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We present the following: 1) an overview of the molecules 
and related signaling in the Akt/GSK-3 and Wnt pathways, 
2) evidence that molecules in the Akt/GSK-3 and Wnt-re-
lated pathways are involved in the pathogenesis of schizo-
phrenia, 3) evidence from animal studies demonstrating 
that alterations in these signaling pathways are function-
ally significant, 4) the relationships of these pathways to 
antipsychotic drug action, and 5) predictions and future 
directions regarding use of these pathways to develop our 
understanding of schizophrenia and its treatment.

Overview of Signaling Pathways

Akt (known also as protein kinase B) is a protein ki-
nase that phosphorylates substrates on specific serine 
and threonine residues and is involved in multiple cellu-
lar functions including metabolism, cell stress, cell-cycle 
regulation, and apoptosis (see Table 1 for definitions of 
specific terms). Akt has a basic role in regulating neuronal 
cell size and survival (6, 7). It modulates synaptic plasticity 
and thereby may affect brain functions such as long-term 
potentiation, working memory, and fear conditioning (7–
10). Akt also plays a role presynaptically, where it mediates 
intracellular trafficking of biogenic amine transporters 
including the dopamine and norepinephrine transporters 
(11; Aurelio Galli, personal communication). Dopamine-
mediated decreases in Akt activity are thought to be medi-
ated by postsynaptic dopamine D2 receptors (12), which is 
the principle focus of this review.

Akt is recruited to the neuronal cell surface by binding to 
lipids generated by phosphatidylinositol 3-kinase (PI3K). 
As detailed in Figure 1, in response to stimulation of plas-

The advent of antipsychotic medications acting at do-
pamine receptors revolutionized the treatment of positive 
symptoms in schizophrenia. On the basis of the antidopa-
minergic properties of these drugs, a dopamine hypothesis 
proposed that the positive symptoms of schizophrenia are 
due to an excess of dopamine signaling in the striatal and/
or mesolimbic areas of the brain (1). Over time, this theory 
was modified to also suggest that schizophrenia’s negative 
symptoms are related to deficits in prefrontal cortical do-
pamine neurotransmission (2, 3). Hypotheses centered on 
dysfunction in other neurotransmitter systems—includ-
ing glutamate, g-aminobutyric acid (GABA), serotonin, 
and acetylcholine—also have been proposed (3, 4). The 
neurodevelopmental hypothesis posits that schizophre-
nia’s origins lie in the complex interplay of environmental 
and genetic factors during brain development (3, 5).

In addition to improved formulations of etiologic the-
ories, continued advances in genomics and molecular 
biology provide new opportunities to expand our under-
standing of the cellular/developmental mechanisms of 
schizophrenia and antipsychotic medications by inves-
tigating their effects on neuronal signaling. Here we will 
focus on two pathways that work in parallel and may 
intersect—the Akt/glycogen synthase kinase 3 (GSK-3) 
pathway and the wingless (Wnt) receptor pathway. Work 
related to these molecules has received considerable at-
tention in the basic scientific literature, but they are rel-
atively new to the psychiatric literature, particularly in 
relation to clinical applications in schizophrenia. An ex-
panded understanding of how such molecules work will 
help to advance our ability to identify patients at risk as 
well as potentially develop new therapeutic approaches. 
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Dopamine D2 receptor antagonism is 
a unifying property of all antipsychotic 
drugs in clinical use. Remarkably, the ef-
fector molecules through which these 
medications exert their actions remain 
poorly characterized. Increasing attention 
is being focused on Akt/glycogen synthase 
kinase-3 (GSK-3) and wingless (Wnt) signal-
ing pathways, which have been associ-
ated with schizophrenia in a number of 
genetic and postmortem studies. Antipsy-
chotic medications may treat symptoms 
of psychosis, at least in part, through 

modulation of levels and activity of Akt, 
GSK-3, and Wnt-related intracellular sig-
naling. The authors review evidence that 
Akt/GSK-3 and Wnt-related pathways are 
involved in the pathogenesis of schizo-
phrenia as well as details of intracellular 
events related to these molecules medi-
ated by both typical and atypical antipsy-
chotic medications. Further study of Akt/
GSK-3 and Wnt signaling may ultimately 
lead to alternative therapeutics of schizo-
phrenia-related disorders. 

Roles of the Akt/GSK-3 and Wnt Signaling Pathways in 
Schizophrenia and Antipsychotic Drug Action
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Three isoforms of Akt have been identified in mam-
malian cells: Akt1, Akt2, and Akt3 (26). These isoforms 
appear to have distinct roles in a variety of processes, 
including development and metabolism. Mice with only 
one isoform knocked out are viable, suggesting in vivo 
compensation by the other two isoforms (26). Akt1 has 
been the isoform most associated with schizophrenia and 
therefore will be the focus of much of the work discussed 
in this review. Akt2 has been implicated in regulation of 
metabolism primarily through insulin-regulated glucose 
homeostasis, while Akt3 plays a role in postnatal brain de-
velopment (27, 28). To date, genetic and molecular studies 
have focused almost exclusively on Akt1 with respect to 
associations with schizophrenia, leaving roles for Akt2 and 
Akt3 in the disorder unknown and potentially the subject 
of future investigations.

In addition to the Akt/GSK-3 pathway, signaling through 
the Wnt pathway has been inferred to be of clinical rele-
vance in schizophrenia. Members of the Wnt protein fam-
ily are secreted glycoproteins implicated in diverse neuro-
nal processes, including brain development, regulation of 
synaptogenesis and synapse specificity, and oncogenesis 
and determination of cell fate (29–32). Moreover, disrup-
tions in Wnt signaling lead to abnormal brain develop-
ment in mice (5, 31). GSK-3 also plays an important role in 
Wnt signaling. As illustrated in Figure 3, GSK-3b, the GSK-
3 isoform most studied in schizophrenia, exists in a com-
plex with multiple proteins: b-catenin (a transcriptional 
mediator and cytoskeletal protein), APC (adenomatous 
polyposis coli, a tumor suppressor), and Axin (a scaffold-
ing protein) (23). In the absence of Wnt receptor activation, 
GSK-3b constitutively phosphorylates b-catenin resulting 
in b-catenin’s degradation, thus blocking b-catenin-me-
diated gene transcription. However, binding of ligands 
to the Wnt receptor leads to phosphorylation of the Wnt 
receptor’s binding partner—one of two low-density lipo-
protein receptor-related proteins, LRP5 or LRP6, as well 
as activation of the intracellular protein dishevelled (Dvl), 
facilitating physical separation of GSK-3b from b-catenin 
(23). This separation prevents b-catenin’s phosphoryla-

