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Abstract Wnt signaling pathways play a role in a variety
of cellular processes including development, cell prolif-
eration, cell fate, and motility. The Wnt/β-catenin path-
way is among the most studied of the Wnt pathways and
is highly conserved throughout evolution. Recent in vitro
and slice physiology experiments have shown that this
pathway also functions in synaptic transmission and
activity-dependent synaptic plasticity. Since it has now
been shown that many components of this signaling
pathway are found in the adult brain, Wnt/β-catenin
signaling may be important for maintaining and protect-
ing neural connections throughout the lifespan. Here we
summarize the role of Wnt/β-catenin signaling in the
postnatal brain and discuss recent studies suggesting that
deregulated Wnt signaling can result in altered behavior
and cognitive disorders.
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Overview of Wnt/β-catenin signaling

The Wnt/β-catenin pathway is involved in a variety of
cellular processes including development, cell prolifera-
tion, cell survival, and motility (Moon et al. 2004;
Inestrosa and Arenas, 2010). Wnts are highly conserved
glycoproteins that bind to several distinct receptors,
activating different signaling pathways. When Wnts bind
to the Frizzled (Fz) and low-density lipoprotein-related
protein (LRP) receptors, the cytoplasmic protein Dishevelled
(Dvl) is recruited to the membrane. Activation of Dvl by
Fz leads to the inhibition of glycogen synthase kinase-3
(GSK-3), a kinase which phosphorylates β-catenin,
marking it for degradation by the proteasome pathway.
The inhibition of GSK-3 by Fz, leads to the stabilization
of β-catenin, allowing the protein to translocate to the
nucleus, bind to the T-cell factor/lymphoid enhancer factor
(TCF/LEF) family of transcription factors, and regulate the
expression of Wnt target genes (Logan and Nusse 2004;
Moon et al. 2004; Nelson and Nusse 2004; Gordon and
Nusse 2006) (Fig. 1).

In addition to its role in Wnt signal transduction, β-
catenin also plays a role in cadherin-mediated cell-cell
adhesion. β-catenin associates with the cytoplasmic do-
main of cadherin and directly links to the actin cyto-
skeleton via α-catenin (Gumbiner 1996). This cadherin-
catenin complex is localized in synaptic junctions, and
alterations in this complex are thought to influence
synapse strength and connectivity (Murase et al. 2002;
Takeichi and Abe 2005).

There continues to be debate as to whether there is
crosstalk between Wnt signaling and cadherin-mediated
cell adhesion through β-catenin. Some studies have provided
evidence that the same pool of β-catenin is involved in
both cell adhesion at the plasma membrane and signal
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transduction in the nucleus (Reiss et al. 2005). However,
others argue that there are different pools of β-catenin.
These include a monomeric form that is generated by
Wnt signaling and binds only to TCF transcription com-
plexes and a second pool that forms a heterodimer with
α-catenin and binds to cadherins (Gottardi and Gumbiner
2004). Although the details regarding the interaction
between these two pathways remains unknown, there is
clear evidence that β-catenin plays a role in neuronal
synapse formation and plasticity.

Synapse assembly

The Wnt/β-catenin signaling pathway has been implicated
in neuronal synapse formation and remodeling. Both Wnt7a
and Wnt3 have been shown to increase growth cone size and
axon branching (Hall et al. 2000; Purro et al. 2008). In
addition, Wnts have been shown to play a role in synapse
formation, by promoting the recruitment of pre- and post-
synaptic components. For example, the addition of Wnt7 to
cultured cerebellar granule cells and hippocampal neurons
has been shown to promote presynaptic assembly and syn-
aptic vesicle accumulation (Lucas and Salinas 1997;
Ahmad-Annuar et al. 2006), while Wnt5a has been shown
to stimulate postsynaptic assembly (Farias et al. 2009;
2010). There has also been evidence suggesting that β-
catenin may act in both pre- and post- synaptic regions to
modulate synapse assembly (Bamji et al. 2003; Gao et al.,
2007; Salinas and Price, 2005; Sun et al., 2009; Yu and
Malenka 2003).

