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Abstract
In addition to its role in development and cell proliferation, β-catenin has been implicated in
neuronal synapse regulation and remodeling. Here we review basic molecular and structural
mechanisms of synaptic plasticity, followed by a description of the structure and function of β-
catenin. We then describe a role for β-catenin in the cellular processes underlying synaptic
plasticity. We also review recent data demonstrating that β-catenin mRNA and protein
phosphorylation are dynamically regulated during fear memory consolidation in adult animals.
Such alterations are correlated with a change in the association of β-catenin with cadherin, and
deletion of the β-catenin gene prevents fear learning. Overall, the extant data suggest that β-
catenin may function in mediating the structural changes associated with memory formation. This
suggests a general role for β-catenin in synaptic remodeling and stabilization underlying long-term
memory in adults, and possible roles for dysfunction in the β-catenin pathway in disorders of
memory impairment (e.g. Alzheimer’s Disease) and in disturbances in which emotional memories
are too strong or resistant to inhibition (e.g. fear learning in Posttraumatic Stress Disorder).
Further understanding of the β-catenin pathway may lead to better appreciation for the structural
mechanisms underlying learning and memory as well as provide novel therapeutic approaches in
memory related disorders.
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1. Introduction
The search to understand the mechanisms underlying learning and memory has been a topic
of interest for more than a century. Dating back to the nineteenth century, Cajal proposed
that learning requires the formation of new neuronal connections(Ramon y Cajal, 1894).
Later, based on these and other early speculations, Konorski and Hebb independently
suggested that alterations in synaptic strength, as well as formation of new synapses, are
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responsible for information storage (Hebb, 1949; Konorski, 1948). The ability of
connections between neurons to change as a function of learning is commonly referred to as
synaptic plasticity, and this is accepted today as a mechanism underlying memory
formation. Such alterations in synaptic connections can be produced through artificial
processes, such as long-term potentiation (LTP), or more natural processes, such as
behavioral learning in animals. Understanding molecular mechanisms of learning, memory
and synaptic plasticity promise to further our understanding and treatment approaches for
disorders of decreased memory such as Alzheimer’s and other dementias, as well as
disorders of dysregulated emotional memory such as posttraumatic stress disorder,
depression and bipolar disorders.

1.1 Molecular mechanisms of synaptic plasticity
Synaptic plasticity in mature neurons is often initiated by neural activity and an influx of
calcium. Calcium influx can lead to alterations in synapse structure and function through a
process involving post-translational modification, protein synthesis and gene transcription.
Following presynaptic activity and postsynaptic depolarization, calcium enters the
postsynaptic neuron through N-methyl-D-aspartic acid (NMDA)-type glutamate receptors
(NMDARs) and voltage-gated calcium channels (VGCCs) (Collingridge and Bliss, 1995;
Magee and Johnston, 1995; Sabatini et al., 2001). Elevated intracellular calcium levels then
activate additional signaling pathways, including calmodulin (CaM)-dependent protein
kinases (CaMKs) (Lisman et al., 2002; Tanaka and Nishizuka, 1994). Activation of these
protein kinases, subsequently leads to the phosphorylation of AMPA-type glutamate
receptors (AMPARs), along with the activation of protein synthesis, and initiation of new
gene transcription. These cellular processes, which contribute to synaptic plasticity, begin
within a few minutes following neural activity, but can persist for several hours.

2.1 Morphological changes associated with synaptic plasticity
Rapid structural changes, involving the rearrangement of the cytoskeleton at the synapse,
can also occur with synaptic plasticity. Most excitatory synapses in the brain terminate on
dendritic spines (Yuste and Bonhoeffer, 2004). Dendritic spines are tiny protrusions on the
shaft of dendrites, that represent sites where new contacts between cells can be created, and
existing contacts strengthened. The cytoskeleton of dendritic spines contains high
concentrations of filamentous actin (F-actin) (Fifkova and Delay, 1982). The dynamic nature
of the actin permits the spine to change shape within seconds to minutes, thereby
contributing to synaptic plasticity. The resulting change in spine shape can last for hours or
even days, and may influence synaptic transmission.

In addition to actin, spines also contain a multi-protein complex, the postsynaptic density
(PSD), which includes receptors, channels, cell adhesion proteins, and other signaling
molecules (Okabe, 2007). All of these components play a role in mediating spine changes.
Such changes may be characterized by an increase in the number of spines, or in the overall
shape of the spine (Steiner et al., 2008b). Changes in spine number and form have been
observed following many different experimental and behavioral conditions. For example,
induction of LTP in hippocampal slice cultures has been shown to produce new spine
formation, increase the size of the spine head, and shorten the length of the spine neck
(Engert and Bonhoeffer, 1999; Fifkova and Anderson, 1981; Yang et al., 2008). Similarly,
changes in spine morphology have been shown in vivo with trace eyeblink conditioning
(Leuner et al., 2003) and fear conditioning (Ostroff et al., 2010).
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2.2 Cell adhesion molecules and synaptic plasticity
Along with structural changes in dendritic spines, synaptic plasticity also results in the
formation of new synaptic contacts. During this process, the adhesion between the pre- and
postsynaptic neurons is altered. The strengthening and weakening of these contacts can be
modulated by cell adhesion molecules. These molecules are bound to the membrane and
contain an extracellular domain that engages in either homophilic or heterophilic
interactions with similar cell adhesion molecules, or other proteins in the extracellular
matrix, respectively. They also contain an intracellular domain that interacts with the
cytoskeleton and triggers signaling pathways that can regulate spine and synapse formation
(Dityatev et al., 2004). Examples of such molecules include neurexins and neuroligins, the
SALM family of adhesion molecules, synaptic cell adhesion molecules (SynCAM), neural
cell adhesion molecules (NCAM), and cadherins (see Giagtzoglou et al., 2009 for review).
In this review, we will focus on the role of the cadherin, and more specifically, its partner β-
Catenin, in synapse formation and organization.