ma membrane receptors including receptor tyrosine ki-
nases, PI3K generates the signaling lipid, phosphatidylino-
sitol 3,4,5 trisphosphate (PIP3) at the cell surface (13). 
This leads to recruitment of Akt to the plasma membrane 
through its association with the newly generated PIP3. Akt 
is subsequently activated through phosphorylation by the 
intracellular kinases PDK1 (3-phosphoinoitide-dependent 
protein kinase 1) and rictor-mTORC2 (mammalian tar-
get of rapamycin complex 2) at positions Thr 308 and Ser 
473, respectively (6, 14). Once active, Akt phosphorylates 
a number of other molecules including the clinically rel-
evant target, GSK-3—also a protein kinase (15). Beyond 
its function in glucose metabolism, GSK-3 plays numer-
ous roles in differentiation and development, intracellular 
trafficking, apoptosis, and regulation of gene transcription 
(16). In the brain, GSK-3, like Akt, may also modulate syn-
aptic plasticity (17). In contrast to Akt, however, GSK-3 is 
constitutively active in resting cells, requiring phosphory-
lation by kinases such as Akt to inactivate it (18).

As seen in Figure 2, Akt activity is further modulated by 
dopamine D2 class receptors (D2–4 receptors) (12). Activa-
tion of dopamine D2 receptor by dopamine leads to recruit-
ment of b-arrestin 2 (also known as arrestin 3), a scaffold-
ing protein, which facilitates receptor desensitization and 
subsequent internalization (19–21). Akt is also recruited 
into this complex along with the phosphatase PP2A, which 
dephosphorylates and consequently inactivates Akt, re-
sulting in increased GSK-3 activity (19, 22, 23). Thus, dopa-
mine D2 receptor activation inhibits Akt activity through an 
arrestin-dependent but G protein-independent pathway 
(12, 15, 19). By blocking dopamine D2 receptor activation, 
antipsychotic medications prevent b-arrestin 2 recruitment 
(20, 24) and enhance Akt activity. Curiously, the mood sta-
bilizer lithium has been shown to disrupt the b-arrestin 2/
Akt/PP2A complex, thereby preventing dopamine-induced 
dephosphorylation of Akt and thus blocking amphet-
amine-induced locomotion (25). Moreover, amphetamine-
induced locomotion is greatly diminished in b-arrestin 2 
knockout mice, suggesting that this pathway is critical to at 
least some psychostimulant effects (19).

TABLE 1 . Key Definitions

Term Definition

Kinase Enzyme that transfers a phosphate group from a high-energy donor molecule to typically a serine, 
threonine, or tyrosine residue on the recipient molecule.

Tyrosine kinase Enzyme that transfers a phosphate group specifically to a tyrosine residue on the acceptor mol-
ecule.

Phosphatase Enzyme that removes a phosphate group from its substrate in a reaction that is opposite to that 
of a kinase.

Phosphorylation Addition of a phosphate group to an acceptor molecule that is typically a protein or another type of 
organic molecule. This addition can change the chemical or structural properties of the acceptor 
molecule, often leading to activation or inactivation of the acceptor.

G protein Guanine nucleotide binding proteins, which alternate between an inactive state where guanine 
diphosphate is bound and an active state where guanine triphosphate is bound. They play an 
important role in cellular signal transduction.

Desensitization Loss or diminished response following extended exposure to a stimulus.
Single nucleotide polymorphism (SNP) DNA sequence variation where a single nucleotide varies between individual members of a species. 

Can help pinpoint contributions of specific genes to disease states.
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Signaling Pathways and Schizophrenia 
Pathogenesis

Genetic linkage analyses show cosegregation of Akt1 
haplotypes with schizophrenia, suggesting that the AKT1 
gene may be a schizophrenia susceptibility gene (34). 
Similarly, genetic studies demonstrated association of 
AKT1 gene polymorphisms with schizophrenia in a Chi-
nese population (35). These associations also have been 
replicated in other studies, including the Irish Study of 
High Density Schizophrenia Families (36). There is also 
evidence suggesting significant alterations in Akt1 levels 
in people with schizophrenia. Lymphocytes from indi-
viduals with schizophrenia expressed 68% less Akt1 rela-
tive to comparison subjects (34). Importantly, Akt1 was 
reduced in the hippocampus and frontal cortex in post-
mortem brain samples from those with schizophrenia 
relative to comparison subjects; in contrast, Akt2 and Akt3 
levels were unaffected (34). However, differences in Akt1 
levels derived from postmortem brain samples must be 
approached with some caution, given potential variations 
in levels of intact protein remaining in tissue (dependent 
in part on the postmortem interval). Additionally, a po-
tential confounding factor in using postmortem brain 
tissue to ascertain Akt1 levels is whether the lower levels 
seen in the brains of subjects with schizophrenia is due to 
the illness or is a consequence of often chronic treatment 
with antipsychotic drugs. Emamian et al. (34) attempted 
to control for effects of chronic drug treatment by using 
a mouse model of chronic antipsychotic treatment with 
haloperidol. Future studies comparing Akt1 levels using 
brain tissue obtained from drug-naive subjects or sub-
jects with other disorders also treated chronically with an-
tipsychotic medications (i.e., bipolar disorder) may help 
to further clarify the association of brain Akt1 levels with 
schizophrenia.

