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Abstract

In an effort to better understand and treat mental disorders, the Wnt pathway and adult 

hippocampal neurogenesis have received increased attention in recent years. One is a signaling 

pathway regulating key aspects of embryonic patterning, cell specification, and adult tissue 

homeostasis. The other is the generation of newborn neurons in adulthood that integrate into the 

neural circuit and function in learning and memory, and mood behavior. In this review, we discuss 

the growing relationship between Wnt signaling-mediated regulation of adult hippocampal 

neurogenesis as it applies to neuropsychiatric disorders. Evidence suggests dysfunctional Wnt 

signaling may aberrantly regulate new neuron development and cognitive function. Indeed, altered 

expression of key Wnt pathway components are observed in the hippocampus of patients suffering 

from neuropsychiatric disorders. Clinically-utilized mood stabilizers also proceed through 

modulation of Wnt signaling in the hippocampus, while Wnt pathway antagonists can regulate the 

antidepressant response. Here, we review the role of Wnt signaling in disease etiology and 

pathogenesis, regulation of adult neurogenesis and behavior, and the therapeutic targeting of 

disease symptoms.
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1. Introduction

The high prevalence of neuropsychiatric disorders continues to be a public health concern 

for patients and the medical community worldwide. According to the Center for Disease 

Control and Prevention, mental illness accounted for a $300 billion economic cost in 2004 

with a reported 25% of American adults in 2002 with mental illness (Reeves et al., 2011). 

According to the US Department of Health and Human Services, over a ten year period from 

1996 to 2006 alone the total expenditure on mental health services increased by 63.4% while 

the number of Americans that sought these services increased by 87.6% (Soni, 2009). 

Amidst such statistics, the scientific community has embraced the need to better understand 

the causative mechanism and treatment of such disorders. Adult neurogenesis is one 

biological process that has received increased attention in recent years because of its 

potential role in neurological and psychiatric disorders.

Maintained well into adulthood in mammals, adult neurogenesis continuously generates new 

neurons from neural stem cells in two specialized neurogenic regions or niches of the adult 

brain, the subventricular zone (SVZ) of the lateral ventricle and the subgranular zone (SGZ) 

of the dentate gyrus in the hippocampus (Ming and Song, 2011). Adult neurogenesis in the 

hippocampus, the central focus of this review article, has well evidenced roles allowing for 

striking cellular plasticity (Zhao et al., 2008) and has been tied to specific brain functions in 

learning and memory (Dupret et al., 2007; Shors et al., 2001), pattern separation (Clelland et 

al., 2009; Sahay et al., 2011) and emotional behavior (Santarelli et al., 2003; Snyder et al., 

2011). It is a sequential process wherein a radial glia-like (RGL) or Type-1 quiescent neural 

stem cell within the SGZ generates proliferative precursors known as Type-2 intermediate 

progenitor cells (IPCs) that become committed to the neuronal fate as Type-3 neuroblasts 

and consequently differentiate into mature granule neurons to integrate into the hippocampal 

circuit (Ming and Song, 2011) (Fig. 1A). These newborn neurons show distinct 

morphological and excitability properties that allow them to take on unique roles in memory 

encoding and learning behavior (Ge et al., 2008; Saxe et al., 2006; Schmidt-Hieber et al., 

2004; Snyder et al., 2005). The surrounding microenvironment provides a rich niche of 

regulatory signals and growth factors that directs newborn neuron development and function 

during both the normal and diseased condition (Faigle and Song, 2013; Ming and Song, 

2011; Zhao et al., 2008). It is an example of an elaborate system where the finer changes in 

the cellular phenotype feed into the larger behavioral response.

Wnt signaling has emerged as a crucial pathway in the regulation of adult hippocampal 

neurogenesis. Its role is well documented in stem cell maintenance, neuronal maturation, 

axon remodeling, dendritic morphogenesis and adult tissue homeostasis (Ciani and Salinas, 

2005; Clevers and Nusse, 2012; Logan and Nusse, 2004; Rosso et al., 2005). Recent post-

mortem and pharmacological studies have tied together dysfunction in key Wnt pathway 

components to disorders such as depression, schizophrenia, bipolar disorder, autism and 

Alzheimer’s disease (Clevers and Nusse, 2012; De Ferrari et al., 2007). Animal studies 

pursuing members of the canonical Wnt pathway, such as Wnt3, beta (β)-catenin, glycogen 

synthase kinase-3β (GSK3β), secreted frizzled related protein 3 (sFRP3) and Dickkopf 1 

(DKK1) have shown that targeted manipulation of their activity can induce specific changes 

in the developmental trajectory of newborn neurons in the dentate gyrus (Jang et al., 2013; 
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Lie et al., 2005; Llorens-Martin et al., 2013; Qu et al., 2010), and alter behavior including 

anxiety, working and spatial memory, hyperactivity and depression (Jang et al., 2012; 

Kaidanovich-Beilin et al., 2004; Seib et al., 2013). Indeed, treatments involving 

electroconvulsive seizures and lithium are observed to proceed through an enhancement of 

Wnt signaling in the hippocampus (Contestabile et al., 2013; Madsen et al., 2003) and 

recently a significant association between the Wnt pathway component, sFRP3 and early 

antidepressant response in patients was observed (Jang et al., 2012). Wnt signaling sits 

comfortably at a crossroad as both its own regulation and influence extends beyond and into 

other intersecting pathways including the dopaminergic and serotonergic systems (Li and 

Jope, 2010; Li et al., 2004b).

Investigation using animal models has provided a better mechanistic understanding of how 

Wnt signaling may regulate adult hippocampal neurogenesis at the molecular, cellular and 

behavioral levels. This comes as no surprise as each step of adult hippocampal neurogenesis 

is a finely tuned sequential process, impacted by physiological and pathological stimuli that 

regulate neural progenitor cells as they proliferate, differentiate, mature and integrate into 

the circuit (Ming and Song, 2011; Zhao et al., 2008). In this review article, we discuss Wnt 

signaling-mediated regulation of adult hippocampal neurogenesis and behavior in relation to 

neuropsychiatric disorders.

2. Adult hippocampal neurogenesis: understanding preclinical models and 

human studies

Historically, the hippocampus has been recognized as a crucial component of the limbic 

system with roles primarily in learning and memory. This was typified by the famous patient 

H.M. whose temporal lobe was removed in treatment of his epilepsy resulting in unexpected 

and severe anterograde amnesia (Scoville and Milner, 2000). Modern neuroscience has since 

expanded the biological significance of the hippocampus to include new roles in cognition, 

spatial memory and mood regulation. With a better understanding of the hippocampus, the 

crucial discovery of SGZ neurogenesis in the hippocampus was made (Altman and Das, 

1967; Eriksson et al., 1998). For much of the 20th century, it was believed the mammalian 

brain did not generate new neurons in adulthood. Evidence of neurogenesis occurring in the 

adult mammalian brain spurred new lines of research and discovery that has since expanded 

our understanding of adult hippocampal neurogenesis (Ming and Song, 2011). Some of the 

strongest evidence connecting adult hippocampal neurogenesis to neurological disorders 

comes from studies of various antidepressants, antipsychotics, mood stabilizers and 

behavioral treatments that virtually all proceed through an enhancement of SGZ 

neurogenesis (Jun et al., 2012).

