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Abstract
Synapse formation involves reciprocal interactions between cells resulting in formation of a structure
optimized for efficient information transfer. Recent work has implicated constituents of the cadherin–
catenin cell-adhesion complex in both synapse formation and plasticity. In this review, we describe
recent interesting discoveries on mechanisms of cadherin complex function, in addition to regulating
adhesion, that are relevant for understanding the role of this complex in synaptogenesis and plasticity.
We describe how this complex acts via (i) recruitment/stabilization of intracellular partners; (ii)
regulation of intracellular signaling pathways; (iii) regulation of cadherin surface levels, stability and
turnover; (iv) stabilization of receptors; and (v) regulation of gene expression. These exciting
discoveries provide insights into novel functional roles of the complex beyond regulating cell
adhesion.

Introduction
Synapses of the central nervous system are specialized asymmetric cell-adhesion junctions that
mediate directional information transfer. Pre- and postsynaptic compartments are
morphologically distinct with specialized functional roles. Presynaptic terminals contain
synaptic vesicles and machinery for neurotransmitter release, whereas postsynaptic sites
include neurotransmitter receptors and a variety of scaffolding and signaling proteins.
Together, these molecules ensure rapid and directional information transfer. Moreover, the
synaptic compartments are dynamic, allowing for synaptic modulation in response to neural
activity, a property believed to underlie the ability of the nervous system to learn and retain
memory [1,2]. The processes that underlie synapse assembly, maintenance and plasticity need
to be precisely regulated during development and in response to synaptic activity to optimize
functioning of synapses and neural circuits.

In this review, we focus on the role of a cell-adhesion complex, the cadherin–catenin complex,
in synapse morphogenesis and plasticity within the mammalian central nervous system. This
complex has been extensively studied in epithelial cells. It is becoming increasingly clear that
it also has very interesting functional roles in neurons. Several studies indicate that components
of the complex regulate multiple aspects of synapse morphogenesis and plasticity. Many of
the insights obtained in epithelia concerning mechanisms through which adhesion and
signaling by the cadherin complex are regulated appear to be useful in understanding the
functions of these complexes in synapse formation, function and plasticity [3].
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Contact-mediated adhesion in synaptogenesis
The formation of a synapse requires target recognition followed by recruitment of pre- and
postsynaptic elements in precise apposition (Figure 1). Synapse morphogenesis is initiated by
formation of contacts between filopodia that arise from dendrites and axon segments, followed
by contact stabilization and acquisition of appropriate pre- and postsynaptic elements, together
with spine maturation at many excitatory synapses. Synaptic maturity is characterized by
morphological and molecular specializations in both compartments that are optimized for fast
and efficient information transfer.

In central neurons, the majority of excitatory synapses are formed on dendritic spines. Dendritic
spine density, morphology and size are important regulators of their roles in information
transfer, learning and memory [4]. The ability of spines to regulate shapes and content in
response to synaptic activity is vital for their function. Regulation of cadherin-complex-
associated functions contributes to spine morphogenesis, plasticity and function [5,6].

The cadherin–catenin cell-adhesion complex
The cadherin family is composed of more than 80 members in a single species that has been
classified into several subfamilies, including classical cadherins, protocadherins, Fat cadherins,
CNRs and seven-pass transmembrane cadherins [7]. This review is restricted to classical
cadherins. The roles for cadherins and catenins, cytosolic partners of cadherins, in regulating
cell adhesion in epithelial cells have been extensively explored. It is now clear that these
proteins regulate synaptogenesis and plasticity in central neurons. More interestingly, the
cadherin–catenin complex regulates synapses through both cell-adhesion-dependent and -
independent mechanisms.

Structurally, classical cadherins, the type I and II cadherins, include a series of five extracellular
repeat structures which bind calcium, a single transmembrane domain and an intracellular tail.
The cadherin repeats mediate cis and trans interactions leading to homophilic cis and trans
cadherin dimerization [8]. Cytoplasmic domains of cadherins include binding sites for a variety
of proteins, including catenins. The catenins are cytosolic proteins that can be subdivided into
three separate groups – two β-catenin-like proteins (β-catenin and plakoglobin), three α-
catenins and four p120catenin-related proteins. The distal region of cadherin cytoplasmic
domains includes a binding site for β-catenin, whereas the membrane proximal region contains
a binding site for members of the p120ctn family that includes δ-catenin, ARVCF and p0071.
α-Catenins bind the complex via interactions with β-catenin (Figure 2).