β-catenin is expressed in the developing and adult
CNS and can be found in both pre- and postsynaptic
cells. In the presynaptic compartment, β-catenin is im-
portant for controlling the size and localization of vesicle
clusters. When β-catenin is deleted from hippocampal
pyramidal neurons, the number of synaptic vesicles per
synapse decreases and the vesicles diffuse along the
synapse (Bamji et al. 2003, 2006). Similar results can
be observed when β-catenin is phosphorylated at tyrosine
654 (Y654). An increase in the phosphorylation of β-
catenin at Y654 by the application of brain-derived neu-
rotrophic factor (BDNF) or depletion of Fer in cultured
hippocampal neurons increases synaptic vesicle mobility
(Bamji et al. 2006; Lee et al. 2008). Thus, it appears that
β-catenin acts presynaptically to control synaptic vesicle
localization.

The role of β-catenin in postsynaptic structure and func-
tion has also been studied. It has been shown that β-catenin
is important in regulating spine shape and size. Deletion of
postsynaptic β-catenin alters spine morphology, as shown
by an increase in immature, thin, elongated spines, and a
decrease in mature, mushroom-like spines (Okuda et al.
2007). In addition to alterations in spine morphology, β-
catenin also influences dendritic growth and arborization.
Decreasing endogenous β-catenin in hippocampal neuronal
cultures prevents dendritic morphogenesis while overex-
pressing β-catenin increases dendritic growth and arboriza-
tion (Peng et al. 2009; Yu and Malenka 2003). The result
obtained from overexpressing β-catenin in culture is very
similar to the effect observed following treatment with high
potassium. Since elevated potassium increases Wnt secre-
tion (Yu and Malenka 2003), thereby leading to an increase
in intracellular β-catenin, this may explain how both manip-
ulations may produce similar enhancements in dendritic
arborization.

Postsynaptic strength also changes with alterations in β-
catenin expression. Loss of β-catenin in hippocampal neu-
rons decreases the amplitude of miniature excitatory post-
synaptic currents (mEPSCs), without affecting their
frequency, suggesting that β-catenin plays a role in
AMPA-mediated synaptic currents (Okuda et al. 2007).
Interestingly, overexpression of β-catenin also reduces
mEPSC amplitudes, and coincides with a decrease in AMPA
receptor density without affecting synapse density (Peng et
al. 2009). This finding may be explained by an observed
increase in NMDAR/AMPAR ratio, which is indicative of
silent, or inactive, synapses. The observation that these
physiological changes co-occur with alterations in morpho-
logical changes following neural activity, suggests that the
two phenomena may work together to regulate synaptic
scaling. Since β-catenin plays a role in both postsynaptic
structure and function, it may be important in the coupling
process as well.
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Fig. 1 Schematic diagram of the Wnt/β-catenin signaling pathway
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Activity-dependent synaptic plasticity

Neural activity induces changes in the synapse that may be
important for neuronal circuitry formation and function.
There is evidence that these changes may correspond to
alterations in Wnt/β-catenin signaling. Following induction
of long-term potentiation (LTP) in a hippocampal slice
preparation, a microarray analysis revealed the activation
of multiple Wnt signaling components (Chen et al. 2006).
In addition, the release of Wnt-3a, which was found to be
co-localized with the postsynaptic protein PSD-95 in the
dentate gyrus, was increased following LTP-induced stimu-
lation (Chen et al. 2006). Furthermore, LTP can be reduced
or increased with suppression or activation of Wnt signal-
ing, respectively (Chen et al. 2006).

In addition to changes in overall transcription of Wnt
target genes, neural activity has also been shown to alter
the localization of Wnt signaling components. Following
depolarization of hippocampal neurons with a high con-
centration of KCl, β-catenin redistributes from dendritic
shafts to spines. This redistribution is NMDA-dependent
and can be mimicked or prevented by application of a
tyrosine kinase or phosphatase inhibitor, respectively
(Murase et al. 2002). Similarly, point mutations that
prevent phosphorylation of β-catenin at the Y654 site
cause a redistribution of β-catenin to the spine, and
subsequent alterations in synaptic size and strength (Murase
et al. 2002). These results suggest that activity-induced
changes in the localization of β-catenin at the synapse may
be important for synaptic regulation.

β-catenin regulation is also important for the transcrip-
tion of genes in response to synaptic activity. Following
NMDAR-dependent activation of calpain, β-catenin is
cleaved at the N terminus, which then prevents GSK-3β
mediated degradation (Abe and Takeichi 2007). As a result,
the stabilized form of β-catenin increases, translocates to the
nucleus, and regulates the transcription of Wnt target genes.
One gene that is upregulated in response to NMDAR
activation, Fosl1, has also been shown to be upregulated
in the substantia nigra-ventral tegmental area complex
(SNc/VTA) and hippocampus of rats following training
to an instrumental task (Faure et al. 2006). Therefore,
Wnt/β-catenin signaling may also be important for
activity-dependent gene expression.