Several lines of evidence from human studies and animal models have linked a 

dysfunctional hippocampal circuitry and adult hippocampal neurogenesis to 

neuropsychiatric disorders. For instance, post-mortem studies and imaging techniques such 

as MRI have shown an associated hippocampal atrophy or loss in hippocampal volume in 

depressed patients (MacQueen et al., 2008; Maller et al., 2007; Malykhin et al., 2010; 

Neumeister et al., 2005; Sawyer et al., 2012). In one human study of depression, use of 

selective serotonin reuptake inhibitors (SSRIs) and tricyclic and tetracyclic antidepressants 
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(TCAs) was correlated with an increase in overall dentate gyrus volume and also increased 

neural progenitor cells in the anterior hippocampus (Boldrini et al., 2009). Other studies in 

schizophrenic patients have found cytoarchitectural abnormalities in neuron size, shape and 

orientation in the hippocampus and its surrounding subfields (Arnold et al., 1995; Zaidel et 

al., 1997). Animal studies of disrupted-in-schizophrenia 1 (DISC1), a susceptibility gene 

strongly implicated in schizophrenia, have shed light on its role in regulating SGZ 

neurogenesis (Duan et al., 2007; Mao et al., 2009). Similarly, other structural and functional 

changes in the hippocampus including atrophy or volume loss have been reported in 

epilepsy, addiction, schizophrenia, and depression and other mood disorders (Geuze et al., 

2005; Keller and Roberts, 2008; Sapolsky, 2000; Velakoulis et al., 2001).

Outside of such direct observation of hippocampal changes associated with neuropsychiatric 

disorders, the majority of our knowledge on adult hippocampal neurogenesis and its roles 

come from animal models. Technical limitations have hindered our ability to apply rodent 

approaches to humans and quantify SGZ neurogenesis, especially in vivo. A crucial question 

that thus remains in the field is to what extent does neurogenesis in the human brain 

contribute to mental function and behavior? One recent study has provided key details on 

active hippocampal neurogenesis in adult humans (Spalding et al., 2013). The group 

developed a strategy to retrospectively birthdate cells and study cell turnover dynamics by 

taking advantage of atmospheric 14C levels from nuclear bomb testing that occurred during 

the Cold War between 1955–1963 (Spalding et al., 2005). The study results show that there 

is substantial hippocampal neurogenesis that occurs throughout life in the human 

hippocampus. Compared to hippocampal neurogenesis in rodents, there is a much slower 

decline in human neurogenesis with aging with approximately 700 new neurons being added 

per day and an annual turnover rate of 1.75% within the renewing fraction. Further, 

approximately 35% of hippocampal neurons are subject to change compared to 10% in 

rodents. The rate of neurogenesis in a human would make it comparable to that of a 9-month 

old mouse, possibly conferring it with similar hippocampal function in cognition and 

memory (Spalding et al., 2013).

Yet, some of the strongest evidence connecting adult hippocampal neurogenesis to 

neuropsychiatric disorders comes from animal models of study and direct observation of 

antidepressants and other treatment protocols for mood disorders that proceed through an 

increase in SGZ neurogenesis. Notwithstanding the structural changes observed in the 

hippocampus of patients with neuropsychiatric disorders, sustained and significant presence 

of hippocampal neurogenesis in humans opens the possibility of it functioning as a critical 

mediator of disease pathogenesis and in the efficacy of targeted treatment regimens. Within 

this rich neurogenic niche of the hippocampus, research in the past decade has provided us 

powerful insight on the mechanism of action of clinically relevant treatments and their 

behavioral outcomes. We have targeted our review at this critical juncture where the Wnt 

signaling pathway has emerged a key player. In the following sections, we present the role 

of the Wnt pathway in mediating adult hippocampal neurogenesis and modulating 

behavioral outcomes through our current understanding of clinical and preclinical models.
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3. Wnt/β-catenin signaling during neurogenesis: an overview

3.1. Canonical Wnt signaling

The canonical Wnt pathway that controls gene expression through β-catenin is the primary 

focus of this review article (Fig. 2). The Frizzled class of receptors (Fzs) are seven 

transmembrane receptor proteins that form the primary class of receptors while the LRP 

family of single transmembrane proteins act as co-receptors (Logan and Nusse, 2004). Fz 

and LRP5/6 receptors work together in binding the ligand and effecting downstream 

changes in the pathway through Dishevelled (Dvl), GSK3β, adenomatous polyposis coli 

(APC), Axin, CK1 and β-catenin (MacDonald et al., 2009). In the absence of the Wnt 

ligand, β-catenin is phosphorylated, ubiquitinylated and targeted by proteasomes for 

degradation. This phosphorylation is mediated through GSK3β, which is a key biomarker in 

neuropsychiatric disorders, and is considered a prime therapeutic target for mood stabilizers 

such as lithium (Contestabile et al., 2013; Wexler et al., 2008). In the presence of a Wnt 

ligand, β-catenin is subsequently stabilized as Dvl is phosphorylated after interaction with 

Fz and GSK3β is recruited away from β-catenin. The stabilized β-catenin can now 

translocate into the nucleus and bind Tcf/Lef to promote transcription of Wnt target genes. 

The sFRP and DKK family of proteins comprise major antagonists. sFRP3 proteins mediate 

inhibition through binding to both Wnt or the Fz receptor while the DKK family targets the 

LRP5/6 receptors (MacDonald et al., 2009). sFRP3 and DKK1 are crucial factors regulating 

adult neurogenesis, anxiety behavior and cognition (Jang et al., 2012; Seib et al., 2013) 

while DKK3 is found downregulated in brains of schizophrenia patients (Ftouh et al., 2005).

3.2. Wnt-mediated regulation of adult hippocampal neurogenesis and behavior

The earliest studies demonstrated hippocampal astrocytes mediated proliferation of adult 

neural stem cells and promoted a neuronal fate commitment (Song et al., 2002). 

Subsequently, it was shown this function of mature astrocytes was mediated by Wnt3, a 

stimulator of the Wnt/β-catenin signaling pathway that is released by astrocytes (Lie et al., 

2005). The study showed that Wnt signaling components are expressed in the adult dentate 

gyrus and the regulation of Wnt expression is accompanied with an apparent change in 

neurogenesis, suggesting that Wnt signaling is a principal regulator of adult hippocampal 

neurogenesis (Lie et al., 2005). Evidence over the past decade has elucidated the Wnt 

pathway’s role in mediating the distinct steps of adult hippocampal neurogenesis: self-

renewal, proliferation, differentiation, maturation and functional integration. For instance, 

Wnt signaling is now understood to maintain self-renewal and stimulate proliferation of 

neural stem cells through the nuclear receptor tailless (TLX) and Wnt7a (Qu et al., 2010). 

Induced deletion of Tlx was previously shown to cause a marked reduction in neural stem 

cell proliferation and neurogenesis in the dentate gyrus, and selectively impair spatial 

learning with no effect on contextual fear conditioning and locomotion (Zhang et al., 2008). 