Structurally, β-catenin includes N- and C-terminal regions flanking a series of 12 armadillo
(arm) repeats [9]. Cadherins bind to β-catenin and plakoglobin via an extended groove formed
by the arm repeats. The C-terminal domain of β-catenin includes a transcriptional activation
motif. The PDZ motif at the C terminus of β-catenin interacts with a variety of synapse-
associated PDZ-domain-containing proteins.

Three α-catenins, encoded by different genes, have been characterized. These include αE-
catenin, predominantly expressed in epithelia; αN-catenin, restricted to neural tissue; and αT-
catenin, expressed in the heart. α-Catenins contain several regions that are homologous to
domains in vinculin and include N- and C-terminal regions flanking an M (adhesion
modulation) domain [10]. They are not structurally related to other catenins. The N-terminal
regions include β-catenin-binding and dimerization domains. The C-terminal regions include
an actin-binding site. In addition, α-catenin binds several actin-binding proteins, including
vinculin, eplin, α-actinin and formins, proteins that promote F-actin polymerization [10]. In
addition, α-catenin inhibits Arp2/3-mediated actin polymerization. Hence, α-catenin can
regulate the actin cytoskeleton by multiple mechanisms.
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The structures of p120ctn family members share some similarity with that of β-catenin with a
central domain that includes nine armadillo repeats plus N- and C- terminal flanking sequences
[9,11]. The armadillo repeat region includes the cadherin-binding site and a putative nuclear
localization signal. In addition, δ-catenin, ARVCF and p0071 include a C-terminal PDZ-
binding motif. p120ctn and δ-catenin function as RhoGDIs (guanine dissociation inhibitor);
p120ctn also binds p190RhoGAP. p120ctn binds the cytoplasmic tyrosine kinase Fer which,
through phosphorylation, stabilizes interactions between cadherins and β-catenin [12]. p120ctn
and δ-catenin bind kaiso, suppressing its ability to repress transcription [13].

Until recently, the cadherin–catenin complex was believed to link cadherins to the actin
cytoskeleton via binding of β-catenin to α-catenin, which in turn links to the actin cytoskeleton.
By contrast, recent studies have demonstrated that α-catenin binds to β-catenin or F-actin in a
mutually exclusive manner [14,15], with the monomeric form preferentially binding β-catenin
and the homodimeric form preferentially binding F-actin. As α-catenin binds numerous actin-
binding proteins, these observations do not challenge the function of α-catenin as a link between
cadherins and the actin cytoskeleton.

The ability of cadherins to bind to catenins serves to link the cell-adhesion complex to a
multitude of intracellular signaling pathways, affecting the cytoskeleton, cytoplasmic signaling
pathways and gene expression.

The cadherin–catenin complex at central synapses
Multiple cadherins are expressed in the central nervous system [16] with distinct spatial and
temporal expression patterns. Our understanding of the contribution of specific cadherins to
synapse development and maintenance remains incomplete, in part because many neurons
express more than one cadherin.

The most widely distributed neuronal cadherin is N-cadherin, whose distribution changes
during development [7]. At young hippocampal synapses in culture (DIV [days in vitro] 5−6),
N-cadherin is distributed evenly along the nascent synapse [17]. With maturation (DIV 14),
however, N-cadherin is clustered within the active zone. A similar distribution is seen in
developing hippocampal synapses in vivo and in calyx-type synapses in the chick ciliary
ganglion [18]. At mature hippocampal mossy fiber–CA3 synapses in vivo, cadherin is localized
to distinct regions bordering the mature active zone, termed the puncta adherentia [19,20]. In
cultured hippocampal neurons, N-cadherin is progressively lost from inhibitory synapses
during development and preferentially retained at excitatory synapses [21]. The distributions
of αN-catenin and β-catenin at synapses at different developmental stages closely mirrors that
of N-cadherin (Figure 1) [19].

