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The cadherin superfamily comprises a large, diverse collection of cell surface receptors that
are expressed in the nervous system throughout development and have been shown to be
essential for the proper assembly of the vertebrate nervous system. As our knowledge of each
family member has grown, it has become increasingly clear that the functions of various
cadherin subfamilies are intertwined: they can be present in the same protein complexes,
impinge on the same developmental processes, and influence the same signaling pathways.
This interconnectedness may illustrate a central way in which core developmental events are
controlled to bring about the robust and precise assembly of neural circuitry.

The underlying organization of the nervous
system determines its function; the topology

and connectivity of neural networks governs
how these neuronal ensembles process and pro-
pagate information. The centrality of this struc-
ture–function relationship is recognized in
ongoing efforts to unravel the “connectome”
(Denk and Horstmann 2004; Briggman and
Denk 2006; Lichtman and Denk 2011). Strik-
ingly, this complex architecture self-assembles
during development, and a major intellectual
challenge is to understand how developmental
processes are coordinated to generate a func-
tional nervous system.

There are two remarkable, yet seemingly
incongruent, aspects of neural development:
the remarkable degree of “specificity” in neural
wiring, and its robustness. As is often remarked
on, the mature human brain contains �1011

neurons connected by �1014 synapses. These

connections are not random, but segregate the
nervous system into distinct functional systems
and parallel neuronal modules that perform
specific functions. Moreover, nervous system
organization is highly stereotyped, showing
reproducible patterns among individuals with-
in a species, as well as between species. The issue
of “specificity” is essentially to understand
how reproducibility can be attained (“stero-
typy”), despite the astronomical numbers of
neurons and synapses. Standing in contrast
to the apparent improbability of wiring the
nervous system is the fact that development
is robust. Brain development is able to tolerate
genetic diversity, broad ranges of develop-
mental and environmental variability, and
microheterogeneities in the number, position,
and morphology of neurons. In addition,
the broad function of brain regions like the
cerebellum, for example, is largely the same,

Editors: Carien M. Niessen and Alpha S. Yap

Additional Perspectives on Cell–Cell Junctions available at www.cshperspectives.org

Copyright # 2018 Cold Spring Harbor Laboratory Press; all rights reserved; doi: 10.1101/cshperspect.a029306

Cite this article as Cold Spring Harb Perspect Biol 2018;10:a029306

1

mailto:jontes.1@osu.edu
mailto:jontes.1@osu.edu
mailto:jontes.1@osu.edu
http://www.cshperspectives.org
http://www.cshperspectives.org
http://www.cshperspectives.org
http://www.cshperspectives.org/site/misc/terms.xhtml


despite species-specific variations in genes and
structure.

So, how can robust development of brain
architecture be reconciled with specificity? In
some ways, this dilemma is analogous to Levin-
thal’s paradox in the area of protein folding
(Levinthal 1969), which imagines that it would
take a modest-sized polypeptide longer than
the lifetime of the universe to search all of con-
formational space for its stable, folded confor-
mation; yet, typical proteins routinely perform
this task in milliseconds. The simple answer to
this paradox is that proteins do not systemati-
cally search conformational space. Proteins are
guided along kinetically favorable pathways
(Dill and Chan 1997), making the vast majority
of possible states inaccessible. Similarly, neu-
rons do not choose among all possible connec-
tions, and each has access to only a tiny fraction
of the 1011 potential synaptic partners. More-
over, there are large populations of neural con-
figurations that are consistent with normal
function, so that development is not burdened
with the requirement for an overly precise out-
come. Just as in the folding of a protein, under-
standing neural wiring will require determining
the cellular and developmental mechanisms
that simplify and streamline development by
restricting the number of possible outcomes
and making patterns of connectivity both spe-
cific and robust.

In his “chemoaffinity hypothesis,” Roger
Sperry imagined that the topographic mapping
of the frog retinotectal system resulted from
growth cones responding to two orthogonal
gradients (Sperry 1963). In this scenario, thou-
sands of axons can be targeted to their correct
positions on a Cartesian coordinate system
without the aid of a large number of proteins
providing highly refined molecular addresses.
Sperry’s view was validated with the discovery
of the axon guidance cues, Ephrins, and their
receptors, Eph kinases (Cheng et al. 1995;
Drescher et al. 1995). Reciprocal gradients of
Eph kinases, expressed in retinal ganglion cell
axons, and Ephrins, expressed in tectal neurons,
are responsible for mapping the nasal-temporal
axis of the retina onto the antero–posterior axis
of the tectum (Triplett and Feldheim 2012). A