Wnt3-mediated activation of the Wnt signaling pathway enhances neuronal fate 

commitment and promotes adult hippocampal progenitor proliferation specific to 

neuroblasts (Lie et al., 2005).

The transition between self-renewal and neuronal lineage differentiation may also be 

coordinated by Wnt signaling through its activation of NeuroD1, a transcription factor 
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essential for generation of granule cells in the hippocampus and cerebellum (Kuwabara et 

al., 2009; Liu et al., 2000). While early evidence suggested astrocyte-mediated Wnt3 

activation of the pathway did not specifically improve adult hippocampal progenitor survival 

(Lie et al., 2005), it now appears that NeuroD1 expression mediated by Wnt signaling may 

improve survival and maturation of adult-born neurons (Gao et al., 2009; Kuwabara et al., 

2009). These studies have utilized β-catenin and Neurod1 conditional knockout (cKO) mice 

to show the role of NeuroD1 in survival and maturation of newborn granule cells (Gao et al., 

2009; Kuwabara et al., 2009). Additionally they have elucidated the presence of a Sox2 and 

TCF/LEF regulatory element on its promoter region that allows NeuroD1 to function across 

these stages (Kuwabara et al., 2009; Liu et al., 2000). GSK3β too has been shown to be 

involved in mediating survival and apoptosis of immature precursors (Fuster-Matanzo et al., 

2013; Sirerol-Piquer et al., 2011). Finally, another target of the canonical Wnt pathway is 

the prospero-related homeobox 1 gene (Prox1) that plays a stage-specific role during adult 

hippocampal neurogenesis. It is highly expressed in the mouse dentate gyrus and strongly 

associated with TCF/LEF signaling (Karalay et al., 2011). Prox1 overexpression enhances 

differentiation of the newborn neurons while its shRNA-mediated knockdown does not 

affect the proliferative ability of RGLs coexpressing Sox2 and GFAP, or the survival of 

mature granule neurons (Karalay et al., 2011).

During adult hippocampal neurogenesis, the immature neuron migrates deeper into the 

granular cell layer, and extends its dendrites to the molecular layer (Esposito et al., 2005; Ge 

et al., 2006) and axons into the CA3 subfield (Faulkner et al., 2008; Toni et al., 2008) to 

incorporate into the existing neural circuit. Both β-catenin and GSK3β play an important 

role here in dendritic development of postnatal-born neurons in vivo (Gao et al., 2007; 

Sirerol-Piquer et al., 2011). For instance, newly born neurons of the dentate gyrus that lack 

β-catenin show reduced dendrite number and branching, and cannot become fully mature 

granule neurons and survive less than a month from their birth (Gao et al., 2007; Sirerol-

Piquer et al., 2011). When deleted, HIF1a, which stimulates neural stem cells proliferation 

through Wnt signaling under hypoxia can cause reduced dendritic outgrowth of adult-born 

neurons due to reduced Wnt signaling (Mazumdar et al., 2010). Similarly, Wnt antagonists 

such as sFRP3 and DKK1 mediate dendritic development through the Wnt signaling 

pathway (Jang et al., 2013; Seib et al., 2013). Several clinically-utilized treatments have also 

been shown to modulate both adult hippocampal neurogenesis and Wnt signaling (Table 1). 

The Wnt pathway has also been the target of several studies that have looked at associated 

behavioral modulation with the targeting of Wnt pathway components (Table 2). Several of 

these will be elucidated in this review. Because of its involvement across each step of adult 

hippocampal neurogenesis (Fig. 1B), the therapeutic targeting of the Wnt pathway has 

allowed us to better understand causes associated with neuropsychiatric and age-related 

disorders. It has opened up new avenues for potential targeting of disease symptoms.

3.3. Wnt-mediated regulation of adult subventricular zone (SVZ) neurogenesis

The central focus of this review article is adult hippocampal neurogenesis. However, it is 

worth briefly appreciating the role of Wnt signaling in regulating SVZ neurogenesis and 

directing the readers’ attention to significant studies and reviews on the topic. During the 

course of this review, correlations to SVZ neurogenesis will be occasionally mentioned 
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where helpful. Similar to the SGZ, the SVZ of the lateral ventricle retains the capacity to 

produce new neurons in adulthood (Alvarez-Buylla and Garcia-Verdugo, 2002). After 

activation of resident RGL cells in the lateral ventricles, new neurons are generated that 

migrate across the rostral migratory stream as neuroblasts and consequently reach the 

olfactory bulb to mature and integrate into the surrounding circuit as interneurons (Ming and 

Song, 2011). The B cells comprise RGLs, the C cells comprise transient-amplifying cells 

and the A cells are the neuroblasts. In vitro, both Wnt3a and Wnt5a can increase the 

proliferation and differentiation of isolated neuronal progenitors from the postnatal and adult 

mice SVZ (Yu et al., 2006). The expression and role of non-canonical Wnt pathway 

components in the SGZ has also been shown (Pino et al., 2011; Shimogori et al., 2004). In 

vivo, β-catenin signaling is active in the B and C cells, and can promote proliferation of C 

cells possibly through DKK1 and GSK3β (Adachi et al., 2007). Similar to SGZ neurogenesis 

(Zhang et al., 2008) the TLX nuclear receptor plays a significant role in SVZ neurogenesis 

(Liu et al., 2008) with the potential involvement of Wnt/β-catenin signaling (Qu et al., 

2010). In both Wnt7a−/− and TLX−/− mice, there are significant reductions in BrdU+ cells in 

the SVZ, and in wide-type mice the lentiviral transduction of active β-catenin can increase 

the number of GFAP+ B cells in the SVZ (Qu et al., 2010).

A number of studies have attempted to determine the significance of the SVZ in cognitive 

function and neuropsychiatric conditions. At least one study has shown that the SVZ may be 

sensitive to environmental triggers of stress (Hitoshi et al., 2007). In their study, Hitoshi et al 

utilized a forced-swim model of stress to show that chronic stress decreased SVZ 

neurogenesis, an effect that was sustained over weeks after cessation of the stress. In this 

study, fluoxetine and imipramine were successful in reversing the effects of stress, while 

glucocorticoids and serotonin had unique and opposing effects in regulating neurogenesis 

(Hitoshi et al., 2007). Similarly, another study showed administration of paroxetine 

stimulated a 34% increase in SVZ neurogenesis while an 18% decrease was observed with 

corticosterone administration, an effect that could be attenuated with paroxetine (Lau et al., 

2007). Other contradictory reports have shown adult SVZ neurogenesis in fact decreases in 

mice chronically treated with fluoxetine for more than 6 weeks (Ohira and Miyakawa, 

2011). Aside from stress, physiological aging is also a critical regulator and is implicated in 

spatio-temporal changes and decreased SVZ neurogenesis with age (Luo et al., 2006; Shook 

et al., 2012). Antipsychotics such as paliperidone may also play a stimulatory role in 

increasing neurogenesis in the olfactory epithelium or the posterior SVZ (Nasrallah et al., 

2010). In a study of Down syndrome, the mood stabilizer lithium induced proliferation in 

both euploid and Ts65Dn mice (Bianchi et al., 2010a). The latter group is the most widely 

used mouse model for Down syndrome where lithium increased proliferation up to euploid 

levels. Finally, a recent study has shown that electroconvulsive treatment (ECT), one of the 

more widely used treatments for major depression induces neurogenesis in frontal rat brain 

areas adjacent to the SVZ and increases small-size calretenin-positive interneurons (Inta et 

al., 2013). Despite such studies, a significant role of SVZ neurogenesis in neuropsychiatric 

disorders remains debatable due to the lack of evidence from clinical cohorts, post-mortem 

specimens, or preclinical models. At this point, it may be more pertinent to conclude that 

between the two regions undergoing constant neurogenesis in the adult brain, SGZ 
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neurogenesis holds a significant relationship with Wnt signaling in the etiology, 

pathogenesis and treatment of neuropsychiatric disorders.