Wnt signaling in postnatal brain plasticity

Several components of the Wnt signaling pathway, along
with Wnt ligands themselves, have been found to be
expressed in the adult brain (Chacon et al. 2008; Shimogori
et al. 2004; Cerpa et al. 2008; Maguschak and Ressler 2008;
Maguschak and Ressler 2011). Consequently, evidence has

been accumulating examining the role of Wnt signaling in
postnatal/adult brain plasticity.

Neurogenesis is one active process that takes place in the
adult brain. During this process, new neurons are created,
which then differentiate, mature, and integrate into existing
neural circuitry. Although there is still much to be deter-
mined about these new neurons, it is believed that they
originate from multipotent adult neural stem cells. It has
been suggested that the generation and further development
of these neurons may be modulated by Wnt signaling due to
its role in the proliferation of neural stem cells as well as the
differentiation of stem cells into neurons (Ding et al. 2003;
Michaelidis and Lie 2008; Lie et al. 2005).

In the adult mammalian brain, the subgranular zone
(SGZ) of the hippocampal dentate gyrus and the subven-
tricular zone (SVZ) of the lateral ventricles are the two
regions that have been shown to undergo this process. There
is evidence suggesting that Wnt signaling modulates neuro-
genesis in both regions. Lentiviral expression of a dominant-
negative Wnt in the dentate gyrus, as well as deletion of
NEUROD1, a pro-neurogenic transcription factor down-
stream of Wnt, reduce neurogenesis in the hippocampus
(Gao et al. 2009; Kuwabara et al. 2009). Meanwhile,
retrovirus-mediated expression of a stabilized β-catenin or
treatment with a GSK-3β inhibitor enhances the prolifera-
tion of progenitor cells and increases the number of new
neurons in the adult SVZ (Adachi et al. 2007). Conversely,
expression of Dickkopf1 (Dkk1), an inhibitor of Wnt sig-
naling, reduces proliferation of progenitor cells (Adachi et
al. 2007). Together, these results indicate that Wnt/β-catenin
signaling plays an important role in adult neurogenesis.

Interaction of DISC1, Wnt, and β-Catenin signaling
and neurogenesis

Another gene that has been implicated in neuronal pro-
genitor proliferation is the Disrupted in Schizophrenia 1
(DISC1) gene. A chromosomal translocation disrupting
the DISC1 gene segregates with a high incidence of
schizophrenia and bipolar disorder in a large Scottish
pedigree (Blackwood et al. 2001). Although it has been
shown that DISC1 functions in neurodevelopment, cyto-
skeletal function, and cAMP signaling, more recent data
has identified a role for DISC1 in neural progenitor
proliferation (Bradshaw and Porteous, 2012; Sawamura
and Sawa, 2006).

DISC1 is expressed in the adult dentate gyrus and
olfactory bulb, two regions displaying ongoing adult
neurogenesis (Ma et al. 2002). Knockdown of DISC1 in
adult hippocampal progenitors decreased cell proliferation,
BrdU labeling, and mitotic index, along with an increase
in Ser33/37 and Thr41 phosphorylation and ubiquitination
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of β-catenin (Mao et al. 2009). In contrast, overexpression of
DISC1 resulted in the opposite effects. These data suggest that
DISC1 facilitates the increased stability of β-catenin. These
results also agree with previous reports showing an increase in
proliferation following overexpression of β-catenin (Chenn
and Walsh 2002; Zechner et al. 2003), suggesting that the
effects of DISC1 and β-catenin manipulation on neurogenesis
may be related. Indeed, Wnt-dependent progenitor prolifera-
tion, along with LEF/TCF activation is blocked by knock-
down of DISC1 (Mao et al. 2009).