Akt may also play a role in cognition through its modu-
lation of synaptic plasticity. Studies have demonstrated 
Akt’s involvement in long-term potentiation and fear 
conditioning (8–10). Akt1 deficiency in mice also results 
in abnormalities in working memory and changes in pre-
frontal cortex neuron architecture (7). Similarly, GSK-3b 
has been implicated in cognition through its mediation 
of long-term potentiation and long-term depression (17). 
Consistent with these studies, the potential association of 
genetic variation in the AKT1 gene with neurocognition in 
schizophrenia was examined using a large pool of subjects 
with schizophrenia (N=641) drawn from the multicenter 
Clinical Antipsychotic Trials of Intervention Effectiveness 
(CATIE) study. Using the five schizophrenia-associated 
single nucleotide polymorphisms (SNPs) in the AKT1 gene 
originally proposed by Emamian et al. (34), no significant 
association with multiple neurocognitive domains was 
found (37). More recently, Tan et al. (38) examined the re-
lationship of these five AKT1 SNPs to cognition in healthy 
subjects and found that variants of the gene are associated 

tion by GSK-3b and allows b-catenin to escape degrada-
tion, resulting in its accumulation in the nucleus. Once in 
the nucleus, b-catenin regulates transcription through in-
teractions with DNA transcription factors, ultimately lead-
ing to expression of specific proteins in the cell (16, 23).

Evidence also points to convergence between the Wnt 
and Akt/GSK-3b pathways. Activation of the Wnt pathway 
stimulates Akt to act in concert with Dvl on GSK-3b. It 
has been suggested that Dvl’s interaction with Axin in the 
Axin/APC/GSK-3b complex leads to increased susceptibil-
ity of GSK-3b to be phosphorylated, and thus inactivated, 
by Akt (33).
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a   As seen in section A, following stimulation of plasma membrane 
receptors such as tyrosine kinases, PI3K generates the signaling 
lipid PIP3 

(phosphatidylinositol 3,4,5 trisphosphate) by phosphory-
lating its precursor PIP2 (phosphatidylinositol 4,5 bisphosphate). 
This leads to recruitment of Akt to the plasma membrane through 
association with PIP3. Section B then shows how Akt is activated 
via phosphorylation by intracellular kinases PDK1 and the rictor-
mTORC2 complex at positions Thr 308 and Ser 473, respectively. 
Section C depicts how the now active Akt phosphorylates GSK-3 
(constitutively active in its non-phosphorylated form) resulting in 
GSK-3 inactivation.
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As for Akt and GSK-3, Wnt signaling abnormalities 
have also been demonstrated in schizophrenia. Levels 
of b-catenin are decreased in the brains of people with 
schizophrenia, presumably due to aberrant regulation 
of b-catenin degradation mediated by activated GSK-3b 
(5, 23). This is consistent with Emamian et al.’s findings 
demonstrating enhanced GSK-3b activity secondary to di-
minished phosphorylation by Akt, since levels of Akt are 
reduced in regions of the brain in those with schizophre-
nia (34). Moreover, increased expression of Wnt-1, an im-
portant molecule in the Wnt pathway, has been found in 
the hippocampus of subjects with schizophrenia relative 
to comparison subjects (43). Genetic association analy-
ses have also demonstrated a strong association between 
the locus for a gene encoding a Wnt receptor, FZD3, and 
schizophrenia in a Chinese population (44, 45). Addition-
ally, recent work found associations between genes in the 
Wnt signaling pathway and psychotic subtypes of bipolar 
disorder (46, 47). This further suggests a potential role for 
the Wnt pathway in psychosis and as a potential target for 
antipsychotic drugs.

Functional Significance of Signaling 
Pathway Alterations

The putative roles of Akt/GSK-3 and Wnt pathways in 
dopaminergic signaling and schizophrenia have been 
studied in a number of rodent models. In the case of Akt1, 

with differences in specific domains of cognitive func-
tion including IQ, executive functioning, and processing 
speed. Furthermore, one of the SNPs was associated with 
reduced expression of Akt1 in peripheral lymphocytes and 
brain gray matter. This SNP was also associated with brain 
volume reductions in the caudate bilaterally and right 
prefrontal cortex (38). This is consistent with increasing 
evidence for Akt-mediated regulation of neuronal cell 
size and Akt/PI3K-mediated cell volume (6, 39). In focus-
ing on only five SNPs, however, both of the above studies 
may have missed other SNPs that do indeed play a role in 
modulation of neurocognition in schizophrenia

Disruption of Akt’s regulation of GSK-3 activity in the 
brain may also play a role in dysregulation of brain func-
tion in disorders such as schizophrenia, and its restoration 
by antipsychotic medications may contribute to the clini-
cal efficacy of these drugs. Consistent with the finding that 
Akt1 levels were reduced in the frontal cortex of subjects 
with schizophrenia, levels of phosphorylated GSK-3b were 
also reduced in the frontal cortex of people with schizo-
phrenia (34). However, the relationship between GSK-3 
activity and total amounts of GSK-3 in specific brain re-
gions remains unclear. Despite studies demonstrating re-
ductions in overall levels of GSK-3b in the frontal cortex of 
subjects with schizophrenia, no correlation was found be-
tween levels of GSK-3b activity and its levels in the frontal 
cortices of these subjects (40, 41). Like Akt1, postmortem 
brain tissue was used to determine GSK-3 levels and activ-
ity, leaving open the potential confound of variations in 
GSK-3 activity due to differences in the postmortem inter-
val or tissue handling. Alternatively, since only total GSK-3 
activity was measured, another GSK-3 isoform, GSK-3a, 
might have compensated for reduced GSK-3b levels in the 
frontal cortex. Although the physiological consequences 
of changing GSK-3b levels and/or activity remain to be de-
termined, it has been proposed that the reduction in GSK-
3b levels may affect other signaling pathways such as the 
Wnt pathway (see below).

If these reductions occur early in life, it may lend fur-
ther credence to the neurodevelopmental model of 
schizophrenia (41). Consistent with this, recent work has 
linked GSK-3 to Disrupted in Schizophrenia 1 (DISC1), a 
protein involved in brain development and whose gene 
was found to be disrupted by a balanced chromosomal 
translocation in a Scottish family with high incidence of 
schizophrenia (42). DISC1 directly interacts with GSK-3, 
resulting in inhibition of GSK-3b activity and subsequent 
stabilization of b-catenin. Functionally, DISC1’s inhibi-
tion of GSK-3b was also shown to regulate proliferation 
of neuronal precursor cells in both mouse embryonic and 
adult brains, further arguing for a role for GSK-3 and Wnt 
pathway signaling in neurodevelopment (42). However, 
to date this relationship between DISC1 and GSK-3b has 
only been demonstrated in mice; similar studies will be 
needed in humans to make more direct links between 
DISC1, GSK-3b, and schizophrenia.