4. Wnt signaling in psychiatric disorders

4.1. Depression

Major depression is among the most prevalent psychiatric disorders worldwide and is 

associated with high rates of morbidity, death by suicide, and significant functional 

disability. In early onset depression and major depressive disorder (MDD) patients, 

structural changes including significant volume loss and functional deficits are observed in 

the hippocampus (MacQueen et al., 2008; Maller et al., 2007; Malykhin et al., 2010; 

Neumeister et al., 2005; Sawyer et al., 2012). Antidepressants have been shown to increase 

adult hippocampal neurogenesis in rodents (Santarelli et al., 2003), monkeys (Perera et al., 

2007) and even human MDD brains (Boldrini et al., 2009).

In animal models, techniques used to model depression include stress, glucocorticoids, or 

selective impairment of neurogenesis through irradiation or transgenic means to observe 

behavioral outcomes. Stress has been shown previously to play a causal relationship with 

onset of major depression (Kendler et al., 1999; Kendler et al., 1995). Similarly, depressed 

patients may show impaired glucocorticoid signaling (Anacker et al., 2011) and 

hyperactivity of the hypothalamo-pituitary-adrenal (HPA) axis (Pariante, 2009). Indeed, 

treatment-resistant depressed patients may have cortisol levels twice that of healthy controls 

(Anacker et al., 2011). In rodent models, depression produced via stress models can inhibit 

one or more steps of adult hippocampal neurogenesis and mediate neural plasticity (Pham et 

al., 2003; Yun et al., 2010; Zunszain et al., 2011). Learned helplessness and forced 

swimming tests are two widely used tests in producing stress models for modeling 

depression and antidepressant effects (Cryan et al., 2002). In the learned helplessness model 

of depression, administering inescapable footshock to animals can down regulate 

neurogenesis while fluoxetine can counteract such an effect (Malberg and Duman, 2003). A 

number of studies have shown that glucocorticoid administration can reduce neurogenesis, 

hippocampal volume and induce anxiety-related or depressive-like behavior that can be 

reversed with antidepressant treatment such fluoxetine or imipramine (David et al., 2009; 

Murray et al., 2008).

More direct evidence for a role of adult hippocampal neurogenesis in depression comes from 

a series of experiments that indicate a role for neurogenesis in mediating the normal HPA 

axis and stress response (Snyder et al., 2011). Neurogenesis-deficient mice showed slower 

recovery of glucocorticoid levels and reduced suppression by dexamethasone following a 

moderate stress event. The neurogenesis-deficient mice also showed depressive-behavior 

with increased food avoidance on novelty suppressed feeding (NSF) and increased total 

immobility on the forced swimming test (FST). Finally, these mice showed anhedonia in the 

form of reduced preference on the sucrose test (Snyder et al., 2011). Whether impaired adult 

neurogenesis is a risk factor in the development of depressive behavior remains 

controversial (van der Worp et al., 2010). Animal studies show that specific impairment of 

adult hippocampal neurogenesis can lead to depressive behavior. For instance, selectively 

impairing adult hippocampal neurogenesis through the inducible over-expression of the 
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apoptotic protein Bax in neuronal precursors can increase anxiety-related behavior on 

elevated plus maze (EPM) and light-dark tests with avoidance of potentially threatening 

stimuli, but spare depressive-behavior on NSF or FST (Revest et al., 2009; Snyder et al., 

2011). At least one animal model study returned contradictory results showing no change in 

depressive-like behavior with irradiation (Santarelli et al., 2003) and another clinical study 

has shown no change in hippocampal cell proliferation in MDD patients (Reif et al., 2006). 

Other studies have shown SSRI or TCA treatment in MDD patients are associated with 

increased dentate gyrus volume, granule cells, and neural progenitors, as well as increased 

hippocampal angiogenesis (Boldrini et al., 2012; Boldrini et al., 2013; Boldrini et al., 2009). 

At this juncture, it may be more pertinent to conclude that newborn neurons may be a major 

contributor in normalizing or ameliorating against disease states rather than being causally 

involved in the etiology of depression.

Independent lines of research including post-mortem, pharmacogenetic and preclinical 

studies have established a significant role for aberrant Wnt signaling in depression. GSK3β 

is one important downstream effector of Wnt signaling that has been associated with 

depression and anti-depressant effects. Increased GSK3β mRNA levels are found in the 

hippocampus of major depression patients, altered GSK3β activity is found in ventral 

prefrontal cortex of depressed suicide victims and in patients with recurrent MDD, and 

GSK3β polymorphisms are found associated with structural variation in the hippocampus 

(Inkster et al., 2009; Karege et al., 2007; Oh et al., 2010). Similarly, GSK3β genetic variants 

were found to be associated with antidepressant therapeutic response in Chinese MDD 

patients (Tsai et al., 2008). In the hippocampus, lithium treatment which is used for treating 

depression and bipolar disorder is strongly tied to GSK3β inhibition and β-catenin 

upregulation in promoting adult hippocampal progenitor development (Wexler et al., 2008). 

Remarkably, the proliferative effects of lithium are abolished with inhibition of β-catenin, 

suggesting a correlation between the Wnt pathway and the therapeutic effect of lithium 

(Wexler et al., 2008).

Much evidence has accumulated since the pioneering work that first showed that chronic 

administration of antidepressants promoted proliferation of adult hippocampal progenitors in 

the rat hippocampus and increased the number of newborn neurons that matured and 

integrated into the hippocampal circuit (Malberg et al., 2000). Further study provided 

evidence that in some animal models and non-human primates, the antidepressant-induced 

behavioral responses require adult hippocampal neurogenesis (Santarelli et al., 2003). One 

such antidepressant is fluoxetine, which accelerates maturation of immature neurons and 

enhances neurogenesis-dependent long-term potentiation in the dentate gyrus (Wang et al., 

2008), an effect that is interestingly opposite to what is observed in the SVZ (Ohira and 

Miyakawa, 2011). In non-human primates, fluoxetine treatment can stimulate adult 

hippocampal neurogenesis and treat anhedonia and subordinance depression-like behavior 

arising from repeated separation stress (Perera et al., 2011). Such behavioral amelioration 

was abolished with X-ray irradiation of the hippocampus, again showing the requirement of 

neurogenesis for antidepressant effect (Perera et al., 2011). Consequently, it was 

demonstrated electroconvulsive stimulation (ECS) can increase hippocampal neurogenesis 

in a dose-dependent manner in rats (Madsen et al., 2000; Nakamura et al., 2013) and 
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proceeds by upregulating β-catenin expression in the dentate gyrus of the rat hippocampus 

(Madsen et al., 2003).

