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Psychiatric illnesses may be qualified to the cellular impairments of the function for survival or death in neurons,

which may consequently appear as abnormalities in the neuroplasticity. The molecular mechanism has not been

well understood, however, it seems that PI3K, AKT, GSK3, and their downstream molecules have crucial roles in

the pathogenesis. Through transducing cell surviving signal, the PI3K/AKT/GSK3 pathway may organize an

intracellular central network for the action of the synaptic neuroplasticity. In addition, the pathways may also

regulate cell proliferation, cell migration, and apoptosis. Several lines of evidence have supported a role for this

signaling network underlying the development and treatment for psychiatric illnesses.
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1. Introduction

Psychiatric illnesses are conditions for which the precise underlying reason remains unknown; however, roles of

dysregulation of the signaling related to neurotransmitters, intracellular signal transduction, and neural

development have been emphasized in the pathogenesis of these illnesses . For example, it has been shown

that dysfunction of dopamine D1 and/or D5 receptor signaling is implicated in schizophrenia , which is linked to

the activation of PI3K/AKT signaling with the subsequent inactivation of GSK3. Activation of AKT brings an

increase in the phosphorylation of GSK3. In addition, the regulation of PI3K/AKT/GSK3 signaling has also been

implicated in the etiology of mood disorders and depression . In fact, molecular AKT deletion evokes a change in

behavior reflecting the psychiatric appearance reminiscent of schizophrenia, anxiety and depression . Several G

protein-coupled receptors (GPCRs) and receptor tyrosine kinases (RTKs) are involved in the activation of the

PI3K-/AKT-mediated signaling . Consequently, it has been indicated that selective activation of these receptors

may be efficacious in treating some neuropsychiatric disorders (Figure 1). Therefore, PI3K/AKT/GSK3 signaling

might be critical underlying psychiatric-related behaviors. Therapeutic effects of various psychiatric drugs are also

mediated in part by their inhibition of the signaling (Figure 1).
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Figure 1. Potential antidepressants and several modulators linked to the predominant molecular targets on

PI3K/AKT/GSK3 pathway are demonstrated. Arrowheads mean stimulation whereas hammerheads represent

inhibition, suggesting implication of the PI3K/AKT/GSK3 modulators for the treatment of psychiatric illnesses. Note

that some critical events have been omitted for clarity. SSRI: Selective Serotonin Reuptake Inhibitors, MAOi:

Monoamine oxidase inhibitors, BDNF: Brain-derived neurotrophic factor, 5-HT: 5-hydroxytryptamine, serotonin.

2. Characterization of the PI3K/AKT/GSK3 Signaling Pathway
in the Pathogenesis of Psychiatric Illnesses

Neuron survival mechanisms ordinarily depend on activation of phosphatidylinositol 3′-kinase (PI3K), which exists

as a dimer comprising of a 110 kDa catalytic subunit (p110) and an 85 kDa (p85) regulatory subunit .

Downstream targets of cytoplasmic PI3K seem to affect cell apoptosis, cell metabolism, intracellular vesicles

transport and so on . The p110 subunit generates phosphoinositide PIP3 at the inner surface of plasma

membrane, which supports to recruit the phosphoinositide dependent protein kinase-1 (PDK1) via its pleckstrin

homology domain (PH). PDK1 phosphorylates then activate the AKT serine/threonine kinase. The production of

PIP3s by PI3K at the plasma membrane is essential for the recruitment and activation of PH domain-containing

proteins. This PI3K–PDK1–AKT signaling pathway is required for the survival of several neuronal cells . The AKT

kinase family is constituted by three isoforms termed AKT1, AKT2, and AKT3, which is implicated in a variety of

cellular processes such as cell growth and survival. Although they are showing robust homologies, each isoform is

encoded by a distinct gene . The most abundant one is AKT1, which is ubiquitously expressed. AKT2 is
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expressed in insulin-responsive tissues including muscle, and AKT3 is considerably expressed in brain and testis

. Some lethality is observed in AKT1 KO mice and the surviving mice are extensively reduced in size . AKT1

is phosphorylated by the PDK1 and by PDK2 . AKT2 is important for glucose metabolism. In addition, signs of

anxiety and depressive-like behaviors have been reported in AKT2 KO mice . AKT3 KO mice exhibit small

brains , suggesting that AKT3 could be an important regulator of brain development. In addition, AKT3 might

also play a pivotal role in human brain pathologies such as schizophrenia. It is remarkable that studies have

identified AKT3 as a potential contributor to schizophrenia . Actually, deletion of AKT3 increases susceptibility

to develop symptoms related to the disease . Therefore, all AKT signaling may contribute to the functioning of

neural networks prevailing in the symptoms associated with psychiatric diseases. AKT localize mostly to the

cytoplasm, but they can also translocate in the nucleus on an extracellular stimulation. Nuclear PIP3s may mediate

a broad range of processes including DNA damage response and cell cycle regulation .