FIGURE 2 . Akt Activity Modulated by Dopam inea
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the ventral tegmental area of rats chronically treated with 
morphine (48). Behaviorally, Akt1-deficient mice treated 
with a psychotomimetic agent such as amphetamine ex-
hibited notable reductions in prepulse inhibition during 
tests of sensorimotor gating similar to the abnormal sen-
sorimotor gating in individuals with schizophrenia (34). 
Akt1-deficient mice were also tested for related abnormal-
ities in spatial working memory, given the working memo-
ry deficits associated with schizophrenia (49, 50). Follow-
ing pharmacological stimulation with the dopamine D2

 

receptor agonist quinpirole, these mice performed worse 
relative to mice treated with saline or a dopamine D1 re-
ceptor agonist (49). Similar abnormalities were also ob-
served in mice lacking Dvl1, an isoform of Dvl; these mice 
exhibited significant behavioral abnormalities in social 
interactions including nesting with and grooming other 
mice as well as sensorimotor gating abnormalities analo-
gous to those in schizophrenia (51–53).

Like Akt, GSK-3 activity has also been shown to play an 
important role in modulating the dopaminergic response 
to amphetamine. Amphetamine-induced dopamine trans-
porter (DAT)-mediated dopamine efflux and subsequent 
postsynaptic D2 receptor stimulation likely results in Akt 
inactivation and increased GSK-3 activity (22). An im-
proved understanding of a dopamine-mediated response 
to a psychotomimetic agent such as amphetamine in ani-
mals may also lead to better animal models of dopamine-
mediated psychosis. Rats treated with a specific GSK-3 
inhibitor, AR-A014418, failed to display amphetamine-in-
duced hyperactivity (54). Similarly, heterozygous GSK-3b 
knockout mice (expressing approximately half of wildtype 
levels of GSK-3b) displayed significantly reduced levels of 
locomotor activity following amphetamine treatment (22). 
Additionally, treatment of DAT knockout mice with mul-
tiple GSK-3 inhibitory drugs inhibited the hyperactive be-
havior of the nontreated DAT knockout mice (22). By con-
trast, transgenic mice with a constitutively active mutant 
form of GSK-3b displayed hyperactive behaviors similar to 
mice lacking the dopamine transporter, providing further 
evidence that GSK-3b activity is linked to dopamine signal-
ing (20, 55). Moreover, in the absence of inhibition of GSK-
3b activity by DISC1 as discussed earlier, mice displayed 
hyperlocomotion in response to novelty (42). Importantly, 
the authors believe that this novelty-based GSK-3b-medi-
ated hyperlocomotion may represent a model for studying 
positive symptoms in schizophrenia (42).

Relationship of Signaling Pathways 
and Antipsychotic Drug Action

There is increasing evidence that Akt and GSK-3b-relat-
ed intracellular signaling may at least partially modulate 
the ability of antipsychotic medications to treat symptoms 
of psychosis. After both acute and chronic treatment of 
mice with haloperidol, levels of active, phosphorylated 
Akt1 were increased, resulting in phosphorylation of GSK-

consistent with a recent study demonstrating that specific 
AKT1 SNPs may impact on brain volume (38), Akt signal-
ing appears to decrease the size of dopamine neurons in 

FIGURE 3. Wnt Activitya
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a As seen in section A, GSK-3 is in a complex with b-catenin, APC, 
and Axin. In the absence of Wnt receptor activation, b-catenin is 
constitutively phosphorylated by GSK-3, leading to b-catenin’s deg-
radation and thereby blocking b-catenin-mediated gene transcrip-
tion. Binding of ligands such as Wnt to the Wnt receptor (section 
B) results in the formation of a complex with LRP5 or LRP6, Dvl, 
APC, Axin GSK-3, and Akt. Inactivation of GSK-3 via phosphorylation 
by Akt prevents b-catenin’s phosphorylation by GSK-3 and allows 
b-catenin to escape degradation. b-catenin consequently accumu-
lates in the nucleus where it regulates transcription through inter-
actions with DNA transcription factors.
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Future studies examining Dvl both in vivo and in vitro in 
response to other antipsychotics could determine more 
definitively whether effects on Dvl are unique to clozapine 
or a common property of antipsychotics.

Antipsychotics may also exert their effects in a develop-
mentally dependent manner. While adult rats (14+ weeks 
old) treated with clozapine, risperidone, or haloperidol 
had increased b-catenin and GSK-3 levels in the ventral 
midbrain, no changes were observed in adolescent rats re-
ceiving the same drug treatment (8–9 weeks old) (64).

Predictions and Future Directions

The apparent convergence of D2 receptors and the Wnt 
receptors onto the Akt and GSK-3 downstream signaling 
pathways leads us to propose a model in which constitu-
ent molecules of the dopamine D2 receptor pathway may 
directly and/or indirectly modulate Wnt pathway signal-
ing. This may allow for both receptors to modulate recip-
rocally the function of either signaling pathway and allows 
for potential integration of different cellular signals. How-
ever, to date, the relationship between these pathways in 
neurons remains complex, and the relationship we pro-
pose is hypothetical. Recent evidence suggests that sig-
naling proteins may have multiple and at times opposite 
roles dependent on spatial and temporal regulation. For 
example, while plasma membrane-associated Akt1 facili-
tates b-catenin-mediated gene transcription by promot-
ing translocation of b-catenin into the nucleus, nuclear 
Akt1 inhibits b-catenin-mediated transcriptional activa-
tion, demonstrating that much work remains in elucidat-
ing relationships not only between signaling pathways but 
within them as well (65). Based on the evidence discussed 
in this article, potential interactions (i.e., direct versus in-
direct associations) between D2 and Wnt receptors and 
possible points of intersection within these pathways will 
require clarification using a combination of genetic, im-
aging, and biochemical studies. We also propose that dif-
ferences in the clinical efficacy of individual antipsychotic 
medications may result from their respective abilities to 
modulate Akt activation in the D2 receptor pathway and/
or molecules in the Wnt pathway. Consistent with this, al-
though acting on multiple receptor systems, clozapine’s 
superior clinical efficacy may stem from its ability to act 
downstream of these receptors on molecules in both Akt/
GSK-3 and Wnt pathways and thereby modulate from both 
pathways (62). Future studies can examine whether the ef-
ficacy of particular drugs is related to effects on levels and 
activities of proteins in both Akt/GSK-3 and Wnt pathways 
as opposed to only within one pathway in vitro and in vivo 
using tissue culture and animal models.