A molecular signaling mechanism linking this process has been identified. Upstream 

signaling molecules in the Wnt/β-catenin pathway may play a role in such chronic 

antidepressant treatment (Okamoto et al., 2010). Using microarray analysis, Okamota et al. 

investigated the effects of citalopram, fluoxetine, venlafaxine, atomoxetine and ECS on 

hippocampal gene expression of Wnt pathway components. Microarray analysis for gene 

expression following chronic treatment of antidepressants showed increased expression of 

subtypes of Wnt, Fz, TCF, β-catenin as well as NeuroD1 expression in the hippocampus 

(Okamoto et al., 2010). Wnt2, an agonist of the canonical pathway in the hippocampus, was 

upregulated by all classes of antidepressants. To validate a potential mechanism of action for 

these anti-depressant effects, the group proceeded to increase Wnt2 expression selectively in 

the dentate gyrus via an adeno-associated viral (AAV)-mediated approach. This produced an 

antidepressant effect as measured by the decreased number of escape failures on the learned 

helplessness paradigm, and reduced anhedonic behavior as measured by the increased 

sucrose consumption relative to AAV controls (Okamoto et al., 2010). Similarly, 

administrating a GSK3β inhibitor in mice can increase β-catenin mRNA levels in the 

hippocampus, and reduce immobility time on the FST (Kaidanovich-Beilin et al., 2004). In 

lieu of recent and previous evidence, a potential role of Wnt signaling components in 

mediating the antidepressant effect is not unexpected (Lie et al., 2005; Pinnock et al., 2010). 

One of the earliest studies by Lie et al. (Lie et al., 2005) demonstrated Wnt3a expression 

promotes adult hippocampal neurogenesis. Interestingly, the administration of fluoxetine has 

been shown to mediate an antidepressant effect through an increase in Wnt3a expression in 

the dentate gyrus (Pinnock et al., 2010). It is also worth noting a potential involvement of 

SVZ neurogenesis in depression which while sparse indicates an opposite effect to what is 

observed in the SGZ. For instance, chronic fluoxetine and corticosterone treatment decreases 

SVZ neurogenesis where the effect of the latter may be prevented with paroxetine 

administration (Lau et al., 2007; Ohira and Miyakawa, 2011). A more direct relationship 

between Wnt signaling and such effects in the SVZ is however lacking.

While the evidence presented thus far suggests antidepressant effects are strongly mediated 

by changes to downstream effectors of canonical Wnt signaling pathway or Wnt ligands in 

the hippocampus, a potentially versatile role of Wnt pathway antagonists such as sFRP3 and 

DKK1 in these mechanisms is now being explored. The SFRP family of proteins are 

important regulators of the Wnt pathway whose expression is changed in disease states 

(Jones and Jomary, 2002). Recently, we showed that chronic fluoxetine treatment 

significantly reduced sFRP3 protein expression in the adult dentate gyrus and improved 

mood behavior in mice as measured by the forced swimming and the tail suspension test 

(Jang et al., 2012). While contradictory to results from the Okamato et al. (Okamoto et al., 

2010) study presented above, such an opposite effect may be explained due to the different 

animal models used. Consequently, we also showed single-nucleotide polymorphisms 

(SNPs) in the FRZB (the human sfrp3 ortholog) were significantly associated with 

antidepressant response in clinically depressed patients (Jang et al., 2012). Further, it is a 

potent regulator of activity-dependent adult hippocampal neurogenesis and deletion of the 
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sfrp3 gene promotes activation of the quiescent neural stem cell population, promotes 

newborn neuron maturation and improves dendritic growth and complexity, ultimately 

assisting the immature neuron in functionally integrating into the hippocampal circuit (Jang 

et al., 2013). Thus, sFRP3 may potentially be the bridge between stem cell activation and 

activity-dependent regulation of neurogenesis and depressive-like behavior. However, 

whether sFRP3 may directly mediate depressive-like behavior through its effects on adult 

hippocampal neurogenesis remains to be addressed.

The Wnt pathway antagonist DKK1 has also emerged as an important player in mediating 

depressive-behavior especially during aging. DKK1 belongs to the Dickkopf family of Wnt 

modulators (Niehrs, 2006) that acts by binding to the LRP5/6 co-receptor preventing any Fz/

LRP6 complex formation (Semenov et al., 2008). Recent work on DKK1 provides us one of 

the first clues to the molecular basis of declining neurogenesis and cognitive function with 

age (Seib et al., 2013). DKK1 expression in mice increases with age and its loss during old 

age can reduce depressive symptoms, and restore working memory and memory 

consolidation (Seib et al., 2013). In their experiments, Seib et al noted DKK1 mutants 

showed reduced anhedonia as measured by the increased preference for sucrose on the 

sucrose preference test. These DKK1-deficient mice also showed reduced immobility time 

on TST, an effect similar to those produced by anti-depressant drugs. In experiments 

measuring spatial memory and memory consolidation, 18-month-old DKK1 mutants showed 

increased spontaneous alternation on the T-maze paradigm with a success rate similar to that 

of 3-month-old wild-type mice. Along with this increase in hippocampal dependent spatial 

memory, other 10-month DKK1 mutants showed increased 24-hour retention in the place 

avoidance paradigm, and with success comparable to that of 3-month-old wild-type mice. 

The loss of DKK1 specifically enhances the self-renewal and survival of quiescent neural 

progenitors, increases the number of neural progenitors and committed neuroblasts and 

improves dendritic complexity (Seib et al., 2013). Evidence such as this bolsters the role of 

Wnt activity in declining neurogenesis with associated changes in affective behavior and 

anhedonia. It also provides DKK1 as a potential therapeutic target in improving depressive 

and memory-related behavior and in protecting against the age-related decline in 

neurogenesis.

Pre-clinical and clinical evidence thus far suggests the Wnt signaling components could be 

potential targets for effective drug treatment in treating depression. The molecular and 

cellular mechanisms underlying the efficacy of antidepressant treatment still remain largely 

unclear and along with the role of Wnt signaling in depression etiology require careful 

future study.

4.2. Schizophrenia

Schizophrenia is a debilitating neurodevelopmental disorder characterized by aberrant 

thought processes, social behavior and emotional responses. A complex disorder influenced 

by both genetic and environmental factors, the role of genetics or heritability in liability to 

schizophrenia is 81% (Sullivan et al., 2003). Post-mortem studies investigating the 

histopathology associated with schizophrenia have found smaller neuron size in the 

hippocampal subfields including the subiculum, entorhinal cortex and CA1 regions and 
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altered neuron shape in the CA1-CA4 regions (Arnold et al., 1995; Zaidel et al., 1997). 

