amino-terminal domain — Ser21 for
GSK3a and Ser9 for GSK3.%%

Regulation of Akt and GSK3 by DA

The various functions of DA receptors have been primarily
associated with the regulation of cyclic adenosine monophos-
phate (cAMP) and protein kinase A (PKA) via G protein—
dependent signalling (Table 1)." The D1 class receptors are
mostly coupled to Gos and stimulate cAMP production and
the activity of PKA. In contrast, D2 class receptors are cou-
pled to Gai/o to inhibit the production of cAMP and thus di-
minish PKA activity.*® There is evidence that some neuronal
populations can coexpress both receptor types with an effect
on signalling responses.®* However, several independent
studies using whole-gene regulated fluorescent reporters in
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bacterial artificial chromosome transgenic mice have shown
that striatal neurons appear to express preferentially either
D1 or D2 receptors (Fig. 1).#*

Studies by my colleagues and I of cell signalling in re-
sponse to elevated DA identified a reduction of Akt
phosphorylation/activity along with concomitant activation
of both GSK3o. and GSK3 in the striatum of mice lacking the
DAT (DAT knockout mice).** Administration of ampheta-
mine, methamphetamine or the nonselective DA receptor ag-
onist apomorphine to normal mice also results in an inhibi-
tion of Akt activity and concomitant activation of GSKS3,
whereas striatal DA depletion has the opposite effect, thus
firmly establishing the regulation of the Akt-GSK3 pathway
by DA ### Further characterization of these signalling re-
sponses using selective D1 and D2 receptor antagonists,* the
antipsychotic haloperidol*' or mice lacking different sub-
types of DA receptors have shown that Akt, GSK3o and
GSK3B are regulated by D2 receptors.” More specifically, D2
receptors appear to be essential for the inhibition of striatal
Akt by DA in mice. Interestingly, mice lacking the D3 recep-
tor display a reduced sensitivity of Akt-mediated signalling
to dopaminergic drugs but retain the action of these drugs on
Akt at higher doses. This suggests that D3 receptors also par-
ticipate in the regulation of Akt-GSK3 signalling potentially
by enhancing the D2 receptor-mediated DA response.”

In the mouse striatum neither Akt nor GSK3 is affected by
a direct modulation of cAMP levels, indicating that this sig-
nalling pathway is not controlled by canonical D2 receptor
signalling* (Fig. 2). Instead, behavioural and biochemical evi-
dence have revealed a role for B-Arrestin-2 (BArr2), a multi-
functional scaffolding/adaptor protein generally involved in
GPCR desensitization in the regulation of the Akt—GSK3
pathway by D2 receptors.

Following GPCR stimulation, G protein-mediated signal-
ling is inactivated by mechanisms that result in receptor de-

Fig. 1: Segregation of D1 and D2 dopamine (DA) expression in the
dorsal striatum. Confocal microscopy images of striatal neurons in
double bacterial artificial chromosome transgenic mice expressing
the green fluorescent protein reporter gene under the control of the
D2 DA receptor gene promoter and the (red) tomato fluorescent
protein reporter gene under the control of the DA receptor gene
promoter. The arrow points to a cell that expresses both reporter
genes.

sensitization, internalization and termination of G protein—
mediated signalling. G protein-coupled receptor activation
induces the phosphorylation of the receptors and the recruit-
ment of arrestins.”* Most mammalian tissues express 2 ar-
restins, f—Arrestin-1 and BArr2.* The interaction of arrestins
with GPCRs is followed by the recruitment of an endocytic
complex, which results in the internalization of receptors.®**
However, the role of arrestins in GPCR functions is not lim-
ited to desensitization. It has become apparent that in addi-
tion to activating G proteins, GPCRs can also elicit cellular re-
sponses mediated by the formation of signalling protein
complexes held together by arrestins.™*