Cadherins are homophilic, calcium-dependent cell adhesion molecules that have been shown
to play a role in synapse assembly, synaptic plasticity, and memory formation (Bruses,
2006; Takeichi, 2007). They contain an extracellular domain which provides a link between
opposing cells, promoting structural stability, and an intracellular domain which provides a
link to the actin cytoskeleton, promoting spine dynamics. Considerable attention has been
given to the latter. The intracellular domain of cadherins binds to β-Catenin which then links
cadherins, along with an intermediate protein complex, to the actin cytoskeleton via α-
catenins (Abe and Takeichi, 2008) as illustrated in Figure 1. This cadherin-catenin complex
is localized in synaptic junctions, and alterations in this complex are thought to influence not
only synapse development, but also synaptic connectivity and activity (Takeichi and Abe,
2005). Although α-catenin links to the actin cytoskeleton, the role of β-catenin in this
cadherin-catenin complex is more pronounced and has been shown to be a prerequisite for
adhesion.

3 β-CATENIN STRUCTURE AND FUNCTION
3.1 Structure of β-catenin

β-Catenin belongs to the armadillo family of proteins, and is composed of three domains: an
N-terminal domain, a central domain, and a C-terminal domain (Pokutta and Weis, 2007).
The central domain is the core region and contains 12 copies of a 42 amino acid sequence
motif known as an armadillo repeat. Originally identified in Drosophila, this armadillo
repeat domain is specialized for protein-protein binding, and forms a superhelix of helices
that features a long, positively charged groove (Huber et al., 1997). β-catenin’s binding
partners, including cadherins, adenomatosis polyposis coli (APC), and T-cell factor (TCF),
are negatively charged, and are proposed to interact with this groove.

3.2 Functional roles of β-catenin
As mentioned earlier, β-catenin provides an essential, structural component of the cadherin/
catenin adhesion complex. It is necessary to prevent the rapid degradation of the cadherin
cytoplasmic domain (Huber et al., 2001) and to recruit α-catenin to sites of cell-cell contact
(Drees et al., 2005; Yamada et al., 2005). Without the interaction between β-catenin and
cadherin, cell-cell adhesion would be compromised (For recent review see: Heuberger and
Birchmeier (2010) and Nelson (2008)).

In addition to β-catenin’s role in cell adhesion, it also is a central player in the Wnt/β-catenin
signal transduction pathway (For recent review see: MacDonald et al (2009); Rao and Kuhl
(2010); Verkaar and Zaman (2011)). Wnts are highly conserved secreted glycoproteins that
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regulate cell-cell communication, and are involved in a diverse array of cellular processes
including development. When Wnt proteins bind to Frizzled (Fz) and low-density
lipoprotein-related protein (LRP) receptors, disheveled (Dsh) is recruited to the membrane.
Activation of Dsh by Fz inhibits glycogen synthase kinase-3β (GSK-3β), a kinase that
phosphorylates β-catenin and marks it for degradation by the proteasome pathway. Through
the inhibition of GSK-3β, β-catenin is stabilized, enters the nucleus, and then forms a
complex with the TCF/lymphocyte enhancer factor (LEF) family of transcription factors to
regulate the expression of Wnt target genes (Logan and Nusse, 2004; Moon et al., 2004).
This process is important for cell proliferation, survival, migration, and differentiation, and
as suggested by recent research, modulation of synaptic plasticity (Chen et al., 2006). Recent
work also suggests a role for β-catenin in learning and memory processes in animals
(Maguschak and Ressler, 2008). Figure 2 illustrates these different functional roles of β-
catenin.

There has been much discussion as to whether there is crosstalk between cadherin-mediated
cell adhesion and canonical Wnt signaling through β-Catenin. Experiments involving
genetic modification or overexpression in embryos have suggested that the same pool of β-
catenin is involved in both cell adhesion at the plasma membrane and signal transduction in
the nucleus (Reiss et al, 2005). However, others have shown that there are different pools of
β-Catenin: 1) a monomeric, intramolecularly folded-back form that is generated by Wnt
signaling and binds only to TCF transcriptional complexes, and 2) a separate pool that exists
as a heterodimer with α-catenin, and preferentially binds to cadherins (Gottardi and
Gumbiner, 2004). One explanation for this potential selectivity may be different
requirements for cadherin and TCF to bind β-catenin. X-ray crystallography studies have
shown that cadherins require all 12 armadillo repeats of β-catenin, while TCF only requires
the central eight armadillo repeats (Xu and Kimelman, 2007). Since Wnt signaling generates
a folded-back form of β-catenin, it is possible that some of the repeats may no longer be
exposed, thus blocking the binding site for cadherin. Although many of the details of these
differential interactions and pathways remain unknown, it is clear that β-catenin plays a
critical function as a ‘hub’ of neuronal plasticity, mediating intracellular signaling that
results both in structural changes underlying synaptic strength and in regulating expression
of activity-related genes.