In neurons, p120ctn is localized to both membrane and cytosolic fractions. In cultured
hippocampal neurons, p120ctn is associated with N-cadherin clusters at DIV 7; this distribution
is maintained in older neurons [22]. During development (DIV 7−14), the proportion of
synapses that contain p120ctn decreases slightly. Interestingly, the proportion of p120ctn
associated with N-cadherin decreased with synaptic maturity in calyx-type synapses in the
chick ciliary ganglion [18]. It is not clear how this alteration in distribution with synaptic
maturity controls the cadherin complex at the synapse.

δ-Catenin expression appears to be more specific to the central nervous system [23]. In cultured
hippocampal neurons, δ-catenin is observed in dendritic compartments and synapses [24].
ARVCF [25] and p0071 [26] are widely expressed, but their expression patterns in the central
nervous system remain poorly characterized.
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The cadherin–catenin complex in excitatory synapse morphogenesis and
plasticity

In neurons, the cadherin–catenin cell-adhesion complex regulates multiple aspects of
synaptogenesis and plasticity. Interestingly, several recent studies have examined the
mechanistic bases of these functional roles. Cadherins are well suited to promote adhesive
functions and, by virtue of association with catenins, link cell adhesive interactions to a variety
of intracellular pathways. The effects of the loss or overexpression of the cadherins and catenins
are summarized in Table 1.

Cadherins and catenins are localized on both sides of the synapse and use binding partners
present in each compartment to accomplish their compartment-specific roles. A partial list of
these binding partners is depicted in Figure 2. Components of the complex bind to a variety of
PDZ-domain-containing proteins (β-catenin and δ-catenin), protein phosphatases (cadherin,
β-catenin and p120ctn), protein kinases (β-catenin, p120ctn and δ-catenin) and F-actin- and
microtubule-associated proteins (α-catenin, p120ctn and δ-catenin).

Several lines of evidence indicate roles for cadherins in synaptogenesis. Cadherins are clustered
at nascent synapses early during development and colocalize with synaptic markers [21]. N-
cadherin is transported in association with active zone components to sites of synapse formation
[27]. Recent studies suggest that functional roles of the cadherin–catenin complex in neurons
are accomplished by adhesion-dependent and -independent mechanisms, as follows.

Regulation of adhesion
As a cell-adhesion molecule, N-cadherin is well suited to provide a link between structural
changes and synaptic plasticity. Consistently, activity promotes dimerization of N-cadherin,
acquisition of protease resistance and strong adhesion across the synapse [28]. These responses
can be differentially modulated by activity, because KCl depolarization, but not NMDA
stimulation, leads to dispersion of cadherins, but in both cases cadherin dimerization is
observed. Hence, N-cadherin is dynamic and cadherin-mediated adhesion can respond to local
changes in synaptic activity.

N-cadherin is required for induction of late-phase long-term potentiation (LTP) [29]. Inhibition
of N-cadherin-mediated adhesion by use of blocking antibodies blocks late LTP, suggesting
that the ability of N-cadherin to mediate adhesion is required for this functional role.

Morphological changes in spines have been linked to synaptic plasticity. Activation of AMPA
receptors causes a lateral expansion of the spine head and redistribution of cadherins along the
expanding spine head. Cadherin adhesion and actin polymerization are essential for this
process, because overexpression of a cadherin mutant that lacks the adhesive activity prevents
spine head expansion [30].

Recruitment and stabilization of intracellular partners
β-Catenin is a multifunctional protein with different preand postsynaptic functions. At
presynaptic sites, β-catenin regulates localization of synaptic vesicles [31]. In the absence of
β-catenin, the number of reserve pool vesicles is reduced, with concomitant reduction in
exocytosis in response to repetitive stimulation. β-Catenin promotes synaptic vesicle
localization through binding to cadherin and recruitment of PDZ-containing proteins via its C-
terminal PDZ-binding motif. Although several PDZ-containing proteins bind to β-catenin,
including LIN-7/Mint [32], TIP-1 [33] and MAGI [34], the importance of each in promoting
synaptic assembly is not known.
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Postsynaptically, loss of β-catenin after synaptogenesis results in profound alteration in spine
morphology [35], leading to spines that are thin and elongated with no alterations in spine
density. This is accompanied by reduction in amplitude, but not frequency, of mEPSCs. The
ability of β-catenin to modulate synapse structure and function requires both its ability to bind
cadherin and PDZ proteins. In addition, loss of β-catenin inhibits chronic activity blockade-
regulated quantum scaling.