Research by my colleagues and I has shown that when ad-
ministered to BArr2 knockout mice, the DA drugs ampheta-
mine and apomorphine fail to reduce Akt phosphorylation
as they do in wild-type animals.” Similarly, mice lacking
both BArr2 and the DAT do not display an inhibitory action
of excessive DA on Akt phosphorylation. This demonstrates
that D2 receptors regulate Akt through BArr2.* Further
characterization of the mechanism by which BArr2 regulates
Akt in response to DA showed that stimulation of D2 recep-
tors causes the formation of a protein complex composed
at least of Akt, BArr2 and PP2A, which facilitates the de-
phosphorylation and/or deactivation® of Akt by PP2A in

D*A 5-HT/BDNF
D2 receptor GPCRs
¥ RTK
Gailo  PArr2 i
i/ PP2A
Adenylate cycl 1 Pk
enylate cyclase
+ Akt PDK1
cAMP
V GSK3a
PKA GSK3p
¢ ¥
PKA Targets Akt Targets GSK3 Targets

Fig. 2: Signalling networks regulated by dopamine (DA) in neurons
responding to D2-class agonists. Regulation of Gos—cAMP—-PKA
and BArr2—-Aki—-GSKS3 signalling by D2 receptors. The action of other
neurotransmitters, growth factors and neurotrophin has been in-
cluded to illustrate the role of many of these intermediates as signal
integrators. Single arrows: activation. Grey lines: inhibition. Double ar-
rows: actions that can either be activatory or inhibitory in function of spe-
cific substrates. 5-HT = serotonin; BArr2 = B-Arrestin-2; BDNF = brain-
derived neurotrophic factor; cAMP = cyclic adenosine monophosphate;
GPCR = G protein—coupled receptor; GSK3 = glycogen synthase
kinase-3; PDK1 = 3-phosphoinositide-dependent kinase-1;
Pi3K = phosphoinositide-3 kinase; PKA = protein kinase A; PP2A = pro-
tein phosphatase 2A; RTK = receptor tyrosine kinase.
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response to DA (Fig. 3A).** This reduction of Akt activity
leads to an activation of GSK3 in response to D2 receptor
stimulation (Fig. 2).

Regulation of behaviour by the D2 receptor—
BArr2-Akt-GSK3 signalling pathway

There are several lines of evidence pointing toward a role of
BArr2, Akt and GSK3 in the regulation of DA-dependent be-
haviours. Under basal conditions,**' BArr2 knockout mice
are less active than wild-type littermates when placed in a
novel environment, a behaviour that is mediated in part by
DA % Qutside of this habituation period, BArr2 knockout
mice are not overtly impaired in terms of DA functions, as
would be the case for mice with more severe disruption of
DA neurotransmission."*** However, a lack of BArr2 affects
behavioural responsiveness to different drugs acting on DA
receptor functions. Mice lacking BArr2 have reduced re-
sponses to the D1 and D2 receptor agonist apomorphine and
to the DA-dependent actions of amphetamine and mor-
phine.”** Furthermore, mice lacking both BArr2 and the

@

=
i

pAkt (th308)
(Active)

pAkt (th308)
(Active)

Fig. 3: Model for arrestin-dependent inhibition of Akt and its regulation
by lithium (Li*). (A) Under basal conditions, Akt phosphorylation/
activation is the result of an equilibrium between activation of Akt by
phosphorylation and its inactivation by protein phosphatase 2A
(PP2A)-mediated dephosphorylation. Dephosphorylation of Akt is facili-
tated by formation of the magnesium (Mg?*)-dependent scaffolding of
Akt and PP2A by B-Arrestin-2 (BArr2). (B) By displacing magnesium,
lithium destabilizes the signalling complex formed by Akt, BArr2 and
PP2A, thereby enhancing Akt activity by reducing its dephosphorylation.

DAT display a reduction of the typical novelty-induced hy-
peractivity phenotype of DAT knockout mice.”