Structural changes and a reduced hippocampal volume may also be associated with 

schizophrenia (Antonova et al., 2004; Velakoulis et al., 2001). Reduced amounts of newly 

formed cells are also found in the human hippocampus in schizophrenia suggesting reduced 

neural progenitors may contribute to the pathogenesis (Reif et al., 2006). Our understanding 

of the relationship between Wnt signaling and adult hippocampal neurogenesis in mediating 

schizophrenia is in its nascent stages. Studies have shown β-catenin expression is reduced in 

the CA3 and CA4, and gamma-catenin in the CA3 and CA4 hippocampal subregions (Cotter 

et al., 1998). Wnt1 expression is increased in the CA3 and CA4 regions (Miyaoka et al., 

1999), and the Wnt pathway inhibitor DKK3 downregulated in schizophrenic brains (Ftouh 

et al., 2005). At this point as per our knowledge, the role of DISC1 and its physical 

interaction with GSK3β could play a key role in Schizophrenia.

DISC1 is implicated as a risk gene for schizophrenia, bipolar disorder and depression. First 

identified in a Scottish family with high-risk of these disorders, studies have since elucidated 

the role of DISC1 in regulating the integration of newborn neurons into the hippocampal 

circuit (Duan et al., 2007; Mao et al., 2009). For instance, down regulating DISC1 can lead 

to aberrant morphogenesis and mispositioning of newborn neurons in the circuit while 

DISC1 knockdown in these newborn neurons can enhance excitability and dendritic 

development (Duan et al., 2007). It was confirmed that DISC1 could mediate such changes 

during neurogenesis through its direct physical interaction and inhibition of GSK3β activity 

allowing DISC1 to regulate β-catenin stability (Mao et al., 2009). Indeed, administration of 

GSK3β inhibitors in adult hippocampal progenitors with DISC1 knockdown is enough to 

rescue proliferation deficits. This study is the first to show a direct interaction between a 

major schizophrenia risk gene and a Wnt pathway component in the context of new neuron 

development in the hippocampus (Mao et al., 2009). Mice lacking a functional form of 

DISC1 show a wide range of behavioral abnormalities. These include selective impairment 

in working memory (Kvajo et al., 2008; Li et al., 2007), spontaneous hyperactivity and 

deficient spatial memory (Pletnikov et al., 2008), depressive-like behavior (Clapcote et al., 

2007; Hikida et al., 2007), and deficits in prepulse and latent inhibition (Clapcote et al., 

2007). DISC1 may also exert different effects on behavior depending on developmental age 

(Ayhan et al., 2011). It has been shown the DIX domain containing-1 (Dixdc1) gene 

regulates neural progenitor proliferation during embryonic cortical development by 

complexing with DISC1 and co-modulating the Wnt/β-catenin pathway (Singh et al., 2010). 

Interestingly, it was recently shown Dixdc1−/− mice at 3–4 months display spontaneous 

locomotor activity, increased anxiety and startle reactivity (Kivimae et al., 2011). More 

work is needed to confirm the differential role played by Wnt signaling during embryonic, 

post-natal and adult stages in contributing to schizophrenia etiology and any contribution it 

could make as a factor in the neurodevelopmental hypothesis of schizophrenia.

One comprehensive study has looked at the neuronal phenotype and gene expression 

profiles associated with neurons that were generated after reprogramming fibroblasts from 

schizophrenia patients into human induced pluripotent stem cells (hiPSCs) (Brennand et al., 

2011). Decreased neuronal connectivity, neurite outgrowth and reduced synaptic protein 

levels and density of PSD95 was observed while normal electrophysiological and 
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spontaneous calcium transient activity was maintained in the schizophrenia hiPSC neurons 

(Brennand et al., 2011). The gene expression profile revealed this neuronal phenotype could 

be regulated by altered cyclic AMP and Wnt signaling. Indeed, GO analysis of microarray 

data revealed Wnt components including WNT2B, WNT3, WNT7B, AXIN, LEF1, TCF4 

were significantly upregulated while WNT7A and LRP5 were significantly downregulated 

(Brennand et al., 2011). Previous studies have shown that administration of antipsychotic 

medication for schizophrenia such as clozapine or haloperidol can significantly enhance 

expression of β-catenin, GSK3β and Dvl-3 in the rat hippocampus (Alimohamad et al., 

2005). In the in vitro study of Brennand et al. (Brennand et al., 2011), it was found that 

administration of loxapine, a drug for treating schizophrenia, was able to improve neuronal 

connectivity while clozapine, risperidone and olanzapine were not. Interestingly, while 

loxapine was able to rescue WNT7A and TCF4 levels to control expression, it had no effect 

on DISC1 expression.

Studies presented thus far provide two separate models that could explain the role of Wnt/β-

catenin signaling in schizophrenia via regulation of adult hippocampal neurogenesis. One is 

a watershed model that posits that schizophrenia is the result of multiple genetic causes 

across different pathways including the Wnt signaling pathway (Brennand et al., 2011; 

Cannon and Keller, 2006). In the other, dysfunctional interaction between DISC1 and 

GSK3β can effect downstream changes in the Wnt pathway and cause aberrant morphology 

and integration of newborn neurons in the dentate gyrus (Duan et al., 2007; Mao et al., 

2009). Keeping in mind the involvement of adult hippocampal neurogenesis in learning and 

mood regulation, it could be that across-the-board changes in risk factors for schizophrenia 

could push Wnt signaling to aberrantly regulate newborn neuron development. Further 

evidence will be required to understand how Wnt/β-catenin signaling components interact 

with other pathways in their regulation of newborn neuron development.

4.3. Other neurological and psychiatric disorders

Autism—A strong case for Wnt signaling involvement in autism has been put forth through 

family and twin studies, animal models of autism, studies of co-occurrence between 

tuberous sclerosis complex and autism, and epidemiological studies using Valproic Acid 

(VPA), a teratogen known to increase the risk of autism in offspring (Contestabile and 

Sintoni, 2013; De Ferrari and Moon, 2006). Hippocampus and amygdala volumes are 

enlarged in autistic individuals with the persistence of an enlarged hippocampus at all life 

stages (Barnea-Goraly et al., 2014; Groen et al., 2010; Schumann et al., 2004). Transgenic 

mice over-expressing β-catenin can develop enlarged, distorted hippocampi (Chenn and 

Walsh, 2003). In the anterior hippocampus, these distortions may include a less defined and 

thicker layer of neurons comprising the dentate gyrus and changes in the smooth laminar 

structure of the dentate gyrus (Chenn and Walsh, 2003). These changes may be even more 

pronounced in the posterior hippocampus (Chenn and Walsh, 2003). Recently, VPA has 

assisted in uncovering potential links between Wnt signaling-mediated regulation of 

hippocampal neurogenesis in autism. Using a VPA-treated autism model of male rats, one 

study has looked at the effect of VPA on Wnt signaling and oxidative homeostasis (Zhang et 

al., 2012b). Prenatal VPA administration activated the Wnt pathway as measured through 

mRNA and protein levels in the prefrontal cortex and the hippocampus (Zhang et al., 
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2012b). An increase in expression of 4-HNE, an oxidative stress marker, was observed in 

both regions with VPA administration (Zhang et al., 2012b). Interestingly, prenatal co-

administration of VPA and sunlidac, a small molecular inhibitor of the Wnt pathway 

reduced the expression of 4-HNE and inhibited the Wnt pathway by increasing GSK3β and 

reducing β-catenin expression (Zhang et al., 2012b). These changes corresponded with 

enhanced pain sensitivity, amelioration of stereotypic/repetitive behavior, and improved 

spatial learning and memory ability measured using the Morris water maze (MWM) test 

(Zhang et al., 2012b). This study provides an interesting correlation between prenatal VPA 

administration and oxidative homeostatis playing a role in susceptibility to autism where 

certain autism-like phenotypes may be ameliorated through regulation of the Wnt pathway 

(Zhang et al., 2012b).