3.3 Posttranslational modifications regulate β-catenin function
In addition to structural changes in β-catenin, posttranslational modifications have also been
reported to affect the interaction between β-catenin and its binding partners. For example,
phosphorylation of β-catenin at tyrosine 654 (located on the 12th armadillo repeat) by src
and EGFR, decreases its affinity for cadherin binding, and reduces its adhesive functions
(Hoschuetzky et al., 1994; Roura et al., 1999; Takahashi et al., 1997). Cadherin/β-catenin
binding may also be influenced by kinases involved in the signaling form of β-catenin,
including casein kinase 1 (CK1; Dupre-Crochet et al., 2007), GSK3β (Maher et al., 2009),
and CK2 (Wu et al., 2009; Bek and Kemler 2002).

Aside from being bound to cadherin at the membrane, β-catenin can also be found in the
cytosol. This less stable pool of β-catenin is continuously phosphorylated by a dual kinase
mechanism. First, CK1α phosphorylates β-catenin at serine 45. This event primes β-catenin
for further phosphorylation by GSK3β at residues serine 33, serine 37, and threonine 41 (Liu
et al., 2002; Yost et al., 1996). Upon phosphorylation at these sites, β-catenin is
ubiquitinated and rapidly degraded by the 26S proteasome. As mentioned earlier, Wnt
signaling can inhibit this phosphorylation-dependent degradation by inhibiting GSK3β
activity. Consequently, there is an increase in the unphosphorylated form of β-catenin,
which has been shown to accumulate more readily in the nucleus, and is associated with
increased transcriptional activity.
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Once β-catenin enters the nucleus, it binds to TCF, and recruits complexes that promote
transcriptional activation. These complexes can be recruited by both the N- and C-termini of
β-catenin. Phosphorylation of β-catenin by the Met receptor at N-terminal residue tyrosine
142 (Y142), promotes the association between BCL9-2 and β-catenin. BCL9-2 has been
shown to increase nuclear location of β-catenin, and as a consequence, increase signaling
(Brembeck et al., 2004). Since BCL9-2 cannot colocalize with the stable pool of β-catenin
bound to cadherin at the plasma membrane, BCL9-2 may play a role in determining whether
β-catenin molecules favor the cell adhesion or Wnt signaling pathways.

Phosphorylation of β-catenin at the C-terminal can also affect transcriptional activation. It
has been shown that AKT phosphorylates β-catenin at residue serine 552, resulting in its
dissociation from cell-cell contacts and an accumulation of β-catenin in both the cytosol and
nucleus (Fang et al., 2007). Similarly, PKA-mediated phosphorylation of β-catenin at
residue serine 675 has been shown to enhance the transcriptional activity of β-catenin
(Taurin et al., 2006).

The aforementioned studies suggest that posttranslational modifications can impact the
interaction of β-catenin with both cadherin and TCF, or other transcriptional co-activators.
In turn, alterations in the affinity of β-catenin for these binding partners may influence β-
catenin’s ability to take part in cell adhesion, Wnt signaling, or both. Nevertheless, both
processes require β-catenin, and have been shown to modulate synaptic plasticity, thus
suggesting that β-catenin may be a candidate molecule to study learning and memory.

3.4 Role of β-catenin in presynaptic structure and function
β-catenin is expressed in the developing and adult CNS. It can be found in both pre- and
postsynaptic cells and appears to be present before a synapse becomes functional. Due to the
localization of this protein prior to synapse formation, β-catenin stands out as a protein that
may play a role in synapse assembly. Over the past several years, there has been much
evidence suggesting that β-catenin may be acting both pre- and postsynaptically to regulate
synapse formation and function (see Table 1 for an overview).

The presynaptic axon contains an active zone, where synaptic vesicles dock and fuse to the
plasma membrane (Zhai et al., 2001). Presynaptic molecules associated with synaptic
vesicle proteins are also recruited to the active zone, and aid in the transformation of nascent
presynaptic sites to functional presynaptic structures (Ziv and Garner, 2004). Originally
synaptic proteins were thought to be relatively stable in mature synapses; however, more
recent studies have suggested that these proteins are highly mobile and shuffle into and out
of individual synapses (Bamji et al., 2006; Krueger et al., 2003). The cadherin/β-catenin
complex has previously been shown to play a role in the recruitment and localization of
synaptic vesicles to synapses (Iwai et al., 2002; Togashi et al., 2002, Stan et al., 2010). More
recently, it has been determined that interfering with β-catenin itself can affect synapse
assembly (Bamji et al., 2006; Bamji et al., 2003).

β-Catenin is important for controlling the size and localization of vesicle clusters. Deletion
of β-catenin in hippocampal pyramidal neurons has been associated with a decrease in the
number of synaptic vesicles per synapse, and an increase in the diffusion of these vesicles
along the synapse (Bamji et al., 2006; Bamji et al., 2003). This effect does not appear to be
due to postsynaptic components since examination of the shape and distribution of
postsynaptic density (PSD)-95, a marker of postsynaptic densities, remains unaffected
(Bamji et al., 2003). The decrease in the number of synaptic vesicles seems to be specific to
undocked vesicles, those vesicles in the reserved/resting pool, as opposed to docked
vesicles, those corresponding to the readily releasable pool. A decrease in the reserved/
resting pool is complemented by an impaired response to prolonged repetitive stimulation,
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and corresponds to a dispersion of vesicles along the axon. The C-terminal domain of β-
catenin, which contains a PDZ target sequence, may be responsible for presynaptic vesicle
localization (Bamji et al., 2003). Evidence suggests that the PDZ binding motif of β-catenin
allows it to act as a scaffolding protein to link cadherins to PDZ domain-containing proteins,
retaining vesicles at discrete sites. One protein that has recently been shown to interact with
the PDZ binding motif of β-catenin is scribble (Sun et al., 2009). The interaction between
scribble and β-catenin, whether it is direct or indirect, may mediate β-catenin’s role in
synaptic vesicle localization.