In addition to behavioural deficits in BArr2 knockout mice,
several other observations support the involvement of the
BArr2-Akt-GSK3 pathway in the regulation of DA-related
behaviours. Pharmacologic GSK3 inhibitors can reduce
hyperactivity both in DAT knockout mice and in animals
treated with amphetamine.**** Furthermore, observations of
genetically engineered animals lacking one functional allele
of Gsk3b® revealed that a 50% reduction of brain GSK3f pro-
tein levels* reduces behavioural responsiveness to ampheta-
mine.* Conversely, mutant mice lacking inhibitory phospho-
rylation sites on both GSK3a: and GSK3p are hyperresponsive
to amphetamine,” whereas transgenic mice overexpressing
GSK3 develop a hyperactivity phenotype reminiscent of hy-
perdopaminergic DAT knockout mice.” Finally, Aktl knock-
out mice show enhanced disruption of sensorimotor gating
by amphetamine in prepulse inhibition tests.* Disruption of
sensorimotor gating by amphetamine is commonly used as a
behavioural paradigm to model psychosis in rodents, and
this effect can be blocked by antipsychotics.” Since Akt1 is in-
hibited following the stimulation of D2 receptors, the in-
creased behavioural effect of amphetamine in Aktl knockout
mice supports the involvement of Akt inhibition in DA-
related behavioural responses. However, DA regulates more
than locomotion and sensorimotor gating.” Further detailed
characterization of DA-related behaviours in more specific
tests in rodents or nonhuman primates may thus be war-
ranted to fully understand the contribution of fArr2, Akt and
GSK3 in the expression of DA-associated behaviours.

Regulation of GSK3 by 5-HT

Investigations of drosophila have shown that the fly ortholog of
the 5-HT,, receptors regulates shaggy, the ortholog of GSK3,
in the insect brain.”* Regulation of shaggy by 5-HT,, receptors
in the fly is important for the control of circadian rhythms. In
mice, different classes of drugs acting on 5-HT neurotransmis-
sion, such as selective serotonin reuptake inhibitors (SSRIs),
monoamine oxidase (MAO) inhibitors and tricyclic antide-
pressants, inhibit GSK3p by increasing its phosphorylation in
the frontal cortex, hippocampus and striatum.””” In addition,
mice with about 80% reduction in 5-HT synthesis resulting
from the expression of a Tph2 R439H loss-of-function mutant
(equivalent to the human R441H Tph2 variant®”®) display in-
creased GSK3 activity in the frontal cortex.”

Two classes of serotonin receptors, 5-HT, and 5-HT,, appear
to be involved and play opposing roles in regulating GSK3(3
activity.””” Administration of the 5-HT, agonist 8-OH-DPAT
or of the 5-HT, antagonist LY53857 to wild-type mice both
result in increased GSK3P phosphorylation in the brain.” This
suggests that 5-HT can inhibit GSK3P by acting through 5-HT,
receptors, whereas activation of 5-HT, receptors would result
in GSK3p activation. However, it should be mentioned that
the 5-HT,, agonist DOI and the 5-HT,, antagonist WAY100635
did not affect GSK3p activity in the brain,” thus leaving
the question of the relative contribution of different 5-HT
receptors to the regulation of GSK3p only partially addressed.
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There are also contradictory observations concerning the
involvement of Akt in the regulation of GSK3 by 5-HT recep-
tors. Some studies reported this regulation mechanism to be
independent from Akt following the administration of
SSRIs.”” In contrast, a more recent study has indicated that ad-
ministration of D-fenfluramine, which increases brain seroton-
ergic tones, activates Akt in the mouse brain.* One possible
explanation for these discrepancies is that older studies moni-
tored the phosphorylation of Ser473 as an indicator of Akt ac-
tivity, whereas the more recent study followed the phosphory-
lation of the Thr308 residue of Akt. Since the phosphorylation
of Akt on Thr308 appears to be critical for the regulation of
GSK3 by Akt," it is possible that the more recent study may be
more representative of the role of Akt in the regulation of
GSK3 by 5-HT. However further studies of the mechanisms
through which 5-HT regulates Akt and GSK3 activity in vivo
may be needed to firmly establish this possibility.