GSK-3β phosphorylates β-catenin at sites Ser33/37 and
Thr41 marking it for degradation by the proteasome. The
activity of GSK-3β is dependent on autophosphorylation at
Tyr216 (Lochhead et al. 2006). Mao et al. (2009) found that
DISC1 knockdown increased Tyr216 phosphorylation,
while DISC1 overexpression reduced Tyr216 phosphoryla-
tion, providing support for the role of DISC1 in regulating
GSK-3β activity. Furthermore, inhibiting GSK-3β rescued
the negative effects of DISC1 knockdown on proliferation.
In summary, these data strongly suggest that DISC1 regu-
lates progenitor proliferation by inhibiting GSK-3β.

Wnt signaling in mood disorders

As discussed below, there are now numerous studies show-
ing correlations between activation of the Wnt signaling
pathways with a variety of neuropsychiatric disorders. Ad-
ditionally molecular manipulations of the Wnt/β-catenin
pathway which have used both inhibition (Table 1) or acti-
vation (Table 2) approaches have demonstrated a causal role
for activation/inhibition of this pathway in the dynamic
regulation of memory formation and affect regulation. Some
of these studies are reviewed below.

Mania

Impairments in neurogenesis have been linked to the devel-
opment of psychiatric disorders including schizophrenia and
depression. Knockdown of DISC1 not only produced defi-
cits in neurogenesis, but it also produced schizophrenia- and
depressive-like behaviors, including increased locomotion
in a novel environment and increased immobility in the
forced swim test (Mao et al. 2009). Such behaviors were
reversed by treatment with a GSK-3β inhibitor. These
results add support to the previous studies implicating
GSK-3β and β-catenin in affective disorders (Gould et al.
2007a).

Manic-like behavior in rodents is a difficult phenotype to
capture, but it is generally assessed by measuring locomotor
activity in a home cage or novel environment and by hyper-
activity in response to amphetamine treatment (Jope 2011).
The behaviors observed can be alleviated by mood

stabilizers (Machado-Vieira et al. 2004; Einat 2007). One
of the most effective mood stabilizers is lithium, and lithium
treatment has been used to manipulate locomotor activity in
rodents. It has also been receiving wide acceptance as a
modulator of β-catenin due to its inhibitory effects on
GSK-3β (De Ferrari et al. 2003; Gould et al. 2004a, b;
O’Brien et al. 2004). Consequently, the GSK-3β/β-catenin
pathway has been strongly implicated in the pathophysiolo-
gy of manic-like behavior.

There is evidence that the behavioral effects observed
following lithium treatment, or other mood stabilizers, may
be due to the activity of GSK-3. Pharmacological or genetic
inhibition of GSK-3 reduces amphetamine-induced hyper-
activity (Beaulieu et al. 2004). In contrast, overexpression of
GSK-3β produces hyperactivity (Prickaerts et al. 2006).
Due to the role of GSK-3 in Wnt/β-catenin signaling,
studies have also examined the role of β-catenin in
regulating the behavioral effects of lithium. Similar to
the results obtained with genetic inhibition of GSK-3,
overexpression of β-catenin reduced amphetamine-induced
hyperactivity, once again recapitulating the behavioral effects
of lithium (Gould et al. 2007b). In addition, Black Swiss mice,
which have been used to model manic-like behavior in ani-
mals, have lower levels of β-catenin in the hippocampus
(Hannah-Poquette et al. 2011). Together, these results suggest

Table 1 Inhibition of Wnt signaling

Manipulation Effect Reference

Mania

GSK-3 GOF Increased hyperactivity Prickaerts et al. 2006

Depression

Dvl LOF Decreased sucrose
consumption

Wilkinson et al. 2011

Dvl LOF Increased immobility in FST Wilkinson et al. 2011

Dvl LOF Increased social avoidance Wilkinson et al. 2011

GSK-3 GOF Decreased sucrose
consumption

Wilkinson et al. 2011

GSK-3 GOF Decreased immobility in FST Prickaerts et al. 2006

GSK-3 GOF Increased immobility in FST Wilkinson et al. 2011

GSK-3 GOF Increased social avoidance Wilkinson et al. 2011

β-cat LOF Increased immobility in TST Gould et al. 2008

Memory

Wnt LOF Decreased long-term
retention of spatial
memory

Jessberger et al. 2009

Wnt LOF Decreased performance in
object recognition test

Jessberger et al. 2009

Wnt LOF Decreased long-term fear
memory consolidation

Maguschak and
Ressler 2011

Fzd LOF Decreased visuospatial
memory

Zhao et al. 2005a, b

GSK-3 GOF Decreased spatial memory Hernandez et al. 2002;
Liu et al. 2003

β-cat LOF Decreased long-term fear
memory consolidation

Maguschak and
Ressler 2008
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that the GSK-3/β-catenin pathway may be an important
pathway to target for the treatment of mania.