In addition to the PDZ binding motif, the phosphorylation state of β-catenin at tyrosine 654
(Y654) may also affect synaptic vesicle localization. As stated earlier, phosphorylation of β-
catenin at Y654 decreases its affinity for cadherin(Roura et al., 1999). Recent evidence has
shown that phosphorylation of β-catenin at the Y654 residue can be promoted by application
of brain-derived neurotrophic factor (BDNF) to cultured hippocampal neurons (Bamji et al.,
2006). BDNF is a neurotrophin that is well known to function in synaptic plasticity and
regulate synaptic morphology (Greenberg et al., 2009). Upon application of BDNF, the
cadherin-β-catenin complex is disrupted, and an enhancement in synaptic vesicle mobility is
observed. The dispersal of synaptic vesicles into perisynaptic regions can be abolished by
preventing the phosphorylation at this residue by a β-catenin point mutation (Bamji et al.,
2006).

An effect on synaptic vesicle localization by phosphorylation of β-catenin at Y654 can also
be observed following manipulation of Fer (Lee et al., 2008). Fer is a cytoplasmic tyrosine
kinase that is known to act in several signaling pathways, including cell adhesion molecule-
regulated signaling (Xu et al., 2004). Depletion of Fer using small hairpin RNAs (shRNAs)
in cultured hippocampal neurons results in an increase in the motility of presynaptic clusters,
along with an increase in tyrosine phosphorylated β-catenin (Lee et al., 2008). This
dispersion of synaptic vesicle clusters could, once again, be prevented by overexpressing a
mutant form of β-catenin that prevents phosphorylation at Y654. Overall, these results
suggest that β-catenin acts presynaptically to control synaptic vesicle localization.

3.5 Role of β-catenin in postsynaptic structure and function
The role of β-catenin in postsynaptic shape and function has also been studied. As
mentioned earlier, the dendritic spines on the postsynaptic neuron are the sites where most
excitatory synapses take place. Spines can generally be classified by their shape and volume
as thin, stubby, or mushroom-like. The different shapes of dendritic spines are thought to
represent strength and maturity, where thin spines are immature, and mushroom shaped are
mature. β-catenin has been shown to be important in regulating spine shape and size.
Without postsynaptic β-catenin, there is an increase in thin, elongated spines and subsequent
decrease in short mushroom-shaped spines (Okuda et al., 2007). Although ablation of
postsynaptic β-catenin alters spine morphology, no changes in density of presynaptic
markers were observed. Thus, these results suggest that poststynaptic β-catenin ablation
does not prevent neurons from maintaining presynaptic inputs.

Alterations in the dendrites themselves have also been observed following β-catenin
manipulation. Overexpression of β-catenin in hippocampal neuronal cultures increases
dendritic growth and arborization, while decreasing endogenous β-catenin prevents dendritic
morphogenesis (Peng et al., 2009; Yu and Malenka, 2003). This function of β-catenin in
regulating dendritic growth appears to be due to its role in cell adhesion, and is not
dependent on its transcriptional actions.

The above changes have been reported at baseline; however, a similar effect can be observed
following neural activation. Neural activity is known to induce changes in dendrite
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morphology, and this remodeling is critical for neural circuit formation and synaptic
function. The effects of neural activity can be mimicked by chronically depolarizing neurons
with extracellular potassium, and has been shown to increase dendritic arborization (Peng et
al., 2009; Yu and Malenka, 2003).

Interestingly, the effect reported following overexpression of β-catenin is remarkably similar
to the observed increase in dendritic arborization following treatment with high potassium,
thus suggesting that the two treatments may function through a common signaling pathway.
Indeed, depolarization induced by elevated potassium increases Wnt secretion, and one way
to increase intracellular β-catenin is through activation of the Wnt pathway. Therefore, it
may be that neuronal depolarization increases Wnt activity, which then stabilizes the
intracellular pool of β-catenin, ultimately leading to an enhancement in dendritic
arborization

β-catenin has also been shown to regulate postsynaptic strength. Miniature excitatory
postsynaptic currents (mEPSCs) are events generated in dendrites and generally arise from
the spontaneous release of single vesicles. Measuring mEPSCs in β-catenin-ablated neurons
gives insight into the effect of β-catenin loss on glutamatergic quantal responses. Loss of β-
catenin in hippocampal neurons results in a decrease in the amplitude of mEPSCs, which is
largely dependent on AMPA receptors, without affecting the frequency of mEPSCs, which
is dependent on the density of functional presynaptic boutons (Okuda et al., 2007).
Following rescue with transfection of the wild-type β-catenin gene in these neurons, the
mean mEPSC amplitude is restored to levels comparable to control neurons, suggesting that
β-catenin plays a role in modulating AMPA-mediated synaptic currents. Similar to the
presynaptic role of β-catenin in controlling synaptic vesicle localization, the central
armadillo repeats, which bind to cadherins and TCF/LEF transcription factors, along with
the C-terminal PDZ-binding motif, are important for regulating synaptic AMPARs (Okuda
et al., 2007).

Overexpression of β-catenin also reduces mEPSC amplitudes and is accompanied by a
decrease in surface AMPAR cluster size and density. However, the decrease in AMPA
receptor density does not appear to coincide with a decrease in synapse density (Peng et al.,
2009). This incongruity can be explained by an observed increase in the NMDAR/AMPAR
ratio, which is indicative of silent, or inactive, synapses. Furthermore, the physiological
changes occur in parallel with the aforementioned increases in dendritic arborization
following neural activity (Peng et al., 2009). These results suggest that changes in dendritic
morphology may coordinate with excitatory synaptic strength to regulate synaptic scaling.
Altogether, these results show that β-catenin may act postsynaptically to couple the structure
and function of excitatory synapses.