A role for GSK3 in the regulation of behaviour
by 5-HT

There is also evidence for a role of GSK3 in the regulation of
5-HT-mediated behaviours. Mice treated with GSK3 in-
hibitors” or different genetically modified mice with altered
GSK3 function display behavioural changes that are reminis-
cent of normal animals following antidepressant treatment.
Glycogen synthase kinase-3p haploinsuficient mice have
been shown to exhibit an antidepressant-like response in the
Porsolt forced swimming test and the tail suspension test.®**
Furthermore, mutant mice lacking GSK3a and GSK3p in-
hibitory phosphorylation sites display a general reduction of
anxiety and increased exploratory behaviour in several tests
that are generally used to evaluate the effects of drugs acting
on 5-HT neurotransmission, indicating that regulation of
GSK3 amino-terminal domain phosphorylation by Akt may
play a role in the regulation of these behaviours.*

To assess the contribution of GSK3f to 5-HT-regulated
behaviours, mice expressing the R439H Tph?2 loss-of-function
mutation were bred with haploinsufficient GSK3f animals®
to produce mice carrying a different allelic combination of
the wild-type and mutant Tph2 gene and with mice of the
same Tph2 genotypes with reduced GSK3P expression. Mice
from these different genotypes were evaluated in several be-
havioural tests designed to analyze 5-HT-mediated emo-
tional states in rodents. Results from these experiments
showed that a reduction of about 50% in the expression of
GSK3B (about 25% of total GSK3) is sufficient to rescue be-
havioural deficits induced by reduced 5-HT synthesis in the
tail suspension test and in a test used to measure anxiety-
like behaviours in mice.” Interestingly, the reduction of
GSK3p expression also curbed the display of aggressive be-
haviours in 5-HT-depleted mice,” suggesting a role of GSK3
in the regulation of social behaviours and aggression by
5-HT. That being said, 5-HT and GSK3 have both been im-
plicated in the regulation of several other behavioural mani-
festations beyond the regulation of mood, anxiety and social
interactions. Mice expressing the R439H Tph2 variant with
normal or reduced expression of GSK3B should provide an

interesting tool to clarify the roles played by GSK3 in the
regulation of 5-HT-related behaviours in the future. How-
ever, this model will need to be combined with other phar-
macologic and genetic engineering approaches to firmly es-
tablish a link of causality between changes in GSK3 activity
and behavioural modifications resulting from changes in
5-HT neurotransmission.

Akt and GSKS3 signalling in the actions
of antipsychotics

Several psychoactive drugs have been shown to modulate
the activity of the Akt-GSKS3 signalling pathway (Fig. 4).
Drugs like SSRIs and MAO inhibitors that elevate 5-HT
synaptic transmission have been shown to inhibit GSK3 in
vivo.”””* Conversely, drugs that elevate DA neurotransmis-
sion (e.g., amphetamine) reduce the inhibitory phosphory-
lation of GSK30a. and GSK3p and therefore increase the activ-
ity of these kinases.*”** By blocking D2 receptors, classic
antipsychotics can prevent the inhibition of Akt and con-
comitant activation of GSK3 by DA. Such regulation of Akt
and GSK3 activity has been reported in mice after chronic
treatment with haloperidol.”