It is important to note that GSK-3β activity can be
regulated by many neuromodulators previously implicated
in mood disorders. For example, brain-derived neurotrophic
factor (BDNF), serotonin, and dopamine have all been
shown to alter the phosphorylation and thus activity of
GSK-3β (see Li and Jope 2010). Therefore, it is possible
that the role of GSK-3β in mood disorders may be due to
Wnt-independent pathways or molecules.

Depression

The Wnt/β-catenin pathway also appears to play a role in
depressive symptoms. Depression is a difficult disorder to
model in rodents, and as a result, many studies rely on
measurements of behavior as opposed to mood to study
the cause and treatments for the disorder. A number of
studies have implicated Wnt signaling in the expression of
depressive-like behavior, as well as the response to antide-
pressant treatment.

Many different classes of antidepressant treatments
including serotonin-selective and mixed serotonin/norepi-
nephrine reuptake inhibitors such as citalopram, fluoxe-
tine, venlafaxine, and atomoxetine, have been shown to
increase Wnt2 expression in the hippocampus of rats
(Okamoto et al. 2010). Similar results have also been
found with electroconvulsive shock, which remains the
most robust treatment for refractory depression (Okamoto

et al. 2010; Madsen et al. 2003). Increasing Wnt2 in the
hippocampus produces a variety of antidepressant-like
responses, including decreased number of escape failures
in the learned helplessness (LH) paradigm, decreased
latency to feed in novelty suppressed feeding (NSF)
and increased sucrose consumption in the sucrose pref-
erence test (SPT). However, no difference was seen in
the forced swim test (FST) (Okamoto et al. 2010).

Alterations in Wnt signaling components have also
been observed in mouse models of depression. Recently,
Wilkinson et al. (2011) identified Disheveled (DVL)-2 as
one of the genes downregulated in the nucleus accumbens
(NAc) of mice susceptible to social defeat stress. Blockade of
DVL either with a dominant-negative mutant, or pharmaco-
logical inhibitor made mice more susceptible to social defeat
and depressive-like behavior. Downregulation of DVL
increases GSK-3β activity, and results from this same study
showed that overexpressing GSK-3β induced depressive-like
behavior. Likewise, inhibition of GSK-3β with a dominant-
negative mutant promoted resilience (Wilkinson et al. 2011).
Therefore, the Wnt/DVL/GSK-3β signaling cascade may
regulate susceptibility to depression.

Another commonly used model for inducing depressive-
like behavior in rodents is the chronic mild stress (CMS)
paradigm. This model has been shown to increase GSK-3β
in the hippocampus of rats (Silva et al. 2008). Treatment
with lithium during the stress exposure reduced depressive-
like symptoms as measured by immobility in the FST and
prevented the CMS-induced increase in GSK-3β. These

Table 2 Activation of Wnt
signaling Manipulation Effect Reference

Mania

GSK-3 LOF Decreased amphetamine-induced hyperlocomotion Beaulieu et al. 2004;
Gould et al. 2004a, b

β-cat GOF Decreased amphetamine-induced hyperlocomotion Gould et al. 2007a, b

Depression

Wnt2 GOF Decreased latency to feed in NSF Okamoto et al. 2010

Wnt2 GOF Decreased number of escape failures in LH Okamoto et al. 2010

Wnt2 GOF Increased sucrose consumption Okamoto et al. 2010

GSK-3 LOF Decreased immobility in FST O’Brien et al. 2004;
Gould et al. 2004a, b;
Kaidanovich-Beilin et al. 2004

GSK-3 LOF Decreased CMS-induced increase in immobility
time in FST

Silva et al. 2008

β-cat GOF Decreased immobility in FST Gould et al. 2007a, b

Memory

Wnt GOF Decreased long-term fear memory consolidation Maguschak and Ressler 2011

GSK-3 LOF Decreased spatial memory deficits De Ferrari et al. 2003;
Toledo and Inestrosa 2010;
Arrazola et al. 2009;
Dash et al. 2011; Liu et al. 2010;
Thotala et al. 2008
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results are consistent with previous results showing the
effect of GSK-3 modulation on depressive-like behavior.
Mice heterozygous for GSK-3β or mice injected with
GSK-3 inhibitors exhibit reduced immobility in the FST,
consistent with the effects of antidepressant treatment
(O’Brien et al. 2004; Gould et al. 2004a, b; Kaidanovich-
Beilin et al. 2004). Furthermore, the decreased immobility
time resulting from GSK-3 inhibition was associated with an
in increase in β-catenin levels (Kaidanovich-Beilin et al.
2004; O’Brien et al. 2004).