comparable set of gradients is responsible for
the dorsoventral to medio–lateral mapping.
In this and related examples, neither retinal
ganglion cell axons nor tectal neurons have
specified identities, in that neurons are search-
ing for their “correct” partners on the basis of
cell-specific synaptic cues. Retinal axons begin
to arborize and form synapses in the area where
they are forced to stop growing by guidance
cues; tectal neurons form synapses with those
axons that terminate in their vicinity. Moreover,
these maps can be systematically altered, as oc-
curs when the visual field of barn owls is shifted
with prism glasses (Knudsen and Brainard
1991), or in the case of three-eyed frogs (Con-
stantine-Paton and Law 1978). Synaptic rear-
rangement is consistent with the idea that
synapse formation is promiscuous and not rig-
idly controlled by specific cell surface cues
(Jontes and Phillips 2006). This view is not
meant to denigrate the role of molecules in
guiding neural circuit assembly, but has two
primary points: (1) each molecule simply ful-
fills a flexible role within a larger developmental
and molecular context, and (2) a strict molecu-
lar hardwiring of connectivity is incompatible
with the malleability and robustness of develop-
ment and the evolution of neural circuit func-
tion. Thus, although molecules collaborate to
sculpt an evolutionarily conserved gross archi-
tecture, the flexibility required for nervous sys-
tem function suggests that neither is the fine
scale architecture overly determined, nor must
a molecular code exist that specifies this fine
scale organization.

The cadherin superfamily is a large and di-
verse collection of molecules, defined and relat-
ed by the presence of multiple repeats of a �110
amino acid cadherin motif in their extracellular
domain (Hirano and Takeichi 2012). Originally
discovered by Takeichi and colleagues (Takeichi
1977; Urushihara and Takeichi 1980) and inde-
pendently by Kemler (Vestweber and Kemler
1984), the cadherins defined a small family
of calcium-dependent cell adhesion molecules
with homophilic preferences (Takeichi et al.
1981; Atsumi et al. 1983; Shirayoshi et al.
1986). Subsequently, the cadherin superfamily
has expanded to include protocadherins (both
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clustered and nonclustered), and the atypical
cadherins Celsr, Fat, and Dachsous, among oth-
ers (Hulpiau and van Roy 2011; Hirano and
Takeichi 2012). Although the classical cadherins
and protocadherins, in particular, have been
proposed to regulate circuit assembly (Hirano
and Takeichi 2012), accumulating evidence re-
veals that each of the cadherin subfamilies are
heavily involved with multiple aspects of neural
development. Nearly every element of neural
development can reasonably be tied to circuit
formation, including neurogenesis, neuronal
polarity, neuronal migration, axon outgrowth,
dendrite morphogenesis, synaptogenesis, syn-
aptic rearrangement, and synaptic plasticity. Al-
though cadherin family members are intimately
involved in each of these processes, I will focus
here on their roles in regulating neurogenesis
and in axon development. As further detailed
below, two themes are emerging, which illumi-
nate how cadherins contribute to neural circuit
assembly that is both robust and specific. First,
the developmental events directed by cadherins
help generate a coarse neural scaffold of local
microcircuits and interregional connections;
this restricts the possible outcomes of develop-
ment and promotes reproducible patterns of

connectivity. Second, multiple cadherin fami-
lies act collaboratively, interacting with each
other physically and functionally to guide ro-
bust development.

NEUROGENESIS AND NEURONAL
MIGRATION

An essential step in the assembly of neural cir-
cuitry is the production of the correct number
and types of neurons. Neurons are born along
the apical surface of the neuroepithelium
(Kriegstein and Alvarez-Buylla 2009), derived
initially from neuroepithelial cells (NECs) and,
at later stages, from radial glial cells (RGCs) (Fig.
1). These progenitor cells must both proliferate
to expand the progenitor pool, and give rise to
differentiated neurons (Gotz and Huttner
2005). RGCs are elongated cells that remain at-
tached both to the ventricular surface through
an apical endfoot and to the external surface of
the brain through a long, thin basal process. In
the mammalian cortex, RGCs act both as pro-
genitors, and a substrate along which nascent
neurons migrate (Rakic 2009). As a neuronal
progenitor, each RGC gives rise to multiple
progeny that comprise radial clones of sibling