Acute and chronic treatments with atypical antipsychotics,
including clozapine, olanzapine, quetiapine, ziprasidone
and risperidone, have also been shown to result in an inhibi-
tion of GSK3 in the rodent brain.”* The effect of atypical anti-
psychotics on GSK3 activity can be explained in part by the
D2 receptor antagonist action of atypical antipsychotics. An
elegant study conducted using bioluminescence energy
transfer in cell lines has suggested that although the effects
of different atypical antipsychotics on G protein-mediated
D2 receptor signalling may differ, all of these drugs share
the common property of blocking the recruitment of BArr2
to this GPCR.¥ Unfortunately, this study did not directly
address the effect of these different drugs on the BArr2-
mediated regulation of Akt and GSK3 by DA in the brain,
and a few alternative mechanisms may also explain the
modulation of GSK3 activity by these drugs in vivo. For in-
stance, in addition to their effects on D2 receptors, atypical
antipsychotics are also antagonists of 5-HT,, receptors” and
may interfere with the regulation of GSK3 by 5-HT.”” In
addition, a handful of studies also suggest a role for the
disheveled Wnt signalling pathway in the regulation of
GSK3 activity by antipsychotics.”*® Therefore, there may be
more than 1 mechanism through which antipsychotic drugs
affect GSK3 activity in a given cell or in different neuronal
populations. Further characterizations of the role of these
mechanisms and of possible functional cross-talk between
them at the cellular and system levels may thus be important
to understand the possible implication of GSK3-mediated
signalling in the effects of these drugs.

Akt and GSK3 signalling in the actions
of lithium

Akt and GSK3 have also been associated with the action of
the mood stabilizer lithium (Fig. 4). Lithium concentrations of
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2 mM are known to inhibit GSK3 in vitro.®* However, these
lithium concentrations are higher than the 0.5-1.5 mM
lithium serum concentrations used for the treatment of
bipolar disorders.” In the mouse brain, both acute and
chronic lithium treatments inhibit GSK3 indirectly by activa-
ting Akt and increasing the regulatory amino-terminal do-
main phosphorylation of GSK3.** We have shown that in the
mouse striatum, this indirect effect of lithium on the activity
of GSK3 can result from the disruption of a signalling com-
plex composed of Akt, BArr2 and PP2A.® This protein com-
plex mediates, among other potential roles, some of the D2
receptor signalling functions (Fig. 2, Fig. 3B).”*®* When admin-
istered to BArr2 knockout mice, lithium does not affect
Akt-GSK3 signalling as it does in normal animals. Further-
more, several behavioural effects of chronic lithium treat-
ments in tests used to model mania or antidepressant drug
effects in rodents are abolished in mice lacking BArr2.®

It has long been suggested that lithium may exert some of
its pharmacologic effects by competing with magnesium,

which acts as a cofactor for several enzymes, including ki-
nases such as GSK3.”* The molecular mechanism through
which lithium interferes with the formation of the Akt—
BArr2-PP2A signalling complex appears to involve an inter-
ference with a biologic function of magnesium ions (Fig. 3).
Initial investigations by my colleagues and I have shown
that increased concentrations of magnesium, but not of other
monovalent or divalent cations, can prevent the disruption
of preassembled Akt-BArr2-PP2A complexes by lithium in
vitro.®® Furthermore, magnesium salts were shown to be re-
quired for the interaction between recombinant Aktl and
BArr2, whereas addition of lithium disrupted this same
interaction in the presence of magnesium.® This suggests
that magnesium contributes to the interaction of Akt and
BArr2 and that lithium competition with magnesium can
affect not only enzymatic activity but also the stability of
higher-order protein complexes, thus providing a potential
mechanism for the destabilization of the Akt-BArr2-PP2A
complex by lithium.
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Fig. 4: Regulation of Akt—-GSKS signalling by psychoactive drugs and gene products associated with mental disorders. Proteins are the prod-
uct of genes associated with increased risk for schizophrenia and/or bipolar disorders. Behavioural changes in dopaminergic responses have
been reported in Akt1 knockout and B-Arrestin-2 (BArr2) knockout mice and in GSK3p haploinsuficient mice. Single arrows = activation; solid
lines = inhibition; double arrows = actions that can either be activatory or inhibitory in function of specific substrates. 5-HT = serotonin;
BDNF = brain-derived neurotrophic factor; BMAL1 = brain and muscle Arnt-like protein-1; Clock = circadian locomotor output cycles kaput;
COMT = catechol-O-methyltransferase; DA = dopamine; Disc1 = disrupted in schizophrenia 1; GSK3 = glycogen synthase kinase-3;
NMDA = N-methyl-p-aspartate; NRG1 = neuregulin 1; PDK1 = 3-phosphoinositide-dependent kinase-1; Pi3K = phosphoinositide-3 kinase;