Chronic electroconvulsive seizure (ECS), a treatment for
severe depression, has also been shown to increase the
expression of β-catenin in the rat hippocampus (Madsen et
al. 2003). Furthermore, manipulation of the levels of β-
catenin in the mouse brain produces changes in
depressive-like behavior. Overexpression of β-catenin in
mice decreased immobility time in the FST, which is
thought to represent an anti-depressant effect. These results
were similar to those obtained following chronic lithium
treatment (Gould et al. 2007b). In contrast, forebrain speci-
fic knockout of β-catenin resulted in decreased struggling in
the tail suspension test (TST), a depressive-like phenotype.
However, no differences were observed in other tests of
mood-related behaviors, including the FST and LH para-
digms (Gould et al. 2008). Altogether, the above studies
examining both manic-like and depression-like behaviors
provide substantial evidence implicating Wnt/β-catenin sig-
naling in mood regulation.

Alzheimer’s disease

The discovery of Wnt proteins in the adult brain along
with their function in synapse formation, regulation, and
neurogenesis, points toward a potential role for Wnt
signaling in maintaining neural circuits throughout the
lifespan. There is now evidence implicating Wnt/β-catenin
signaling in pathological states of neurotoxicity such as
Alzheimer’s disease (AD). Alzheimer’s Disease (AD) is a
neurodegenerative disease characterized by progressive
memory loss and cognitive impairment. It is also marked
by the presence of neurofibrillary tangles and senile
plaques which are comprised of the insoluble β-amyloid
peptide (Aβ) (Hardy 2006).

Studies have shown that β-catenin levels are reduced in
AD patients carrying presenilin-1 (PS1) mutations (Zhang et
al. 1998), a mutation that accounts for the majority of
cases of familial AD. Presenilins are crucial components
of the multiprotein γ-secretase complex, which cleaves
the amyloid precursor protein (APP), producing Aβ peptides
(Selkoe and Wolfe 2007; Steiner et al. 2008). Mutations of
PS1 are associated with the overproduction and aggregation

of Aβ peptide (Hardy and Selkoe 2002), which then leads to
the formation of amyloid plaques.

Furthermore, it has been shown that PS proteins form
complexes with β-catenin (Kang et al. 2002; Zhou et al.
1997) and that lower levels of cytoplasmic β-catenin are
associated with Aβ-induced neurotoxicity (De Ferrari and
Inestrosa 2000). Aβ-induced neurotoxicity also induces the
activation of GSK-3β, which increases the hyperphosphor-
ylation of tau proteins, the main component of neurofibril-
lary tangles (De Ferrari et al. 2003). Interestingly, lithium,
which inhibits GSK-3β and enhances β-catenin stability,
has been shown to protect rat neurons from Aβ-induced
damage (De Ferrari and Inestrosa 2000; Inestrosa et al.
2000). Lithium has also been shown to decrease tau phos-
phorylation in tau transgenic models with advanced neuro-
fibrillary pathology (Leroy et al. 2010).

Behavioral impairments have been reported with in vivo
models of the disease and activation of Wnt signaling has
been shown to alter these impairments. Rats injected with
preformed Aβ fibrils show deficits in spatial learning, as
assessed by the Morris water maze paradigm. Activation of
Wnt signaling with lithium improves their performance
(De Ferrari et al. 2003). Treatment with lithium or Rosiglita-
zon, another activator of Wnt signaling, has also been shown
to reduce impairments in spatial memory in a double
transgenic mouse model of Alzheimer’s disease (Toledo
and Inestrosa 2010; Arrazola et al. 2009). Thus, aberrant
Wnt/β-catenin signaling may play a critical role in func-
tional memory decline and the pathogenesis of AD.