Regulation of intracellular signaling pathways
αN-catenin is crucial for spine stability in hippocampal neurons [36]. In the absence of αN-
catenin, spines are more motile. Overexpression of α-catenin promotes spine stability and
increases spine and synapse density. The ability of αN-catenin to bind both β-catenin and
cytoskeletal proteins is necessary for αN-catenin to regulate spine stability. Overexpression of
αN-catenin also prevents conversion of spines to filopodia when neuronal activity is inhibited,
suggesting that αN-catenin can function to coordinate activity to structural alterations in spine
structure.

Loss of p120ctn leads to a profound decrease in spine and synapse density in hippocampal
neurons. This is accompanied by a global increase in active RhoA and decrease in active Rac1.
The ability of p120ctn to regulate spine density does not require cadherin binding, but does
require a domain in p120ctn required for RhoA inhibition [37]. The reduction in spine density
associated with loss of p120ctn can be restored by constitutively active Rac or Rho inhibition.
The ability of p120ctn to regulate the activity of the Rho family of small GTPases is hence
crucial to its ability to regulate spine and synapse density. Loss of p120ctn also leads to a
reduction in length and headwidth of spines. The regulation of spine length requires the ability
of p120ctn to regulate Rho, whereas control of headwidth appears to require interactions with
cadherin.

In epithelial cells it is known that cadherin-mediated adhesion promotes the localization of the
products of PI3 kinase at cell–cell contacts. Interestingly, PI3 kinase has been shown to induce
synapses in Drosophila motor neurons and adult projection neurons. It would be interesting to
examine whether one of the pathways through which the cadherin–catenin complex regulates
synaptogenesis is through regulation of PI3 kinase.

At the neuromuscular junction, β-catenin promotes agrin-mediated acetylcholine receptor
clustering. The ability of β-catenin to link to the actin cytoskeleton via α-catenin is critical for
β-catenin to promote receptor clustering [38]. Absence in muscle of β-catenin at the
neuromuscular junction increases acetylcholine clusters, and these clusters are localized over
a larger region of the myotube surface. This is accompanied by a reduction in spontaneous and
evoked neurotransmitter release. Mice that lack β-catenin in the motor neuron do not have
these deficits, suggesting that β-catenin is involved in retrograde signaling from the muscle to
the nerve [39].

At the Xenopus neuromuscular junction, p120ctn expression promotes the formation of
filopodia-like processes, termed myopodia [40]. Agrin induces phosphorylation of p120ctn
and results in its dissociation from cadherin. Agrin- and p120ctn-dependent promotion of
myopodia formation is not seen with a p120ctn mutant unable to inhibit Rho, indicating that
free p120ctn promotes myopodial formation through inhibition of Rho activity.

Regulation of cadherin surface levels, stability and turnover
NMDA receptor activation reduces endocytosis of N-cadherin, resulting in retention of N-
cadherin at the cell surface [6]. This is mediated by a decrease in phosphorylation of tyrosine
654 of β-catenin, which then enhances association of N-cadherin with β-catenin, stabilizing
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surface N-cadherin. Stabilization of N-cadherin–β-catenin association through mutation of
tyrosine 654 to phenylalanine prevents NMDAR-dependent LTD in hippocampal neuron
culture, indicating that N-cadherin endocytosis controls synaptic efficacy [6].