Since the advent of antipsychotic medications, there 
have been many speculations about the precise mecha-
nisms responsible for the clinical effects of these drugs. 
While the dopamine hypothesis provided an early frame-
work for contextualizing the mechanisms of antipsychot-

3b (34). These findings suggested that the mechanism of 
haloperidol’s action may be mediated in part by the Akt/
GSK-3 system. Similarly in humans, haloperidol treatment 
may compensate for the decreased levels of endogenous 
Akt1 in the frontal cortex of people with schizophrenia (34).

In contrast to these findings, haloperidol treatment of 
cultured rat cortical neurons led to significant decreases 
in phosphorylated Akt (56). Similarly, in vitro haloperidol 
treatment of rat preneuronal PC12 cells led to loss of the 
phosphorylated form of Akt (57). The discrepant effects of 
haloperidol on Akt may result from differences in vitro ver-
sus in vivo as the response in intact brain appears to differ 
from that observed in neuronal or related cell types in cul-
ture. In addition, cells in culture are exposed to different 
concentrations of drug compared to those in intact brain, 
possibly leading to concentration-dependent differences 
in signaling pathways affected (58). There is precedent for 
these discrepant findings in other cell culture-based work 
demonstrating that D2 receptor activation using agonists 
such as quinpirole or bromocriptine may also lead to Akt 
phosphorylation, suggesting that the precise mechanisms 
of dopamine-mediated Akt phosphorylation are complex 
and remain to be fully elucidated (59, 60).

Similar to haloperidol, atypical antipsychotics also im-
pact Akt and GSK-3b activities. Treatment with the atypi-
cal antipsychotic clozapine results in increased levels of 
phosphorylated GSK-3b and total b-catenin (including 
b-catenin’s translocation into the nucleus) (61, 62). How-
ever, differences between haloperidol and atypical an-
tipsychotics have emerged in the kinetics of Akt/GSK-3 
phosphorylation, the levels of proteins expressed follow-
ing drug exposure, and the pathway that is preferentially 
activated (i.e., Akt versus Wnt pathway signaling). Treat-
ment with either haloperidol or clozapine led to phos-
phorylation of GSK-3a and GSK-3b in rat frontal cortex. 
However, whereas levels of phosphorylated Akt1 returned 
to baseline within 1 hour following acute haloperidol ex-
posure, Akt remained phosphorylated after a similar acute 
clozapine treatment (63). The prolonged duration of clo-
zapine’s effects on Akt relative to a typical antipsychotic 
such as haloperidol may account for its greater effect on 
downstream molecules in the Wnt pathway such as Dvl.

Dvl promotes b-catenin signaling in the Wnt pathway by 
stimulating GSK-3b phosphorylation in the Axin complex 
(as discussed above) and also facilitates Akt phosphoryla-
tion (33). Given its roles in both Akt and Wnt pathways, 
signaling through Dvl may be an important property of 
clozapine’s therapeutic efficacy. Indeed, clozapine in-
creased levels of both total and phosphorylated Dvl (63), 
as well of the Dvl isoform Dvl-3, which may also be either 
directly or indirectly physically associated with the dopa-
mine D2 receptor (62). Interestingly, overexpression of Dvl-
3 in vitro led to changes in levels of phosphorylated GSK-3 
and b-catenin analogous to those observed after antipsy-
chotic treatment, providing an additional functional link 
between dopamine signaling and the Wnt pathway (62). 



SIGNALING PATHWAYS IN SCHIZOPHRENIA

394       ajp.psychiatryonline.org Am J Psychiatry 167:4, April 2010

References

1. Carlsson A: The current status of the dopamine hypothesis of 
schizophrenia. Neuropsychopharmacol 1988; 1:179–186

2. Abi-Dargham A, Mawlawi O, Lombardo I, Gil R, Martinez D, 
Huang Y, Hwang D, Kelip J, Kochan L, Van Heertum R, Gorman 
JM, Laurelle M: Prefrontal dopamine D1 receptors and working 
memory in schizophrenia. J Neurosci 2002; 22:3708–3719

3. Lang UE, Puls I, Müller DJ, Strutz-Seebohm N, Gallinat J: Mo-
lecular mechanisms of schizophrenia. Cell Physiol Biochem 
2007; 20:687–702

4. Dean B: Signal transduction, rather than reception, is the un-
derlying neurochemical abnormality in schizophrenia. Aust N 
Z J Psychiatry 2000; 34:560–569

5. Cotter D, Kerwin R, Al-Sarraji S, Brion JP, Chadwich A, Lovestone 
S, Anderton B, Everall I: Abnormalities of Wnt signalling in 
schizophrenia – evidence for neurodevelopmental abnormal-
ity. Neuroreport 1998; 9:1261–1265

6. Franke TF: PI3K/Akt: getting it right matters. Oncogene 2008; 
27:6473–6488

7. Niizuma K, Endo H, Chan PH: Oxidative stress and mitochon-
drial dysfunction as determinants of ischemic neuronal death 
and survival. J Neurochem 2009; 109(suppl 1):133–138

8. Lai WS, Xu B, Westphal KGC, Paterlini M, Olivier B, Pavlidis 
P, Karayiorgou M, Gogos J: Akt1 deficiency affects neuronal 
morphology and predisposes to abnormalities in prefrontal 
cortex functioning. Proc Natl Acad Sci USA 2006; 103:16906–
16911

9. Lin CH, Yeh SH, Lin CH, Lu KT, Leu TH, Chang WC, Gean PW: A 
role for the PI-3 kinase signaling pathway in fear condition-
ing and synaptic plasticity in the amygdala. Neuron 2001; 
31:841–851

10. Sui L, Wang J, Li BM: Role of the phosphoinositide 3-kinase-
Akt-mammalian target of the rapamycin signaling pathway in 
long-term potentiation and trace fear conditioning memory 
in rat medial prefrontal cortex. Learn Mem 2008; 15:762–776

11. Garcia BG, Wei Y, Moron JA, Lin RZ, Javitch JA, Galli A: Akt is 
essential for insulin modulation of amphetamine-induced 
human dopamine transporter cell-surface redistribution. Mol 
Pharmacol 2005; 68:102–109