4 β-catenin, Learning and Memory
4.1 Activity-dependent regulation of β-catenin

Neural activity alters the localization of β-catenin at synapses, thus providing more evidence
that β-catenin plays a role in synaptic regulation. Following depolarization with a solution
containing a high concentration of KCl, there is an NMDA-dependent redistribution of
preexisting β-catenin from dendritic shafts to spines in cultured hippocampal neurons. This
redistribution of β-catenin to the spines coincides with an increase in the association of β-
catenin with cadherin, and can be mimicked or prevented by application of a tyrosine kinase
or phosphatase inhibitor, respectively (Murase et al., 2002).

Similar results were obtained by studying β-catenin point mutations at site, tyrosine 654
(Y654). Point mutations that prevent phosphorylation of β-catenin at this specific site result
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in a redistribution of β-catenin to the spine, and an increase in the size and density of
synapsin-1 and PSD-95, markers of presynaptic and postsynaptic proteins. In addition to
changes in synaptic proteins, preventing phosphorylation at Y654 alters synaptic function by
increasing the frequency of mEPSCs (Murase et al., 2002). An increase in the frequency of
mEPSCs, with no change in the amplitude, may reflect an increase in the probability of
neurotransmitter release, or a conversion of silent, or inactive synapses to active synapses
(Choi et al., 2000; Gasparini et al., 2000). Nonetheless, manipulating tyrosine
phosphorylation and dephosphorylation of β-catenin produces changes in synaptic size and
strength. More recent evidence suggests that cyclin-dependent kinase 5 (Cdk5) activity is
responsible for this activity-dependent phosphorylation of β-catenin at Y654 (Schuman and
Murase, 2003). Together, these results suggest that activity-induced changes in the
localization of β-catenin, along with the regulation of tyrosine phosphorylation, are
important for synaptic regulation.

β-catenin regulation has also been shown to play a role in activity-dependent gene
expression, an important component of synaptic plasticity (Cohen and Greenberg, 2008;
Kandel, 2001). In response to NMDAR-dependent activation of calpain, β-catenin is cleaved
at the N terminus, making it resistant to GSK-3β mediated degradation (Abe and Takeichi,
2007). This results in an increase in the stabilized form of β-catenin which then translocates
to the nucleus to regulate gene transcription. Fosl1 has been identified as one gene that is
upregulated following the NMDAR-mediated β-catenin signaling cascade, and interestingly,
Fosl1 has also been shown to be upregulated following behavioral learning in rats (Faure et
al., 2006). Therefore, β-catenin regulation may be important for the transcription of genes
following synaptic activity.

4.2 β-catenin and memory related pathology
Recent evidence points towards a potential role for β-catenin in pathological states of
neurotoxicity such as Huntington’s disease (Godin et al., 2010) and Alzheimer’s disease
(AD). Alzheimer’s disease is a neurodegenerative disorder characterized by progressive
memory loss and cognitive impairment, and at the molecular level, by the presence of
neurofibrillary tangles (NFTs) and senile plaques comprised of the insoluble β-amyloid
peptide (Aβ) (Hardy, 2006; Hardy and Selkoe, 2002; Lee et al., 1991). Three mutations
identified in families affected by Familial Alzheimer’s disease (FAD), presenilin-1 (PS-1),
presenilin-2 (PS-2), and the amyloid precursor protein (APP), result in dysfunctional Aβ
production (Duff et al., 1996; Price and Sisodia, 1998). There is indirect evidence from AD
brains which also supports a role for β-catenin in disease. AD patients with PS-1 mutations
have reduced levels of β-catenin (Zhang et al., 1998). PS-1 is a transmembrane protein
located at synaptic cell-cell contact sites which forms complexes with β-catenin (Kang et al.,
2002; Murayama et al., 1998; Yu et al., 1998; Zhou et al., 1997). This interaction is thought
to increase β-catenin stability (Zhang et al., 1998). Mutations in PS-1 decrease β-catenin
stability and are associated with an overproduction and aggregation of Aβ peptide (Fraser et
al., 2000).

PS-1 is also thought to inactivate GSK3, a negative regulator of β-catenin. GSK3 expression
has been shown to be upregulated in the hippocampus of AD patients (Blalock et al., 2004).
Similarly, an increase in phosphorylated GSK3 has also been reported in the frontal cortex
in AD (Leroy et al., 2007). Since increased GSK3 activity is associated with a decrease in β-
catenin stability, these early findings suggest that impairments in β-catenin regulation may
be linked to AD pathology.

Aβ neurotoxicity can be produced by the addition of Aβ to neuronal cultures (De Ferrari et
al., 2003), conditions which also lower levels of cytoplasmic β-catenin. Lithium, which acts
as a positive regulator in the Wnt signaling pathway, by inactivating GSK-3β, can prevent
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the cytotoxic effects of Aβ (De Ferrari and Inestrosa, 2000; Toledo and Inestrosa). Lithium
has also been shown to prevent neurodegeneration and behavioral impairments induced by
injections of Aβ fibrils into the dorsal hippocampus of rats (De Ferrari et al., 2003). Lithium
also increases β-catenin levels, thus suggesting that the mechanism by which lithium
treatment may be acting is due, in part, to the stabilization of β-catenin (De Ferrari et al.,
2003).

It has been suggested that AD manifests itself as a perturbation of neuroplasticity prior to
overt Aβ –dependent neural degeneration and toxicity (Mesulam, 1999; Selkoe, 2002). β-
catenin appears to be required for synaptic plasticity; thus, understanding the physiological
role of β-catenin may be critical to inform new treatment and prevention approaches in AD.