Notably, studies have suggested that changes in cognitive
functioning can be detected ten years or more prior to the
clinical diagnosis of probable AD (Elias et al. 2000). There-
fore, understanding how abnormalities in β-catenin function
affect learning may provide insight into the functional def-
icits underlying the cognitive impairments associated with
AD. If the initial learning and memory deficits, which
predate gross neuropathology, can be detected and treated
at the earliest stages, the vulnerability of neurons to the
formation of neurofibrillary tangles and amyloid plaques
may be decreased. It is possible that future drugs which
stabilize β-catenin could be helpful both with early memory
impairment and in decreasing later neuropathology.

Wnt signaling and learning and memory in the adult brain

The evidence linking Wnt signaling to AD, along with the
role of this pathway in neuronal synapse regulation and
plasticity, suggests a role for Wnt/β-catenin signaling in
adult learning and memory processes. Additionally, al-
though they may play a clear role in ongoing neurogenesis
as described above, members of the Wnt/β-catenin pathway
are also expressed in many cortical and subcortical areas
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involved in synaptic plasticity and learning and memory that
are not undergoing neurogenesis (Fig. 2). Over the years, a
number of studies have implicated GSK-3β in memory
formation. Contextual and cued fear memory increases the
phosphorylation of GSK-3β at Ser9 in the hippocampus and
amygdala (Fujio et al. 2007; Maguschak and Ressler 2008).
Additionally, mice that have been exposed to a rodent model
of posttraumatic stress disorder (PTSD), which induces
persistent and exaggerated trauma related fear, show increased
levels of phosphorylated GSK-3β in the amygdala (Dahlhoff
et al. 2010). Phosphorylation at this site inhibits GSK-3β
activity (Zhao et al. 2005b), indicating that memory formation
may require lower levels of GSK-3β.

Increased levels of GSK-3β have been shown to produce
opposite effects. Transgenic mice overexpressing GSK-3β
in the brain display deficits in spatial learning as measured in

the Morris water maze (Hernandez et al. 2002). Overactivation
of GSK-3 by inhibition of PI3 kinase and PKC also produce
deficits in spatial memory formation. The impairments ob-
served were prevented by treatment with lithium (Liu et al.
2003). Lithium treatment has also been shown to improve
learning and memory deficits including those resulting
from traumatic brain injury, Sevoflurane treatment, and
cranial irradiation (Dash et al. 2011; Liu et al. 2010; Thotala
et al. 2008).

Recent evidence has suggested that Wnt signaling
upstream and downstream of GSK-3 may also play a
role in adult learning and memory. However, there have
been only a few studies exploring this possibility. We
have shown that many genes involved in Wnt-mediated
signaling are significantly and robustly downregulated
immediately following fear learning (Maguschak &

Fig. 3 Schematic diagram of the role of Wnt/β-catenin signaling in
producing the labile and stable phases of memory formation. a β-
catenin is located in a complex with cadherin at the plasma membrane
of the synapse. b Phosphorylation of β-catenin at Y654, along with a
transient decrease in Wnt signaling causes a dissociation of β-catenin

from the cadherin, allowing synapse rearrangement to occur. c A
decrease in the phosphorylation of β-catenin accompanied by the
normalization of Wnt signaling reforms the β-catenin/cadherin com-
plex stabilizing newly formed synapses

Fig. 2 mRNA expression of
Ctnnb1 and Wnt1 genes
throughout the adult brain. A
montage of in situ hybridization
images from the Allen Brain
Atlas (http://mouse.brain-map.
org) is shown, demonstrating
moderate to high levels of gene
expression of β-catenin (ctnnb1)
and wnt1 in many regions of the
adult mouse brain that are in-
volved in learning, memory, and
behavior. Some regions that are
clearly involved in behavior are
noted, including medial prefron-
tal cortex (mPFC), amygdala
(amyg), hippocampus (hipp),
and thalamus (thal). In this digi-
tized image, ‘hot’ colors (e.g.
yellow-white) denote the highest
levels of mRNA expression
whereas ‘cool’ colors (e.g. blue
to black) denote little to no
expression
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Ressler 2011). Furthermore, inhibition of Wnt signaling
in the amygdala with Dickkopf-1 (Dkk-1) impaired the
consolidation, but not acquisition, of fear memory. Adminis-
tration of Dkk-1 did not alter baseline locomotion or anxiety-
like behavior (Maguschak & Ressler, 2010). Impairment in
memory formation resulting from decreasedWnt function has
also been reported previously. Jessberger et al. (2009) showed
that expression of a dominant-negative Wnt in the dentate
gyrus of rats produced impairments in long-term retention of
spatial memory in the water maze, as well as impairments in a
hippocampal-dependent object recognition task.