12. Beaulieu JM, Tirotta E, Sotnikova TD, Masri B, Salahpour A, 
Gainetdinov RR, Borrelli E, Caron MG: Regulation of Akt signal-
ing by D2 and D3 dopamine receptors in vivo. J Neurosci 2007; 
27:881–885

13. Huang J, Manning BD: A complex interplay between Akt, 
TSC2 and the two mTOR complexes. Biochem Soc Trans 2009; 
37:217–222

14. Sarbassov DD, Guertin DA, Ali SM, Sabatini DM: Phosphoryla-
tion and regulation of Akt/PKB by the rictor-mTOR complex. 
Science 2005; 307:1098–1101

15. Beaulieu JM, Gainetdinov RR, Caron MG: The Akt-GSK-3 signal-
ing cascade in the actions of dopamine. Trends Pharmacol Sci 
2007; 28:166–172

16. Kockeritz L, Doble B, Patel S, Woodgett JR: Glycogen synthase 
kinase-3 – an overview of an over-achieving protein kinase. 
Curr Drug Targets 2006; 7:1377–1388

17. Peineau S, Bradley C, Taghibiglou C, Doherty A, Bortolotto ZA, 
Wang YT, Collingridge GL: The role of GSK-3 in synaptic plastic-
ity. Br J Psychopharmacol 2008; 153:S428–S437

18. Doble BW, Woodgett JR: GSK-3: tricks of the trade for a multi-
tasking kinase. J Cell Sci 2003; 116:1175–1186

19. Beaulieu JM, Sotnikova TD, Marion S, Lefkowitz RJ, Gainetdi-
nov RR, Caron MG: An Akt/b-arrestin 2/PP2A signaling complex 
mediates dopaminergic neurotransmission and behavior. Cell 
2005; 122:261–273

20. Klewe IV, Nielsen SM, Tarpo L, Urizar E, Dipace C, Javitch JA, 
Gether U, Egebjerg J, Christensen KV: Recruitment of b-arres-

ics, blocking dopamine receptors using these medications 
is only the beginning of a chain of signaling into which we 
are just now beginning to gain insight. It is not yet clear 
which signaling events downstream of the receptors are 
critical for the therapeutic actions of antipsychotics and 
which lead to side effects (i.e., metabolic syndrome). How-
ever, although the mechanisms and targets for these phe-
nomena are unknown, these drug effects must result from 
modulation of intracellular signaling pathways. Based on 
the work presented, signaling through Akt/GSK-3 and 
Wnt pathways appears to be a common point of intersec-
tion for many of the antipsychotics tested, both among 
typical and atypical classes of medication. Moreover, re-
cent work has also implicated the Akt/GSK-3 pathway in 
the mechanism of action for the mood stabilizer lithium, 
suggesting that lithium-induced inhibition of GSK-3 may 
be critical for modulating its cellular effects (22, 25). Nev-
ertheless, despite the progress made in understanding 
the signaling pathways described above, much work re-
mains in determining the extent to which these pathways 
are involved in schizophrenia. Future studies will need to 
apply the findings derived thus far from the in vitro stud-
ies and animal models described in this review to clinical 
studies of schizophrenia. Applying increasingly sensitive 
and sophisticated genome-wide screening techniques 
may yield new gene polymorphisms associated with 
schizophrenia that would facilitate verifying or refuting 
roles for Akt1, GSK-3b, and proteins in the Wnt pathway. 
Taken together, the increasing understanding of the Akt/
GSK-3 and Wnt signaling pathways may create new av-
enues in development of novel drug therapies. While it is 
likely that there are multiple pathways implicated in the 
pathogenesis and treatment of psychosis, the Akt/GSK-3 
and Wnt pathways appear to be promising and intercon-
nected mechanisms that may further elucidate the com-
plexities of schizophrenia.

Received Dec. 22, 2008; revision received July 8, 2009; accepted 
Sept. 15, 2009 (doi: 10.1176/appi.ajp.2009.08121873). From the De-
partment of Psychiatry, Department of Pharmacology, and the Cen-
ter for Molecular Recognition, College of Physicians and Surgeons, 
Columbia University; the Department of Psychiatry and Department 
of Public Health, The New York-Presbyterian Hospital, Weill Medical 
College of Cornell University, New York; and the Division of Molecu-
lar Therapeutics, New York State Psychiatric Institute, New York. Ad-
dress correspondence and reprint requests to Dr. Freyberg, Center 
for Molecular Recognition, College of Physicians and Surgeons, Co-
lumbia University, P&S Rm. 11-401, 630 West 168th St., New York, NY 
10032; zf2101@columbia.edu (e-mail).

Dr. Freyberg reports no financial relationships with commercial 
interests. Dr. Ferrando reports receiving speaker’s honoraria from 
Pfizer and AstraZeneca Pharmaceuticals. Dr. Javitch reports consult-
ing fees from Heptares Therapeutics. 

This work was supported in part by NIH grants DA-022413 and MH-
18870 and the Lieber Center for Schizophrenia Research and Treat-
ment.

The authors thank Dr. Jack Barchas for review of the manuscript 
and helpful comments and Ms. Eve Vagg for assistance in producing 
the figures. 



FREYBERG, FERRANDO, AND JAVITCH

Am J Psychiatry 167:4, April 2010  ajp.psychiatryonline.org 395

Callicott JH, Weinberger DR: Genetic variation in AKT1 is linked 
to dopamine-associated prefrontal cortical structure and func-
tion in humans. J Clin Invest 2008; 118:2200–2208

39. Ries V, Cheng HC, Baohan A, Kareva T, Oo TF, Rzhetskaya M, Bland 
RJ, During MJ, Kholodilov N, Burke RE: Regulation of the postna-
tal development of dopamine neurons of the substantia nigra 
in vivo by Akt/protein kinase B. J Neurochem 2009; 110:23–33

40. Kozlovsky N, Belmaker RH, Agam G: Low GSK-3b immunoreac-
tivity in postmortem frontal cortex of schizophrenic patients. 
Am J Psychiatry 2000; 157:831–833

41. Kozlovsky N, Belmaker RH, Agam G: Low GSK-3 activity in 
frontal cortex of schizophrenic patients. Schizophr Res 2001; 
52:101–105