5 β-catenin and Learning and Memory in the Adult Brain
The above section suggests a role for β-catenin in adult learning and memory and in
disorders of memory function. Thus far, there has been substantial evidence suggesting that
β-catenin is involved in neuronal synapse regulation and plasticity; however, the majority of
this work has been done in vitro. Note that Bamji and colleagues (2003) used a CaMKII-Cre
to specifically remove β-catenin in the hippocampus and found changes in synapse number
and synaptic responses. However, there were previously no studies on the role of this
intriguing protein in standard behavioral learning and memory assays. The below studies
describe the recent examination of a role for β-catenin in long-term memory formation in
adults.

5.1 β-catenin is required for Consolidation of Fear Memory Formation
Although it was initially identified for its role in development, β-catenin has also been
shown to play a role in neuronal synapse regulation and plasticity. Since alterations in
synapse regulation and plasticity are thought to underpin long-term memory formation, β-
catenin may play a critical role in this process. However, there has been a scarcity of data
exploring this possibility. Thus, we examined the role of β-catenin in amygdala-dependent
fear memory. We found that β-catenin is highly expressed in the adult mouse amygdala and
is dynamically regulated at both the transcriptional and post-translational levels with fear
learning (Figure 3) (Maguschak and Ressler, 2008). We then found that pharmacological
stabilization of β-catenin with lithium chloride resulted in enhanced learning, while genetic
deletion of the gene that encodes β-catenin, Ctnnb1, in the amygdala resulted in impaired
learning. In both cases, the manipulation affected the consolidation, but not acquisition, of
the fear memory. Notably, Ctnnb1 deletion did not affect a number of other behaviors,
including locomotor, anxiety-related behavior, or hippocampal-dependent memory
(Maguschak and Ressler, 2008).

Memory formation is thought to involve the weakening and strengthening of synapses, and
this process can be modulated by the adhesion between pre- and postsynaptic neurons. One
example of this phenomenon involves the role of Aplysia cell adhesion molecules
(apCAM’s) in the long-term sensitization of the gill- and siphon-withdrawal reflex, a form
of learning in the marine mollusk. Following long-term sensitization with application of
serotonin to siphon sensory neurons, apCAMs become rapidly down-regulated in the
sensory neurons. This observed dynamic regulation of cell adhesion molecules may be
responsible for long-term synaptic plasticity (Mayford et al., 1992). Since β-catenin is
important for cell adhesion, and deletion of Ctnnb1 in the amygdala produces deficits in the
consolidation of memory, we propose the following model of how β-catenin may function in
memory formation (Figure 4).
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β-catenin can be found in a complex with cadherin at the plasma membrane of dendritic
spines. Immediately following a learning event, β-catenin becomes phosphorylated at site
Y654. Similar to previous findings, we found that the increase in phosphorylated β-catenin
coincided with a decrease in the interaction between β-catenin and cadherin (Maguschak and
Ressler, 2008). This decrease may be required to weaken the bond between the pre- and
postsynaptic neurons, allowing for synaptic remodeling to take place. Following a period of
β-catenin-cadherin destabilization, β-catenin relocates to the spine and once again forms a
complex with cadherin, thereby stabilizing the synapse, and strengthening the memory. A
change in the total amount of β-catenin does not appear to be necessary for the stabilization
of the synapse. Instead, it may require rapid dynamic changes in the breakdown,
redistribution, and replacement of the protein. This proposed model is consistent with
previous in vitro work showing that depolarization of hippocampal neurons with KCl causes
a redistribution of β-catenin from dendritic shafts to spines, without changing the total
amount of the protein (Murase et al., 2002). One difference between the findings in the
above study and ours is the rapid destabilization in the β-catenin-cadherin complex prior to
the redistribution of β-catenin. This may reflect a difference between studying neuronal
cultures and whole animal or may be due to several other factors including the means of
inducing neural activity or time course for analysis.

In conditions where β-catenin function may be impaired, the initial labile phase may remain
unaffected; however, the stable phase may be comprised. If β-catenin is not present, it will
not be able to bind to cadherin and stabilize the synapse. This proposed model suggests that
dynamic regulation of β-catenin may be involved in the structural conversion of short-term
labile to long-term stable memory traces (Figure 4).

5.2 Dynamic Regulation of Cadherin/β-catenin Interaction
The findings reported above suggest that β-catenin is required for normal consolidation, but
not acquisition, of memory. The evidence presented thus far suggests that the decrease and
subsequent increase in the interaction between β-catenin and cadherin may be critical for the
labile and stable phases of memory formation. Such dynamic regulation has been proposed
previously when examining its cellular regulation in hippocampal cultures (Bamji et al.,
2006; Tai et al., 2007), but it has not previously been demonstrated in vivo or in behavioral
learning and memory paradigms.

Neural activity increases the synthesis and secretion of brain-derived neurotrophic factor
(BDNF), which has been shown to play a critical role in synaptic plasticity (Lu et al., 2008).
Treatment with BDNF induces synaptic vesicle dispersion, which is associated with an
increase in β-catenin tyrosine phosphorylation and a decrease in β-catenin-cadherin
interaction (Bamji et al., 2006). Within 30 minutes after the dispersion, phosphorylation
decreases, and the β-catenin-cadherin interaction is restored (Bamji et al., 2006). This
finding suggests that the disruption and re-stabilization of β-catenin-cadherin complexes
may be required for new synapse formation. BDNF has been demonstrated to be important
in both amygdala (Rattiner et al., 2004) and hippocampal dependent memory formation
(Heldt et al., 2007). These new findings that β-catenin regulation is also involved in these
processes raise the question of whether the specific effects of BDNF on memory
consolidation are, in part, via the β-catenin pathway.