Interestingly, increasing Wnt signaling in the amygdala
with a Wnt1 peptide, also impaired long-term fear memory
consolidation, without affecting baseline locomotion or
anxiety-like behaviors (Maguschak & Ressler 2011). These
data suggest that counteracting the normal rapid decrease in
Wnt prevents fear memory formation. We examined bio-
chemical changes that occur during consolidation at base-
line and in Wnt1 and Dkk-1 treated animals and found
that both peptides had opposite effects on β-catenin/cad-
herin interactions: Wnt1 increased the β-catenin/cadherin
interaction while Dkk-1 decreased the interaction. To-
gether these data provide evidence that dynamic regula-
tion of Wnt signaling is required for long-term memory
formation, possibly through transient destabilization fol-
lowed by restabilization of synaptic structures during
memory consolidation.

There is also evidence that manipulation of Wnt receptors
themselves can interfere with learning and memory. Frizzled
9 is expressed selectively in the hippocampus (Kim et al.
2001; Zhao and Pleasure 2004) and is thought to act as a
Wnt receptor in the Wnt/β-catenin pathway (Karasawa et al.
2002). Like the effects observed following inhibition of Wnt
signaling, deletion of frizzled produces deficits in
hippocampal-dependent memory. Notably, the visuospatial
deficits observed in these experiments persisted well into
adulthood (Zhao et al. 2005a).

The studies reviewed thus far show that Wnt signaling
can regulate memory formation. Work from our laboratory
has identified a role for β-catenin in amygdala-dependent
learning and memory (Maguschak and Ressler 2008). We
first observed that β-catenin mRNA is increased in the
amygdala following fear learning. Amygdala-specific
deletion of β-catenin produced impairments in the con-
solidation, but not acquisition of the fear memory. How-
ever, neither locomotor nor anxiety-related behaviors
were affected by the deletion.

We also found that β-catenin was regulated at the
post-translational level with fear learning. Specifically,
we showed that the phosphorylation state of β-catenin
at Y654 is dynamically regulated during fear consolida-
tion (Maguschak and Ressler 2008). Phosphorylation of
β-catenin at Y654 has been shown to decrease the affinity ofβ-

catenin for cadherin (Roura et al. 1999; Piedra et al. 2001). In
our study, we showed that there is an increase in the phosphor-
ylation of β-catenin immediately following learning which
coincides with a decrease in the interaction between β-catenin
and cadherin. Following a period of β-catenin-cadherin desta-
bilization, we then observed a decrease in the phosphorylation
of β-catenin and an increase in the β-catenin-cadherin inter-
action (Maguschak and Ressler 2008). Based on these results,
along with our results showing the role of Wnt signaling in
amygdala-dependent learning and memory, we have proposed
a model of how Wnt/β-catenin signaling may function in
memory formation (Fig. 3) (Maguschak and Ressler 2011).

We propose that Wnt signaling is reduced during the
acquisition of fear memory and for a brief period imme-
diately afterward. The reduction in Wnt signaling may
allow for the phosphorylation of β-catenin at Y654 and
the subsequent destabilization in the β-catenin-cadherin
complex. The decrease in the interaction between β-catenin
and cadherin may be required to weaken the synapse and
allow synaptic remodeling to take place. Then, once the
synapses have been modified and consolidation has occurred,
Wnt signaling is normalized, the β-catenin Y654 site is
dephosphorylated, and the β-catenin/cadherin complex
is reformed. The effect of Wnt signaling on the β-
catenin/cadherin complex, coupled with transient synapse
destabilization and restabilization during memory consol-
idation, may provide for a structural mechanism under-
lying long-term memory formation.

Conclusions

Wnt/β-catenin signaling is important for normal neuronal
functioning, from development into adulthood. There is now
evidence suggesting that Wnt signaling is not only impor-
tant for synapse formation, but also for the remodeling of
synapses in response to activity. Several studies have now
shown that perturbations in Wnt signaling can produce
detrimental effects throughout the lifespan. Understanding
how such alterations interfere with homeostasis of the
healthy adult brain may provide insight into the etiology
of psychiatric and neurodegenerative disorders.
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