1
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Figure 1. Potential roles for cadherins in lineage-dependent circuit assembly. Shown here is a model of how
protocadherins, cadherins, or other adhesion molecules could guide the formation of local circuits through
lineage-dependent mechanisms. (1) Cell–cell adhesion can regulate the production of neurons, either directly
from neuronal progenitors or intermediate progenitors. (2) Homophilic adhesion can promote fasciculation or
collective extension of axonal or dendritic projections. (3) Axonal and dendritic arborization are promoted by
cell–cell interactions. (4) Contact-dependent growth of axons and dendrites promotes contact among sibling
neurons. The increased contact among siblings introduces a bias during synaptogenesis, promoting connectivity
within a lineage.
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neurons. Ubiquitously expressed in the early
nervous system, N-cadherin is a major compo-
nent of apical adherens junctions (AJs) linking
adjacent NECs or RGCs (Chenn et al. 1998),
and is essential for maintaining the structural
integrity of the neuroepithelium (Ganzler-
Odenthal and Redies 1998; Lele et al. 2002;
Kadowaki et al. 2007). Injection of N-cadherin
interfering antibodies into the chick neural
tube disrupts the neuroepithelium (Ganzler-
Odenthal and Redies 1998), compromising
the ventricular surface and giving rise to cellular
rosettes. Similarly, the laminar organization of
the optic tectum is degraded, with mislocaliza-
tion of both neurons and proliferating cells.
Comparable results are obtained in the zebra-
fish; mutants lacking N-cadherin show a disor-
ganized neuroepithelium, as well as mislocali-
zation of both mitotic cells and differentiated
neurons (Lele et al. 2002; Zigman et al. 2011).
Conditional deletion of N-cadherin in the
mouse cortex disrupts the apical AJs of NECs
and RGCs (Kadowaki et al. 2007). As a conse-
quence, both mitotic cells and differentiated
cells scatter randomly in the developing cortex
and the pattern of cortical lamination is dis-
rupted. Loss of aE-catenin in neuronal progen-
itors has comparable effects on both prolifera-
tion and cortical architecture (Lien et al. 2006;
Stocker and Chenn 2009), suggesting that
adhesion by the cadherin–catenin complex is
required to maintain epithelial organization
and to allow the orderly production of neurons
for the assembly of brain architecture.

The role of the cadherin complex at neuro-
epithelial AJs is important for more than struc-
tural stability, and appears to play an essential
role in regulating neuronal differentiation. b-
catenin serves a dual role, both as a core com-
ponent of the adhesive cadherin complex and
acting as the primary effector in canonical Wnt
signaling. In this latter role, b-catenin regulates
proliferation and differentiation in a variety of
developmental contexts. Like N-cadherin, elim-
ination of b-catenin in the developing cortex
compromises epithelial structure and results
in mislocalization of NECs and neurons (Brault
et al. 2001; Junghans et al. 2005). Mosaically
disrupting b-catenin also induces differentia-

tion of progenitors, and in vitro data suggest
that b-catenin signaling is important for main-
taining the progenitor pool and inhibiting neu-
ronal differentiation (Woodhead et al. 2006).
Supporting this idea, overexpression of b-cate-
nin in cortical progenitor cells expands the pro-
genitor pool (Chenn and Walsh 2002, 2003). In
addition to linking adjacent progenitors, AJs
also appear to link nascent neurons with their
RGC siblings. Many newborn neurons retain an
apical process that maintains contact with the
ventricular surface, as well as AJs with neighbor-
ing cells, and disassembly of these AJs increases
neurogenesis through the misregulation of
Notch signaling (Hatakeyama et al. 2014).

The transcriptional networks regulating
N-cadherin expression also underscore its role
in controlling proliferation and neuronal dif-
ferentiation. The SoxB1 transcription factors
are markers of neural progenitor cells (NPCs)
and are important for maintaining progenitor
identity, as overexpression of Sox2 inhibits
neuronal differentiation, while inhibiting Sox2
promotes cell-cycle exit and premature differ-
entiation (Graham et al. 2003; Bani-Yaghoub
et al. 2006). Genomic analysis and expression
studies reveal several Sox2 binding sites in the
cdh2 genomic locus, which positively regulate
N-cadherin expression (Matsumata et al. 2005).
Conversely, N-cadherin expression is repressed
by Foxp2, which is turned on in newly differen-
tiated neurons (Rousso et al. 2012). Reduced
levels of N-cadherin promote detachment of
neurons from the ventricular surface and mi-
gration. Interfering with Foxp2 inhibits the dif-
ferentiation of neuroepithelial progenitors and
compromises the organization of the neuroepi-
thelium. Thus, regulation of the cadherin-
catenin complex plays a fundamental role in
both maintaining the structural stability of the
neuroepithelium and in regulating neuronal
differentiation.