PP2A = protein phosphatase 2A; TPH2 = tryptophan hydroxylase 2.
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Regulation of Akt—-GSK3 signalling
in psychiatric disorders

There is converging evidence indicating that genetic risk fac-
tors for mental illnesses may affect Akt-GSK3 signalling. Sig-
nificant association of AKT1 haplotypes with schizophrenia
and/or bipolar disorder has been reported in several in-
dependent cohorts.?*** Lymphocytes and postmortem
brain samples from patients with schizophrenia have also
been reported to have reduced Akt protein levels compared
with those of controls.” In contrast, the direct association of
GSK3A and GSK3B with psychiatric disorders is less clear.
There is no clinical evidence demonstrating an association be-
tween GSK3A and psychiatric disorders. As for GSK3B, iso-
lated reports have indicated an association between a -50T /C
polymorphism in the GSK3B promoter and responsiveness to
lithium therapy or the occurrence of psychotic symptoms in
patients with mood disorders.”* Recent evidence also indi-
cates that temporal lobe grey matter volume in people with
schizophrenia is associated with a GSK3B polymorphism.”

Although the evidence for a direct role of GSK3A or GSK3B
mutations is scarce, there are several indications that the reg-
ulation of GSK3 is altered in psychiatric disorders. Reduced
levels of phosphorylated GSK3B have been found in post-
mortem frontal cortex samples from some individuals with
schizophrenia.®' These variations in phosphorylation can be
caused in part by reduced Akt expression. However, other
products from genes associated with mental disorders are
also involved in the regulation of GSK3. Genetic variants of
TPH2, DISC1 and NRGI have been associated with the
pathogenesis of schizophrenia and/or bipolar disorder'*
and can affect the Akt-GSK3 signalling pathway in various
experimental models.”'** In addition, significant epistatic
interaction has been found between an AKTI variant and a
functional polymorphism (Vall58Met) in the catechol-O-
methyltransferase (COMT) gene that is associated with
schizophrenia,"™ therefore suggesting complex interactions
between genetic variants associated with mental disorders
and proteins involved in Akt-GSK3 signalling.

Conclusion

Research conducted by my colleagues and I, as well as other
groups, has uncovered several biochemical, genetic, behav-
ioural and pharmacologic evidence for a contribution of the
Akt-GSK3 signalling pathway in the treatment and etiology
of psychiatric disorders. However, our understanding of this
role is certainly far from complete. For instance, there is still
little knowledge about the exact nature of the neural circuits
involved in the regulation of behaviour by these kinases. The
possible involvement of Akt and GSK3 in signalling evoked
by the monoamines norepinephrine and histamine or by ac-
tive monoamine degradation products such as 3-methoxy-
tyramine'” has also remained unexplored. Furthermore, the
molecular mechanisms through which this pathway exerts its
various actions in the brain are not well understood beyond
the simple control of GSK3 activity.