Other studies have considered more direct effects of VPA on dentate gyrus neurogenesis. 

For instance, in rats VPA administration (possibly through upregulation of NeuroD) can 

promote neuronal differentiation and inhibit astrocyte and oligodendrocyte differentiation in 

the dentate gyrus (Hsieh et al., 2004). VPA also demethylates Wnt1 and Wnt2, upregulates 

their mRNA and protein expression, and increases β-catenin levels in the rat hippocampus 

(Wang et al., 2010). While there is evidence supporting Wnt2 as an autism-susceptibility 

gene (Wassink et al., 2001) there is also contradictory evidence showing no association 

between Wnt2 and autism (Li et al., 2004a; McCoy et al., 2002). Thus, while an association 

exists between Wnt signaling and the pharmacological effect, more work is required to 

discern its relationship, if any, in the etiology.

Additional information on neurogenesis and Wnt signaling involvement comes from studies 

in Ts65Dn mice that comprise a widely used animal model used in studying behavioral 

phenotypes found in Down syndrome. These mice contain extra genetic information at distal 

chromosome 16 that correspond to the genes present at human chromosome 21q21–22.1 

resulting in a behavioral phenotype similar to one seen in Down syndrome (Reeves et al., 

1995). Behavioral impairments in these mice include deficits in tasks requiring visual and 

spatial information integration on tests such as novel object recognition, spontaneous 

alternative, radial arm maze and MWM (Cramer and Galdzicki, 2012; Gotti et al., 2011; 

Reeves et al., 1995). These mice express deficient neurogenesis and functional connectivity 

within the hippocampus that may be improved with fluoxetine treatment (Bianchi et al., 

2010b; Clark et al., 2006; Stagni et al., 2013). The effects of the mood stabilizer lithium are 

noteworthy in this mouse model. Lithium can increase rescue synaptic plasticity and 

memory deficits by activating the Wnt/β-catenin pathway and restoring adult hippocampal 

neurogenesis to physiological levels (Contestabile et al., 2013). This included restoring the 

number of proliferating cells, increasing the number of amplifying progenitors, restoring 

neuroblasts numbers and improving spatial memory as measured through object location, 

novel object recognition and fear conditioning (Contestabile et al., 2013). Finally, while the 

mechanistic or behavioral implications are lacking, lithium may also rescue deficient SVZ 

neurogenesis in these mice (Bianchi et al., 2010a).

Alzheimer’s Disease—Due to the inherent plasticity associated with adult hippocampal 

neurogenesis and its role in learning and memory, adult hippocampal neurogenesis has long 

been considered to play a key role in Alzheimer’s disease (AD). There is an age-related 
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decline in adult hippocampal neurogenesis owing to the continuous depletion of resident 

neural stem cells (Encinas et al., 2011; Olariu et al., 2007). Reduced hippocampal 

neurogenesis is tied to loss in spatial memory performance in aged rats (Clelland et al., 

2009; Drapeau et al., 2003). In mouse models, classic AD pathology components such as 

amyloid β-peptide (Aβ) reduce the proliferation and survival of neuronal progenitors during 

adult hippocampal neurogenesis (Haughey et al., 2002). On the contrary, some studies have 

found increased number of neural progenitors in AD condition (Gan et al., 2008; Jin et al., 

2004). Still others have demonstrated using an AD mouse model that there is greater 

dendritic development in early stages but functional impairment during later maturation 

(Sun et al., 2009), suggesting impaired neurogenesis may contribute to AD-related cognitive 

deficits. Wnt pathway involvement has been increasingly recognized in AD pathophysiology 

(De Ferrari and Moon, 2006). In particular, the Wnt antagonist DKK1 that regulates 

hippocampal neurogenesis, memory and affective behavior during aging (Seib et al., 2013) 

is also involved in regulating classic AD pathology in the hippocampus. In hippocampal 

brain slices, Aβ exposure rapidly increased DKK1 levels (Caricasole et al., 2004) while in 

mature hippocampal neurons DKK1 exposure caused synapse loss (Purro et al., 2012). 

Interestingly, the Aβ associated neurotoxicity in the hippocampal neurons could be 

overcome with administration of Wnt3a (Alvarez et al., 2004). In other established AD mice 

models including APP mice, administration of lithium inhibits GSK3β and stimulates adult 

hippocampal neurogenesis (Fiorentini et al., 2010). Improved performance was observed on 

the inhibitory avoidance task and on the MWM. Interestingly, these effects on neurogenesis 

and cognitive function were age-dependent and declined as brain Aβ deposition and 

pathology increases (Fiorentini et al., 2010). Evidence thus far suggests that Wnt-mediated 

regulation of AD pathology and hippocampal-dependent aging are closely related and may 

work in tandem in mediating associated cognitive decline.

Bipolar Disorder—In Bipolar Disorder, extensive post-mortem studies tying Wnt 

signaling to structural changes in the brain are lacking, but there is growing pharmacological 

and gene expression data, and evidence from monozygotic twin pairs (Sani et al., 2012). 

Lithium is a drug often prescribed for bipolar disorder and as discussed, its therapeutic 

action may proceed through its inhibition of GSK3β activity and stimulation of newborn 

neuron production in the hippocampus (Contestabile et al., 2013; Gould et al., 2004; Klein 

and Melton, 1996; Wexler et al., 2008). A recent study has also associated a larger 

hippocampal volume in lithium treated bipolar I disorder (BP1) patients compared to a non-

lithium treated BP1 group (van Erp et al., 2012). Other studies have delved further into 

lithium’s association with GSK3β and changes in behavior. For instance, chronic oral 

lithium administration in mice at clinically relevant doses increases Wnt dependent 

transcription in vivo in the dentate gyrus and the amygdala, and produces a behavioral 

phenotype similar to mice carrying only one functional copy of GSK3β (O'Brien et al., 

2004). These include reduced immobility time on the FST and reduced exploratory behavior 

on the open field test (O'Brien et al., 2004). Lithium treatment also increased Wnt-Tcf 

signaling in the dentate gyrus, amygdala and hypothalamus as measured through increased 

β-galactosidase activity in X-gal incubated coronal sections from BAT-gal mice. Further, 

both lithium administration and loss of a functional GSK3β copy resulted in increased β-

catenin expression.
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Similarly, utilization of a GSK3β inhibitor that has been intracerebroventricularly injected 

into mice increases the levels of β-catenin in the hippocampus and induces an antidepressant 

effect as measured using the FST (Kaidanovich-Beilin et al., 2004). Other behavioral 

aberrations include hyperactivity, mania and increased BDNF expression in the 

hippocampus in mice that overexpress GSK3β (Prickaerts et al., 2006). In some human 

studies, peripheral blood mononuclear cells (PBMCs) from BD patients have been used to 

understand effects of lithium, VPA and other atypical antipsychotics to study molecular or 

behavioral changes (Li et al., 2010; Polter et al., 2010). However, due to the lack of relevant 

BD animal models, it remains unknown whether dysregulation of Wnt signaling is involved 

in the pathogenesis of BD. Currently, there also exists contradictory evidence that GSK3β 

and β-catenin levels are in fact not modified in the BD post-mortem brain (Kozlovsky et al., 

2000; Lesort et al., 1999). While such studies are not hippocampus-specific, they present the 

possibility that Wnt signaling could possibly be involved in mediating the pharmacological 

effect mediated through adult hippocampal neurogenesis.