Similarly, NMDAR-dependent neural activity has also been shown to induce changes in the
interaction between β-catenin and cadherin (Tai et al., 2007). NMDAR activation decreases
the rate of cadherin endocytosis, increasing the accumulation of cadherin in the plasma
membrane. In addition the level of tyrosine phosphorylated β-catenin is decreased, leading
to an increase in the interaction between β-catenin and cadherin in dendritic spines (Tai et
al., 2007). Furthermore, prolonged stability of the cadherin at the plasma membrane blocks
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NMDAR-dependent synaptic plasticity, suggesting that the dynamic behavior of β-catenin
and cadherin is important for this process.

5.3 NMDA Receptors, BDNF, and β-catenin
There have been previous studies showing that BDNF may modulate NMDAR activity.
Upon BDNF binding to and activating the tyrosine receptor kinase TrkB, there is an
enhancement in glutamatergic synaptic transmission (Levine et al., 1995) and an increase in
the phosphorylation of the NMDAR (Suen et al., 1997). In vitro studies have shown that the
phosphorylation of NMDAR occurs within 5 min of exposure to BDNF(Suen et al., 1997).
Since BDNF activation of TrkB receptors functions to transiently dissociate the β-catenin
from the cadherin, while glutamatergic activation of NMDA receptors functions to increase
the association, it is possible that the two systems may interact to produce the transient
destabilization and re-stabilization of synapses.

Interestingly, both BDNF and NMDA are required for the consolidation of memories.
Therefore, we propose that similar mechanisms are taking place in vitro and in vivo to
stabilize and strengthen synapses (Figure 5). BDNF is released following a learning event,
which phosphorylates β-catenin, decreasing the β-catenin-cadherin interaction. This
decrease in the β-catenin-cadherin interaction increases synaptic vesicle mobility, allowing
for synaptic plasticity. At about the same time, BDNF may increase the phosphorylation of
NMDAR. The activation of the NMDAR then helps to re-stabilize the synapse, by
decreasing the rate of cadherin endocytosis and redistributing β-catenin into spines. Once the
synapse is stabilized, the memory becomes strengthened. Future studies directly examining
this interaction, in vivo, would be important and interesting.

5.4 β-catenin, depression, and mood regulation
The focus of this review has been the role of β-catenin pathways in learning and memory;
however, there is increasing awareness that many affective disorders, such as depression and
bipolar disorder, may also represent states of dysregulated synaptic plasticity. A number of
lines of evidence now implicate the β-catenin/GSK-3 pathways in these disorders (Gould et
al., 2006; Wada, 2009). This connection was initially made through the recognition of
Lithium as a potent regulator of the β-catenin/GSK-3 pathway as described above. One
series of studies demonstrated that targeted in-vivo inhibition of GSK-3 produces
antidepressive-like behavior (Kaidanovich-Beilin et al., 2004). Among the more direct lines
of evidence linking the β-catenin/GSK-3 pathway with lithium’s effect on mood
stabilization was the finding that β-catenin overexpression in the mouse brain mimics
lithium-sensitive behaviors (Gould et al., 2007). This study demonstrated that β-catenin
transgenic mice exhibited behaviors identical to those observed in lithium-treated mice.
These data are consistent with the hypothesis that the behavioral effects of lithium are
mediated through its direct inhibition of GSK-3 and the consequent increase in beta-catenin.
Additionally, recent data implicate the Wnt pathway inhibitor, Dkk-1, in stress-induced
hippocampal damage that has been previously associated with affective
disorders(Matrisciano et al., 2011). Most recently is a finding connecting DISC1 to this
pathway. Numerous studies have associated DISC1 polymorphisms with affective disorders
(e.g. Hodgkinson et al., 2004; Henna et al., 2009; Schosser et al., 2010). Recently it was
shown that DISC1 inhibits GSK-3 activity through direct physical interaction, which
stabilizes β-catenin. These results implicate DISC1 in GSK3/β-catenin signaling pathways
and provide a framework for understanding how alterations in this pathway may contribute
to the etiology of psychiatric disorders (Mao et al., 2009).
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6 Conclusions and Translational Implications
β-catenin is essential for normal embryonic development of the central nervous system as
well as normal neuronal functioning in adulthood. Alterations in β-catenin signaling lead to
detrimental effects throughout the lifespan. As mentioned earlier, β-catenin knockouts are
embryonic lethal (Machon et al., 2003). In contrast, embryonic transgenic mice that express
stabilized β-catenin in neural precursors develop gross enlargements of the cerebral cortex,
hippocampus, and amygdala (Chenn and Walsh, 2002, 2003). Thus, both down- and up-
regulation of β-catenin can alter developmental processes. Such tight regulation of β-catenin
function is also important for synapse assembly. Perturbations in β-catenin regulation
produce deficits in both pre- and postsynaptic structure and function. Understanding how
deregulated β-catenin function interferes with homeostasis of the healthy adult vertebrate
brain may provide insight into the etiology of neurodegenerative conditions.