Arcadlin, a protocadherin induced by activity [41], binds to and promotes endocytosis of N-
cadherin. Loss of arcadlin leads to increase in spine density that can be rescued by concomitant
knockdown of N-cadherin [42]. Thus, activity-promoted regulation of arcadlin expression
provides a mechanism through which synaptic density and stability can be regulated through
control of cadherin surface stability. Although these two results appear contradictory, with
activity either promoting or inhibiting endocytosis, these results describe effects of two
different phases of synaptic stimulation. The surface stabilization of cadherin is a more rapid
(∼100 min) and protein-synthesis-independent response to activity, whereas activity-induced
cadherin internalization is initiated 4 h after stimulation and requires protein synthesis.

Members of the p120ctn family of proteins have also been shown to stabilize the surface levels
of cadherins through inhibition of endocytosis [43]. Consistent with this, the expression of N-
cadherin is reduced in the hippo-campi of mice lacking p120ctn [37]. Loss of p120ctn in
neurons results in a reduction of spine headwidth that can be partially overcome by
overexpression of N-cadherin. Thus, regulation of p120ctn family functions provides another
pathway for control of cadherin levels at synapses, which in turn might regulate synaptic
structure and function.

Stabilization of receptors
δ-Catenin, unlike p120ctn, includes a PDZ-binding motif at its C terminus which can interact
with a plethora of PDZ-domain-containing proteins concentrated at the synapse. For example,
recent studies have demonstrated that δ-catenin interacts with glutamate receptor interacting
protein (GRIP) and AMPA receptor binding protein (ABP) [24], proteins that interact with
GluR3 and GluR2, respectively. In association with ABP, δ-catenin stabilizes GluR2-
containing AMPA receptors at the surface. In addition, several PDZ-interacting partners of δ-
catenin have been identified, including erbin [44], densin-180 [45], S-SCAM [46] and PAPIN
[47], although the functional significance of these interactions remains unclear. Both ARVCF
[44] and p0071 [48] include a PDZ-binding motif.

Regulation of gene expression
N-cadherin is cleaved in response to activity to generate a C-terminal fragment that represses
CBP/CREB-mediated transcription [49]. CREB-mediated transcription has been implicated in
multiple aspects of development, including plasticity [50]. Activity also induces calpain-
dependent cleavage of the N terminus of β-catenin. The resulting residual C-terminal fragments
are resistant to degradation, promote Tcf-dependent gene transcription and induce expression
of activity-dependent genes.

Wnt signaling is known to regulate synaptic structure and plasticity [51,52]. In Xenopus,
p120ctn has recently been shown to bind Frodo, a protein that interacts with Dishevelled (Dsh),
a component of the Wnt pathway [13]. Wnt signaling stabilizes p120ctn through interaction
with Frodo, enhancing p120ctn interaction with the transcriptional repressor kaiso, thereby
altering gene transcription. It would be very interesting to examine whether this pathway
regulates synapse structure and plasticity in neurons.

Multiple functional roles
The underlying mechanisms for some functions of the cadherin–catenin complex are either
unclear or can be ascribed to more than one of the above roles.
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The loss of cadherin function by expression of a dominant-negative construct that competes
for binding to catenins in hippocampal neurons leads to perturbation of synaptic structure and
function [53], resulting in alterations in filopodia-like elongation and bifurcation of the spine
head. These changes are accompanied by reductions in accumulation of pre- and postsynaptic
markers and synaptic function. A similar perturbation of cadherin function reduces the
accumulation of a postsynaptic marker in retinal horizontal cells [54]. Although the dominant-
negative construct used in this study was originally designed to compete with β-catenin, thereby
reducing cadherin-based adhesion, it is now clear that this construct also affects both cadherin-
mediated interactions with p120ctn family members as well as a range of catenin-mediated
interactions and functions. It therefore remains unclear which roles of the complex are required
for spine morphogenesis.

Inhibition of N-cadherin, using an antagonistic peptide injected into the hippocampus of the
mouse brain, inhibits long-term contextual fear memory [55]. This effect can be partly mediated
by preventing phosphorylation of Erk1/2 and subsequent reduction of association of N-
cadherin with IQGAP, a protein that serves as a scaffold to link the cadherin–catenin complex
to the actin cytoskeleton.