5. Crosstalk and Wnt/β-catenin signaling beyond the hippocampus

The Wnt signaling pathway is a dynamic pathway where both the canonical and non-

canonical forms are involved across various stages of embryonic, post-natal and adult tissue 

development (Ciani and Salinas, 2005; Clevers and Nusse, 2012; Logan and Nusse, 2004; 

Rosso et al., 2005). In the context of neuropsychiatric disorders, it should be recognized and 

appreciated that its crosstalk with other cellular pathways and factors can add to the 

diversity of function presented in this review and found across the wide spectrum of the 

field. For instance, neural Insulin Growth Factor (IGF) signaling which is crucial for the 

development of the hippocampal formation and dentate gyrus (Liu et al., 2009) interacts 

with the canonical Wnt/β-catenin pathway to promote neural proliferation in the post-natal 

brain through type 1 IGF receptor (IGFR1) (Hu et al., 2012). During aging, crosstalk 

between astrocytes and Wnt-signaling is modified and may decrease adult hippocampal 

neurogenesis via Wnt-mediated survivin signaling (Miranda et al., 2012).

In MDD, impaired serotonergic activity may also interact with Wnt signaling. Stimulating 

serotonin (5HT) release using d-fenfluramine can inhibit levels of GSK3β in vivo in the 

prefrontal cortex, hippocampus and the striatum; an effect that is mimicked by fluoxetine 

and imipramine (Li et al., 2004b). Similarly, GSK3β may also mediate the effect of lithium 

on dopamine-dependent locomotor behaviors (Beaulieu et al., 2004). Indeed, there is a 

wealth of evidence supporting the role of GSK3β as key player in mood regulation with its 

ability to interact with multiple pathways and get regulated by serotonin, dopamine, the Akt 

signaling pathway, BDNF and a number of psychotropic drugs (Li and Jope, 2010). Moving 

beyond neuropsychiatric disorders, canonical Wnt signaling plays crucial roles across the 

CNS in the adult. These include maintaining bone homeostasis and its role in osteosarcoma 

(Baron and Kneissel, 2013; Li et al., 2013). Recent work has elucidated a role for Wnt 

signaling in gliomas (Zhang et al., 2012a) and in oncogenesis including interaction with 

microbial pathogens (Al-Harthi, 2012) such as the Hepatitis C virus (Liu et al., 2011). 

Similarly, Wnt5a, a component of the non-canonical Wnt pathways may interact with other 

Wnts from the canonical pathway in regulating midbrain dopaminergic neuron development 

(Andersson et al., 2008; Andersson et al., 2013). The canonical Wnt pathway has also been 
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demonstrated to function in mesodiencephalic dopaminergic systems which has defined 

roles in depression, schizophrenia, addiction and Parkinson’s disease (Alves dos Santos and 

Smidt, 2011).

6. Perspectives

A quarter century of research in Wnt signaling has significantly enhanced our understanding 

of the pathway. Canonical Wnt/β-catenin signaling has emerged a key regulatory pathway in 

development and human disease. Technical advances in classic genetics, molecular and 

whole genome proteomics have allowed us to cross the first prerequisite hurdle of 

characterizing the different components of this canonical pathway. Several components 

including GSK3β and β-catenin have been identified as biomarkers of neuropsychiatric 

health in patients. Alongside such strides, the scientific field devoted itself to the study of 

adult neurogenesis and its role in learning, cognition and behavior. This growth spurt 

allowed appreciation of the striking neuroplasticity afforded through newborn neuron 

development. A closer examination of its regulation has revealed a role for Wnt signaling in 

mediating each step, and key activators and inhibitors have been identified that allow 

modulation of this pathway. Targeting the molecules of this canonical pathway through 

animal models has underscored the therapeutic efficacy afforded through fine-tuning of the 

Wnt pathway. However, many questions remain unanswered. First, a definitive role of Wnt 

signaling in the causative mechanism of the disorders presented is still lacking. There is 

favorable evidence that could suggest a more definite role in schizophrenia and depression 

(Jang et al., 2013; Mao et al., 2009; Okamoto et al., 2010), while evidence in AD suggests 

aberrant Wnt signaling could be a result or the by-product of disease pathogenesis, and in 

BD and autism further work is required to establish a relationship. Second, the interaction of 

canonical Wnt/β catenin signaling with other pathways needs to be further investigated to 

obtain a clearer picture of how Wnt may regulate disease symptoms. Third, while 

therapeutic efficacy has been observed through targeting of individual Wnt components, the 

cellular and molecular mechanisms that link Wnt signaling and adult neurogenesis to the 

final effect on cognition are still unclear. Utilization of new technologies in animal genetics 

that allow spatial and temporal precision in targeting neuronal activity can provide us a 

greater mechanistic understanding of the Wnt pathway in neuropsychiatric disorders and 

how we may modulate it toward therapeutic benefit in clinic.
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Highlights

• We review Wnt/β-catenin signaling pathway in neuropsychiatric disorders.

• We evaluate its regulation of adult hippocampal neurogenesis and behavior.

• We focus on disease etiology, pathogenesis and promising therapeutic targets.

• We discuss the results and evaluate current clinical and preclinical models.

• Discussion includes depression, schizophrenia, Alzheimer’s disease, bipolar 

disorder and autism.
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Figure 1. 
Summary of the role of Wnt signaling in adult hippocampal neurogenesis. (A) A schematic 

diagram of adult hippocampal neurogenesis is depicted across the subgranular zone (SGZ) 

and granular cell layer (GCL) of the dentate gyrus. An activated precursor cell passes 

through distinct phases as it differentiates and integrates with an elaborate morphology into 

the circuit; (B) The effect of different components of the canonical Wnt signaling pathway 

are shown across different stages of neurogenesis.
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Figure 2. 
Schematic illustration of canonical Wnt/β-catenin signaling. Left panel shows the 

downstream Wnt pathway following stimulation by a Wnt ligand and subsequent 

translocation of β-catenin (β-cat) into the nucleus. Right panel shows the downstream 

pathway following inhibition by Wnt antagonists and subsequent proteasomal degradation 

of β-catenin.
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