In summary, β-catenin is present from development into adulthood. It plays critical roles in
many of the cellular and molecular functions that take place during all aspects of life.
Understanding how β-catenin may function both during development, but also during
synapse remodeling in adulthood, may help to understand how alterations in its normal
regulation can lead to disease. β-catenin has been shown to be involved in synaptic
plasticity, particularly involving emotional learning and memory processes. β-catenin
appears to be involved in disorders related to decreased memory function (e.g. Alzheimer’s
disease) as well as overly strong memory formation (such as fear learning in PTSD). Further
understanding of the β-catenin pathway in adulthood may lead to better mechanistic
appreciation for the structural mechanisms underlying emotional and declarative learning
and memory as well as provide novel therapeutic approaches in memory related disorders.

Highlights

• β-catenin has been implicated in neuronal synapse regulation and remodeling.

• We review basic molecular and structural mechanisms of synaptic plasticity.

• β-catenin is a ‘hub’ protein in the processes underlying synaptic plasticity.

• β-catenin mediates structural change associated with emotional memory
formation.
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Figure 1. β-catenin at the synapse
Schematic diagram showing that the intracellular domain of cadherin binds to β-Catenin,
along with a number of intermediate proteins, which then links cadherin to the actin
cytoskeleton via α-catenin. Please note that this is an extremely over-simplified diagram.
The cadherin adhesion complex's interaction with the actin cytoskeleton is a dynamic
structure that includes other intermediate proteins that are outside of the scope of this
review.
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Figure 2. β-catenin in Wnt signaling and the cadherin complex
In the resting state, β-catenin is phosphorylated by GSK-3β and rapidly degraded by the
proteasome pathway. Upon activation of Wnt signaling, β-catenin is stabilized through the
inhibition of GSK3β and translocates to the nucleus to regulate the expression of Wnt target
genes. β-catenin also associates with the cytoplasmic domain of cadherin and directly links
to the actin cytoskeleton through α-catenin. Note that the cadherin adhesion complex is a
dynamic structure that also includes other intermediate proteins (such as EPLIN, Abe K &
Takeichi M., 2008.
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Figure 3. β-catenin and Amygdala-Dependent Fear Conditioning
(A) β-catenin gene expression in the amygdala is increased following fear conditioning.
Qualitative in situ hybridization analysis of β-catenin mRNA in the amygdala in context
exposed animals. (B) Additionally, post-translational regulation (phosphorylation state) of β-
catenin and GSK-3β are altered following fear conditioning. Mice were exposed to five
tone-shock pairings and then sacrificed 0, 0.5, 2, 4 hr after training. Phospho-GSK-3β levels,
determined by western blot, are significantly changed across timepoints (p < .001). (C) β-
catenin (phospho-Y654) levels, determined by western blot, are significantly changed across
timepoints (p < .05). (D) Immunoprecipitation results from a cadherin immunoblot after β-
catenin immunoprecipitation. Cadherin interaction with β-catenin is significantly changed
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across timepoints (p < .05). ‘con’ = context control group, ‘unp’=unpaired shock control
group; Bars indicate mean +/− sem; * denotes p < .05 for the different comparisons
identified). (adapted from Maguschak & Ressler, 2008).
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Figure 4. Schematic representation of the role of β-catenin in producing the labile and stable
phases of memory formation
(A) β-catenin is located in a complex with cadherin. Following a learning event, β-catenin
becomes phosphorylated and shifts to the dendritic shaft, allowing for synaptic remodeling
to take place (labile phase). At some point later, β-catenin redistributes to the dendritic
spine, and re-associates with cadherin to strengthen the memory (stable phase). (Thickness
of cadherin bar represents relative synaptic structural stability. Note that the cadherin
adhesion complex is a dynamic structure that also includes other intermediate proteins, and
is modulated by a number of protein kinases, including Fer, Shp2, LAR, and CK1 among
others (Piedra et al., 2003; Xu et al., 2004; Grinnell et al., 2010; Dunah et al., 2005; Kypta et
al., 1996; and Del Valle-Pérez et al., 2011)).
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Figure 5. Schematic representation showing a possible interaction between BDNF signaling and
NMDAR activation
(A) β-catenin is located in a complex with cadherin at the plasma membrane of the synapse.
(B) Activation of TrkB receptor by BDNF, along with enhanced synaptic activity, results in
the phosphorylation of β-catenin at Y654, thus causing a dissociation of β-catenin from
cadherin. (C) BDNF activation also results in the phosphorylation of NMDARs. During this
time, phosphorylated β-catenin shifts to the dendritic shaft, and synaptic vesicles disperse.
(D) The activation of NMDARs, along with the internalization of TrkB re-stabilizes the
synapse by bringing β-catenin and cadherin together at the membrane. (Thickness of
cadherin bar represents relative synaptic structural stability. Note that the cadherin adhesion
complex is a dynamic structure that also includes other intermediate proteins).
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Table 1

Effects of loss of function or overexpression of β-catenin on presynaptic and postsynaptic function

Manipulation Effect Reference

Presynaptic Role

LOF Increase in diffusion of vesicles along synapse Bamji et al., 2003

LOF Decrease in number of synaptic vesicles per synapse Bamji et al., 2003

LOF Impairment in response to prolonged repetitive stimulation Bamji et al., 2003

LOF No change in PSD95 Bamji et al., 2003

Postsynaptic Role

LOF Increase in thin, elongated spines Okuda et al., 2007

LOF Decrease in dendritic arborization Yu & Malenka, 2003; Gao et al. 2007

LOF Decrease in mEPSC amplitude Okuda et al. 2007

O/E Increase in dendritic arborization Kirchmar et al., 2006; Peng et al., 2009; Yu & Malenka,
2003

O/E Decrease in mEPSC amplitude Peng et al., 2009

O/E Decrease in AMPAR density Peng et al., 2009

LOF: Loss of function, O/E: Overexpression

Neuropharmacology. Author manuscript; available in PMC 2013 January 1.