42. Mao Y, Ge X, Frank CL, Madison JM, Koehler AN, Doud MK, 
Tassa C, Berry EM, Soda T, Singh KK, Biechele T, Petryshen TL, 
Moon RT, Haggarty SJ, Tsai LH: Disrupted in schizophrenia 1 
regulates neuronal progenitor proliferation via modulation of 
GSK-3b/b-catenin signaling. Cell 2009; 136:1017–1031

43. Miyaoka T, Seno H, Ishino H: Increased expression of Wnt-1 in 
schizophrenic brains. Schizophr Res 1999; 38:1–6

44. Yang J, Si T, Ling Y, Ruan Y, Han Y, Wang X, Zhang H, Kong Q, Li 
X, Liu C, Zhang D, Zhou M, Yu Y, Liu S, Shu L, Ma D, Wei J, Zhang 
D: Association study of the human FZD3 locus with schizophre-
nia. Biol Psychiatry 2003; 54:1298–1301

45. Zhang Y, Yu X, Yuan Y, Ling Y, Ruan Y, Si T, Lu T, Wu S, Gong 
X, Zhu Z, Yang J, Wang F, Zhang D: Positive association of the 
human frizzled 3 (FZD3) gene haplotype with schizophrenia 
in Chinese Han population. Am J Med Genet B Neuropsychiatr 
Genet part B 2004; 129:16–19

46. Potash JB, Buervenich S, Cox NJ, Zandi PP, Akula N, Steele J, 
Rathe JA, Avramopoulos D, Detera-Wadleigh SD, Gershon ES, 
NIMH Genetics Initiative Bipolar Disorder Consortium, DePaulo 
JR Jr, Feinberg AP, McMahon FJ: Gene-based SNP mapping of a 
psychotic bipolar affective disorder linkage region on 22q12.3: 
association with HMG2L1 and TOM1. Am J Med Genet B Neuro-
psychiatr Genet part B 2008; 147:59–67

47. Zandi PP, Belmonte PL, Willour VL, Goes FS, Badner JA, Simp-
son SG, Bipolar Disorders Phenome Group, National Institute 
of Mental Health Genetics Initiative Bipolar Disorder Consor-
tium, Gershon ES, McMahon FJ, DePaulo JR Jr, Potash JB: Associ-
ation study of Wnt signaling pathway genes in bipolar disorder. 
Arch Gen Psychiatry 2008; 65:785–793

48. Russo SJ, Bolanos CA, Theobald DE, DeCarolis NA, Renthal 
W, Kumar A, Winstanley CA, Renthal NE, Wiley MD, Self DW, 
Russell DS, Neve RL, Eisch AJ, Nestler EJ: IRS2-Akt pathway in 
midbrain dopamine neurons regulates behavioral and cellular 
responses to opiates. Nat Neurosci 2007; 10: 93–99

49. Lai WS, Xu B, Westphal KGC, Paterlini M, Olivier B, Pavlidis P, 
Karayiorgou M, Gogos JA: Akt1 deficiency affects neuronal mor-
phology and predisposes to abnormalities in prefrontal cortex 
functioning. Proc Natl Acad Sci USA 2006; 103:16906–16911

50. Perlstein WM, Carter CS, Noll DC, Cohen JD: Relation of prefron-
tal cortex dysfunction to working memory and symptoms in 
schizophrenia. Am J Psychiatry 2001; 158:1105–1113

51. Couture SM, Penn DL, Roberts DL: The functional significance 
of social cognition in schizophrenia: a review. Schizophr Bull 
2006; 32:S44–S63

52. Geyer MA, Swerdlow NR, Mansbach RS, Braff DL: Startle re-
sponse models of sensorimotor gating and habituation deficits 
in schizophrenia. Brain Res Bull 1990; 25:485–498

53. Lijam N, Paylor R, McDonald MP, Crawley JN, Deng CX, Herrup 
K, Stevens KE, Maccaferri G, McBain CJ, Sussman DJ, Wynshaw-
Boris A: Social interaction and sensorimotor gating abnormali-
ties in mice lacking Dvl1. Cell 1997; 90:895–905

54. Gould TD, Einat H, Bhat R, Manji H: AR-A014418, a selective 
GSK-3 inhibitor, produces antidepressant-like effects in the 
forced swim test. Int J Neuropsychopharmacol 2004; 7:387–390

tin2 to the dopamine D2 receptor: insights into anti-psychotic 
and anti-parkinsonian drug receptor signaling. Neuropharma-
cology 2008; 54:1215–1222

21. Skinbjerg M, Ariano MA, Thorsell A, Heilig M, Halldin C, Innis 
RB, Sibley DR: Arrestin3 mediates D2 dopamine receptor inter-
nalization. Synapse 2009; 63:621–624

22. Beaulieu JM, Sotnikova TD, Yao WD, Kockeritz L, Woodgett JR, 
Gainetdinov RR, Caron MG: Lithium antagonizes dopamine-
dependent behaviors mediated by an AKT/glycogen synthase 
kinase 3 signaling cascade. Proc Natl Acad Sci USA 2004; 
101:5099–5104

23. Lovestone S, Killick R, Forti MD, Murray R: Schizophrenia as a 
GSK-3 dysregulation disorder. Trends Neurosci 2007; 30:142–
149

24. Masri B, Salahpour A, Didrikson M, Ghisi V, Beaulieu JM, 
Gainetdinov RR, Caron MG: Antagonism of dopamine D2 re-
ceptors/beta-arrestin 2 interaction is a common property of 
clinically effective antipsychotics. Proc Natl Acad Sci USA 2008; 
105:13656–13661

25. Beaulieu JM, Marion S, Rodriguez RM, Medvedev IO, Sotnikova 
TD, Ghisi V, Wetsel WC, Lefkowitz RJ, Gainetdinov RR, Caron MG: 
A b-arrestin 2 signaling complex mediates lithium action on 
behavior. Cell 2008; 132:125–136

26. Dummler B, Hemmings BA: Physiological roles of PKB/Akt iso-
forms in development and disease. Biochem Soc Trans 2007; 
35:231–235

27. Gonzalez E, McGraw TE: Insulin-modulated Akt subcellular lo-
calization determines Akt isoform-specific signaling. Proc Natl 
Acad Sci USA 2009; 106:7004–7009