Several recent research efforts have established a link be-

tween ionotropic glutamate receptor functions and GSK3 ac-
tivity in the hippocampus and frontal cortex.'** This is par-
ticularly intriguing since altered glutamate receptor functions
have long been suspected to play a role in mental disorder
pathology, mostly in schizophrenia.”""* However, it would be
premature to conclude that the role of Akt—GSK3 signalling is
restricted to the regulation of glutamate receptor functions.
Over the last 5 years, Akt and GSK3 have also been associ-
ated with several other mechanisms that can potentially be
involved in schizophrenia, depression or bipolar disorders.
Among these, it is of interest that Akt is involved in the regu-
lation of the mammalian target of rapamycin'” and of the
forkhead box transcription factors.® Furthermore, there is
strong evidence for a role of GSK3 in the regulation of circa-
dian rhythm, epigenetic gene regulation®” and 5-HT,; receptor
cell surface trafficking.'>"

Another intriguing observation is that changes in the regu-
lation of Akt and GSK3 activity so far are similar across dif-
ferent drug categories. Overall, antipsychotics, antidepres-
sants acting on 5-HT neurotransmission and lithium have all
been reported to activate Akt and inhibit GSK3 in vivo. Inter-
estingly, the mood stabilizers valproate and lamotrigine have
also been reported to inhibit GSK3 under certain conditions,
but the mechanisms underlying this effect and their behav-
ioural significance are not clear.”""* Furthermore, direct inhi-
bition of GSK3 isoforms, either through pharmacologic or
genetic means, has been shown to have effects that are sim-
ilar to some of those of antidepressants, lithium or anti-
psychotics in different behavioural tests conducted in ro-
dents.”** Yet these drugs do not share the same clinical
profile in humans. It is possible that inhibition of GSK3 in
specific neuronal populations in response to a given drug
could be associated with distinct behavioural outcomes. Acti-
vation of Akt and inhibition of GSK3 may also represent core
effects for some shared action of psychoactive drugs, which
may explain their increased efficacy in the context of com-
bination therapies.?*"*” In this case, a modulation of Akt
GSK3 signalling may contribute to the effect of a drug while
not being its exclusive component. The complete clinical pro-
file of a given drug would then result not from the inhibition
or activation of a single signalling pathway but from a more
complex modulation of the overall cell signalling land-
scape' in different neuronal populations.

A similar observation can be made for the potential con-
tribution of Akt and GSKS3 to the etiology of mental disor-
ders. Several studies suggest that activation of GSK3 can be a
shared outcome of several susceptibility genes for mental dis-
orders. However, whereas dysregulation of these genes can
lead to a reduced expression of Akt or affect the inhibition of
GSK3 by DISC1, the disease specificity of such changes is un-
clear (e.g., association with schizophrenia, bipolar disorders
and depression in the case of DISC1™ and with bipolar disor-
ders and schizophrenia in the case of AKT1”), whereas their
contribution to disease development is not always confirmed
across studies." It is a truism that several factors must simul-
taneously contribute to psychiatric illnesses.”"** It can be pos-
tulated that a modulation of GSK3 activity may represent a
core risk factor that increases the probability for a psychiatric
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illness in a given individual under certain genetic and en-
vironmental conditions. An analogous situation exists in can-
cer biology where “double hit” or “multiple hit” models pre-
dict that accumulation of germinal and somatic mutations in
some genes regulating cell proliferation and survival is ulti-
mately responsible for disease progression.>* In these mod-
els, the gain or loss of function of a single signalling protein
contributes to disease causation in a nonobligatory and
nonexclusive fashion. Similar types of models involving the
contribution of various genetic and environmental “hits”
have also been put forward for schizophrenia.” Therefore,
in the present state of knowledge, it is probable that an acti-
vation of GSK3 is one of several factors that can contribute to
mental disorders. However, it is not possible at the moment
to conclude that the deregulation of a given signalling pro-
tein or pathway is essential or sufficient for the occurrence of
a specific psychiatric disease.

Whereas many questions remain to be answered about the
role of Akt and GSK3 in mental disorders, it remains import-
ant that existing data strongly indicate that regulation of Akt
and GSK3 constitute an important signalling hub in the sub-
cellular integration of 5-HT and DA neurotransmission with
the functions of genes that are associated with mental disor-
ders. Understanding these interactions may provide a better
understanding of mental illnesses in general, leading to new
therapeutic approaches having superior efficacy and lesser
side effects.
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