In association with the extracellular domain of GluR2, N-cadherin promotes dendritic spine
formation [56]. In these studies, knockdown of N-cadherin at early stages (DIV 6+12)
decreased spine density; knockdown of N-cadherin at later stages (DIV 14+4) did not reduce
spine density. However, knockdown of N-cadherin at later stages (DIV 14+4) does prevent
extracellular domain of GluR2-induced increase in spine density and synaptic function,
suggesting that the N-cadherin–GluR2 complex stimulates synapse development. Synapse
formation is not perturbed in cultured N-cadherin null hippocampal neurons [57]. One
possibility is that one of the other classical cadherins might compensate for loss of N-cadherin.

Activity promotes the relocalization of β-catenin from dendritic shafts to spines and enhances
its association with cadherin. Association with β-catenin strengthens adhesion through
stabilizing cadherins on the cell surface and through making possible associations with the
cytoskeleton [58,59]. It also provides a mechanism for recruitment of signaling proteins that
associate with β-catenin or α-catenin [60]. Tyrosine phosphorylation of β-catenin at residue
Y654 [5] promotes dissociation from cadherin, thereby reducing association of signaling
proteins. Association of β-catenin with cadherin promotes synaptic activity and an increase in
size of synaptic clusters [5,61]. BDNF, a neurotrophin known to be vital for synaptic plasticity,
disperses synaptic vesicle clusters. BDNF-mediated synaptic vesicle dispersion requires Y654
phosphorylation-dependent dissociation of cadherin–β-catenin interaction [62].

In neurons derived from N-cadherin null embryonic stem cells, initial synapse formation is not
perturbed. However, presynaptic function, in particular the availability of vesicles for release
at high frequencies, is compromised. This is accompanied by alterations in short-term plasticity
and enhancement of synaptic depression [63].

In addition to N-cadherin, other cadherins are expressed in central neurons, although their
functional roles are relatively less explored. Cadherin-8 is required for normal development of
presynaptic terminals in hippocampal neurons; an inhibitory peptide leads to a gross reduction
in the size and intensity of presynaptic puncta [64]. Cadherin-11 and -13 promote development
of functional excitatory synapses in hippocampal neurons in culture [65], with data suggesting
that they play somewhat different roles.

The cadherin–catenin complex in inhibitory synaptogenesis
Relatively less is known about the functional roles of the cadherin complex in the development
and maintenance of inhibitory synapses. N-cadherin is excluded from inhibitory synapses
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during development in hippocampal neurons [21]. It is unclear whether N-cadherin is replaced
by another cadherin and what the contribution of this cadherin is to inhibitory synaptogenesis.
Cadherin-11 and -13 promote the formation of inhibitory synapses in cultured hippocampal
neurons [65]. The roles of the catenins in inhibitory synaptogenesis remain unexplored. β-
Catenin is still retained at inhibitory synapses despite loss of N-cadherin, suggesting that it is
associated with other cadherins.

The cadherin–catenin complex in human neurological disease
Dendrite and spine abnormalities are associated with several human conditions, including
mental retardation, normal aging process and neurodegenerative disorders. Given their wide
expression pattern and their critical roles in synapse and spine morphogenesis and plasticity,
it is highly likely that mutations in cell-adhesion molecules might underlie several neurological
disorders.

There is currently no direct evidence for the involvement of a specific mutation of any of the
components of the cadherin–catenin complex in neurological disease. Altered expression of
various cadherins and catenins is associated with cancer metastasis. The genetic deletion on
chromosome 5p in humans associated with the Cri du Chat syndrome [66] includes the gene
encoding δ-catenin, although it is unclear whether the primary deficits arise from the lack of
δ-catenin. Interestingly, mice that lack δ-catenin have severe learning deficits, including altered
synaptic transmission and long-term potentiation [67]. Further studies are necessary to
determine the contribution of loss of δ-catenin to Cri du Chat syndrome.

Presenilin, a gene implicated in Alzheimer's disease, promotes cleavage of N-cadherin to
generate a C-terminal fragment that results in inhibition of CRE-mediated transcription [49].
Mutations in presenilin that are associated with familial Alzheimer's disease inhibit the ability
of presenilin to promote this cleavage. Because CRE-regulated transcription regulates several
genes, inhibition of N-cadherin cleavage might contribute to the pathology of this devastating
neurodegenerative disorder.