28. Tschopp O, Yang ZZ, Brodbeck D, Dummler BA, Hemmings-
Mieszczak M, Watanabe T, Michaelis T, Frahm J, Hemmings 
BA: Essential role of protein kinase Bg (PKBg/Akt3) in postnatal 
brain development but not in glucose homeostasis. Develop-
ment 2005; 132:2943–2954

29. Davis E, Ghosh A: Should I stay or should I go: Wnt signals at 
the synapse. Cell 2007; 130:593–596

30. Lu CS, Van Vactor D: Synapse specificity: Wnts keep motor axo-
ns on target. Curr Biol 2007; 17:R895–R898

31. McMahon AP, Bradley A: The Wnt-1 (int-1) proto-oncogene 
is required for development of a large region of the mouse 
brain. Cell 1990; 62:1073–1085

32. Ohigashi T, Mizuno R, Nakashima J, Marumo K, Murai M: Inhi-
bition of Wnt signaling downregulates Akt activity and induces 
chemosensitivity in PTEN-mutated prostate cancer cells. Pros-
tate 2005; 62:61–68

33. Fukumoto S, Hsieh CM, Maemura K, Layne MD, Yet SF, Lee KH, 
Matsui T, Rosenzweig A, Taylor WG, Rubin JS, Perrella MA, Lee 
ME: Akt participation in the Wnt signaling pathway through 
Dishevelled. J Biol Chem 2001; 276:17479–17483

34. Emamian ES, Hall D, Birnbaum MJ, Karayiorgou M, Gogos JA: 
Convergent evidence for impaired AKT1-GSK3b signaling in 
schizophrenia. Nat Genet 2004; 36:131–137

35. Xu MQ, Xing QH, Zheng YL, Li S, Gao JJ, He G, Guo TW, Feng GY, 
Xu F, He L: Association of AKT1 gene polymorphisms with risk 
of schizophrenia and with response to antipsychotics in the 
Chinese population. J Clin Psychiatry 2007; 68:1358–1367

36. Thiselton DL, Vladimirov VI, Kuo PH, McClay J, Wormley B, 
Fanous A, O’Neill FA, Walsh D, Van den Oord JCG, Kendler KS, 
Riley BP: AKT1 is associated with schizophrenia across multiple 
symptom dimensions in the Irish study of high density schizo-
phrenia families. Biol Psychiatry 2008; 63:449–457

37. Pinheiro AP, Keefe RSE, Skelly T, Olarte M, Leviel K, Lange 
LA, Lange EM, Stroup TS, Lieberman J, Sullivan PF: AKT1 and 
neurocognition in schizophrenia. Aust N Z J Psychiatry 2007; 
41:169–177

38. Tan HY, Nicodemus KK, Chen Q, Li Z, Brooke JK, Honea R, Ko-
lachana BS, Straub RE, Meyer-Lindenberg A, Sei Y, Mattay VS, 



SIGNALING PATHWAYS IN SCHIZOPHRENIA

396       ajp.psychiatryonline.org Am J Psychiatry 167:4, April 2010

60. Nair VD, Sealfon SC: Agonist-specific transactivation of phos-
phoinositide 3-kinase signaling pathway mediated by the do-
pamine D2 receptor. J Biol Chem 2003; 278:47053–47061

61. Kang UG, Seo MS, Roh MS, Kim Y, Yoon SC, Kim YS: The effects 
of clozapine on the GSK-3-mediated signaling pathway. FEBS 
Lett 2004; 560:115–119

62. Sutton LP, Honardoust D, Mouyal J, Rajakumar N, Rushlow WJ: 
Activation of the canonical Wnt pathway by the antipsychotics 
haloperidol and clozapine involves disheveled-3. J Neurochem 
2007; 102:153–169

63. Roh MS, Seo MS, Kim Y, Kim SH, Jeon WJ, Ahn YM, Kang UG, 
Juhnn YS, Kim YS: Haloperidol and clozapine differentially reg-
ulate signals upstream of glycogen synthase kinase 3 in the rat 
frontal cortex. Exp Mol Med 2007; 39:353–360

64. Alimohamad H, Sutton L, Mouyal J, Rajakumar N, Rushlow WJ: 
The effects of antipsychotics on b-catenin, glycogen synthase 
kinase-3 and disheveled in the ventral midbrain of rats. J Neu-
rochem 2005; 95:513–525

65. Li FQ, Mofunanya A, Harris K, Takemaru KI: Chibby cooperates 
with 14–3-3 to regulate b-catenin subcellular distribution and 
signaling activity. J Cell Biol 2008; 181:1141–1154

55. Prickaerts J, Moechars D, Cryns K, Lenaerts I, van Craenen-
donck H, Goris I, Daneels G, Bouwknecht JA, Steckler T: Trans-
genic mice overexpressing glycogen synthase kinase 3b: a 
putative model of hyperactivity and mania. J Neurosci 2006; 
26:9022–9029

56. Ukai W, Ozawa H, Tateno M, Hashimoto E, Saito T: Neurotoxic 
potential of haloperidol in comparison with risperidone: im-
plication of Akt-mediated signal changes by haloperidol. J Neu-
ral Transm 2004; 111:667–681

57. Dai Y, Wei Z, Sephton CF, Zhang D, Anderson DH, Mousseau 
DD: Haloperidol induces the nuclear translocation of phospha-
tidylinositol 3′-kinase to disrupt Akt phosphorylation in PC12 
cells. J Psychiatry Neurosci 2007; 32:323–330

58. Wei Z, Mousseau DD, Dai Y, Cao X, Li XM: Haloperidol induces 
apoptosis via the s2 receptor system and Bcl-XS. Pharmacoge-
nomics J 2006; 6:279–288

59. Bolan EA, Kivell B, Jaligam V, Oz M, Jayanthi LD, Han Y, Sen 
N, Urizar E, Gomes I, Devi LA, Ramamoorthy S, Javitch JA, Za-
pata A, Shippenberg TS: D2 receptors regulate dopamine trans-
porter function via an extracellular signal-regulated kinases 1 
and 2-dependent and phosphoinositide 3 kinase-independent 
mechanism. Mol Pharmacol 2007; 71:1222–1232