The tumor suppressor PTEN, phosphatase and tensin homolog on chromosome 10, is a dual-specificity

phosphatase with protein phosphatase activity and lipid phosphatase activity. Cells that lack PTEN have

constitutively high levels of PIP3 and could activate downstream PI3K/AKT . Conversely, overexpression of

PTEN might be related to the activation of the cell apoptosis which can be correlated with repression of PI3K/AKT

signaling . Accordingly, neuronal cell survival and/or cell death may be attributed in part to the variations in

PTEN expression . Inhibition of PTEN saves normal synaptic function and thereby cognition in animal models of

Alzheimer’s disease . Conversely, overexpression of PTEN exhibits synaptic depression that imitates

psychological depression . PTEN mutations have been described in several patients with autism spectrum

disorders (ASDs) and macrocephaly . AKT activation by downregulation of PTEN might be significant to keep its

neuro-protective effects.

The GSK3 family is composed of two isoenzymes termed GSK3α and GSK3β, which have been initially recognized

for the roles in insulin receptor signaling. GSK3 is constitutively active serine/threonine kinase in cells. The activity

of GSK3 is positively regulated by phosphorylation on tyrosine residues (Thy 279 for GSK3α and Thy 216 for

GSK3β)  and negatively regulated by serine phosphorylation (Ser 21 for GSK3α and Ser 9 for GSK3β) . A

known negative regulator of GSK3 is a member of AKT.

3. Some Diagnostic Clues for Psychiatric Illnesses at the
Molecules Involved in PI3K/AKT/GSK3 Pathway

In general, high mortality of diseases is mostly due to a lack of effective treatments and efficient markers for early

diagnosis. The PI3K/AKT/GSK3 signaling cascade may be a center for psychiatric illnesses. If alteration of the

signaling activities in brain neurons should be also detected in peripheral blood lymphocytes of illnesses patients, it

could work for efficient diagnosis of the illnesses. In human lymphocytes, levels of PI3K subunit p110 have been

impaired in patients with schizophrenia . On the other hand, SNP within the PI3K subunit p85-gene is

associated with a risk of alcohol drinking behavior . It is remarkable that AKT1 has been originally identified as a

possible susceptibility gene for schizophrenia . AKT2 deletion has also been associated with anxiety- and

depression-like behaviors . In addition, injured AKT3 genes have been associated with psychiatric illnesses
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including schizophrenia. In consistent with this, AKT3 KO mice have demonstrated a phenotype reminiscent of

depression and schizophrenia. In addition, characters of animals with the AKT3 deletion have shown microcephaly

, whereas high-AKT3 activities are associated with macrencephaly . Psychiatric behaviors might be induced

from the reduced brain volume brought by reduced AKT activity. Remarkably, alteration of the GSK3 activity has

also been recognized as a schizophrenia risk factor . Tissue samples from post mortem patients with

schizophrenia have exhibited considerable reductions of the phosphorylated AKT levels in neurons .

Furthermore, AKT activity has also been reduced in some brain regions of major depression patients .

Phosphorylated AKT levels have been shown as decreased in a depression animal model . Activation of the

dopamine receptor 2 (D2R) has been revealed to stimulate the inactivation of the AKT by the protein phosphatase

2A , suggesting that GPCR activation could regulate the AKT in response to extracellular signals. An

endogenous neuro-steroid in the central nervous system, pregnenolone, normalizes schizophrenia-like behaviors

via the AKT signaling . Thus, PI3K/AKT/GSK3 signaling may play a critical role in psychiatric appearances.

GSK3 knock-in mice have revealed high susceptibility to depressive behaviors . In addition, impaired GSK3

activity has been documented to play a role in psychiatric conditions . High activity of GSK3 has been found in

bipolar disorder with circadian dysregulation . Some anxiety and depressive behaviors have been revealed to be

associated with lower brain levels of the phosphorylated GSK3 . In particular, GSK3β is a common target of

several psychoactive drugs. On the other hand, mutations in the PTEN are also extremely related with autism and

macrocephaly. In addition, loss of PTEN may lead to an overall loss in interneurons . Some mutations of the

PTEN gene may disrupt the normally balanced nuclear-cytoplasmic localization of the PTEN phosphatase, which

causes inappropriate behavior, a profile reminiscent of ASD, in animal models .

Noncoding 20–25-nucleotide-long RNAs termed microRNAs (miRNAs) have biological functions such as cellular

proliferation and apoptosis, which could modulate gene expression by miRNA-induced silencing. The potential

application of miRNAs has been considered as an early detection biomarker for illnesses. Genome studies have

revealed genetic variants adjoining a miR-137 region may contribute to schizophrenia risk , suggesting that

dysregulation of the miR-137 may contribute to schizophrenia pathogenesis by modifying neurodevelopmental

signaling . AKT signaling pathway has been shown involved in the miR-137 pathway . In addition, miR-144-3p

seems to be a viable target for posttraumatic stress disorder and related disorders . Furthermore, several

miRNAs including miR-16, miR-182, miR-223, and miR-451 have shown potential biomarkers in the condition of

depression . The miRNA-mediated modification of gene expression has been in part revealed via the

PI3K/AKT/GSK3 signaling . In relation to those, miRNAs let-7b and let-7c are also potential biomarkers of

treatment-resistant depression, which regulates the expression of several genes in the PI3K/AKT/GSK3 pathway

.
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