Conclusions and future directions
It is clear that the cadherin–catenin complex is pivotal in spine and synapse morphogenesis
and plasticity, with each component of the complex making a contribution. No doubt, technical
advances in genomics and proteomics will greatly aid in identifying more novel interaction
partners for the complex and increase our understanding of the multiple and complex functional
roles of this complex in neurons.

However several questions remain. What signaling pathways are regulated by the cadherin–
catenin complex in neurons? How are these roles altered during development? How are these
responses coordinated in response to synaptic activity? Does the complex contribute to long-
term alterations in plasticity by affecting gene expression? How does the contribution of the
complex to synaptic structure and function affect neural networks and higher brain functions?

In addition, the contribution of the complex to inhibitory synapses remains unclear. No doubt
advances in proteomics and imaging should make it possible to delineate the contribution of
the cadherin–catenin complex to multiple aspects of synapse formation and higher brain
functions.
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Figure 1.
Schematic representation of hippocampal excitatory synapse formation and localization of the
cadherin–catenin complex at different stages. (a) Synaptogenesis is initiated by the formation
of nascent contacts between dendritic filopodia and axons. At these stages, N-cadherin in
distributed evenly along the synaptic structure. This is followed by (b) contact stabilization
and clustering of cadherin and (c) maturity. A mature synapse is characterized by a stable
presynaptic terminal that contains vesicles primed for neurotransmitter release and a
postsynaptic density that contains the receptors and scaffolding proteins. In the adult, cadherin
is localized to distinct regions bordering the mature active zone, termed as the puncta
adherentia. Both β-catenin and α-catenin are known to colocalize with cadherin at these
junctions. Recent studies in nonneuronal cells indicate that the binding of α-catenin to β-catenin
and actin are mutually exclusive, with the monomer form having a higher affinity for β-catenin
and the dimer having a higher affinity for actin. Although p120ctn and δ-catenin are known to
be at synapses, their localization at the electron microscope level and during development is
unclear.
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Figure 2.
A partial list of proteins that interact with components of the cadherin–catenin complex.
Components of the complex bind to a variety of scaffolding proteins, receptors, kinases and
phosphatases.
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Table 1
Effects of overexpression or loss of cadherins and catenins on synapse morphogenesis and plasticity

N-cadherin β-catenin αN-catenin p120ctn

Spine morphology DN: Filopodia-like elongation,
bifurcation of spine head [53] LOF:
(siRNA knockdown) DIV 6−12:
Decrease in spine density; DIV 14−18:
no alterations in spine density [56] LOF
(CRE-mediated recombination): No
alterations in spines [57]

LOF: Thin, elongated
spines, reduced mushroom
spines, no change in
density [35]

LOF: Enhanced spine
motility [36] OE:
Promotes spine
stability and increase in
density [36]

LOF (DIV 10−14): Reduction in
spine density, headwidth and
length [37] LOF (DIV 14−17): No
change in overall number of
protrusions, decreased number of
mature spines, increased
protrusion length, decreased
headwidth, increase in number of
longer protrusions [37] OE:
Filopodia-like elongation, no
mature mushroom-shaped spine
heads [37]

Postsynaptic organization DN: Reduction in psd95 puncta, diffuse
distribution of psd95 in dendrites LOF:
(siRNA knockdown) Decrease in
frequency of mEPSCs [56]

LOF: No change in psd95
[31]

LOF: No change in
density of spines and
synapsin-positive
puncta, but slight
reduction in synapsin-
positive spines [36]

LOF: Decrease in psd95 density
[37]

Presynaptic organization DN: Reduction in synapsin puncta,
diffused distribution of synapsin in
axons [53]

DN: Diffused synaptic
vesicle localization [31]

?? LOF: Decrease in synaptophysin
density [37]

Synapse function DN: Reduced synaptic vesicle recycling
[53]

LOF: Reduced amplitude
of spontaneous events, no
change in frequency, block
in quantum scaling
associated with inhibition
of synaptic activity [35]

?? LOF: ??

Abbreviations: DN, dominant negative; LOF, loss of function; OE, overexpression.
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