In addition to N-cadherin, a growing list of
other cadherin superfamily members partici-
pates in neuronal differentiation. Expression
studies have shown that many protocadherins
and atypical cadherins are expressed in the neu-
roepithelium (Emond et al. 2009; Ishiuchi et al.
2009; Wang et al. 2016). Recently, it was shown
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in mice that the d1-pcdh, pcdh11, is expressed in
neural progenitors and regulates neuronal dif-
ferentiation (Zhang et al. 2014). Knockdown of
pcdh11 in progenitors, using short interfering
RNA (siRNA), increases the number of neu-
rons, while forced expression expands the pop-
ulation of progenitors at the expense of new
neurons—similar to what is observed for N-
cadherin and b-catenin. Together, these results
suggest that pcdh11 expression in neural stem
cells inhibits their differentiation into neurons.
Similar results have been obtained in the ze-
brafish, in which loss of the d2-Pcdh, pcdh19,
increases proliferation and the number of
pcdh19-expressing neurons in the optic tectum
(Cooper et al. 2015). The micro-RNA, miR-484,
affects neurogenesis by regulating pcdh19 ex-
pression (Fujitani et al. 2016). Increased levels
of miR-484 cause hyperactivity in mice, which
could be related to neurodevelopmental disor-
ders associated with microduplications of this
locus in humans. Forced expression also down-
regulates pcdh19 and increases neuronal dif-
ferentiation. This effect on neurogenesis was
rescued by elevating expression of pcdh19. To-
gether, the studies on Pcdh11 and Pcdh19 reveal
a role for delta-protocadherins (d-Pcdhs) in
controlling neuronal differentiation. Moreover,
evidence from nonneuronal systems suggests
that this role involves links to Wnt signaling
pathways, as both Pcdh10 and Pcdh17 have
been shown to act as tumor suppressors by in-
hibiting b-catenin and Wnt signaling (Xu et al.
2015b; Yin et al. 2016). Additionally, several d-
Pcdhs interact with the Wnt receptor, Ryk
(Berndt et al., 2011).

As was found for N-cadherin, each of the
nonclustered d-pcdhs is a target of the SoxB1
proteins, Sox2 and Sox3, suggesting that they
are expressed in neural progenitors (Bergsland
et al. 2011; McAninch and Thomas 2014). Sim-
ilarly, in zebrafish, pcdh18a and pcdh18b were
shown to be direct targets of SoxB1 proteins
(Okuda et al. 2010). The involvement of cadher-
ins in neurogenesis also extends beyond the d-
Pcdhs, as the atypical cadherins Fat, Dachsous,
and Celsr have all been shown to regulate neu-
ronal differentiation. In embryonic cortex, Fat4
interacts heterophilically with Dachsous1 to

help organize the apical membrane at contacts
between adjacent NECs (Ishiuchi et al. 2009).
When levels of Dachsous1 or Fat4 are reduced in
the neuroepithelium of developing mice, neu-
ronal differentiation is reduced, with a com-
mensurate increase in neuronal progenitors.
Similarly, loss of Fat1 also alters apical junctions
in mice, resulting in increased proliferation of
neuronal progenitors. Some evidence also sug-
gests a role for Celsr3 in regulating progenitor
fates, as Celsr3-Fzd3 present on nascent neu-
rons facilitates Notch signaling in NPCs; loss
of Celsr3-Fzd3 results in premature neuronal
differentiation and depletion of NPCs. It is clear
that multiple cadherin family members (classi-
cal cadherins, d-Pcdhs, Fats, Celsrs, and Dach-
sous) all act to control the proliferation and
differentiation of neuronal progenitors, creat-
ing a network of cell surface interactions that
sculpts the production of neurons.

As RGCs function both as neuronal progen-
itors and a substrate for radial migration, they
produce over time a radial clone of sibling neu-
rons (Fig. 1). Studies in both mouse visual cor-
tex and Xenopus optic tectum reveal that sibling
neurons respond to stimuli with similar features
(Li et al. 2012; Muldal et al. 2014). Further,
connectomic approaches show that neurons
with similar feature selectivity tend to form syn-
aptic subnetworks (Lee et al. 2016), which is
consistent with one report that shows that sib-
ling neurons are preferentially synaptically cou-
pled (Yu et al. 2009). Collectively, these studies
suggest that lineage plays a major role in orga-
nizing the development of local circuitry: devel-
opmental modules may largely coincide with
functional modules. However, it is not known
how synaptogenesis is biased to favor sibling
neurons. Observations in the zebrafish optic
tectum suggest a possible mechanism (Cooper
et al. 2015). The optic tectum of more ancient
vertebrates is homologous to the superior colli-
culus of mammals, which is a midbrain struc-
ture responsible for visual attention. Within
the zebrafish optic tectum, the expression of
d-pcdhs, such as pcdh19, define radial columns
of neurons; radial stripes of neurons express a
common d-Pcdh, each being a clone of sibling
neurons derived from a common protocad-
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herin-expressing progenitor (Cooper et al.
2015). Homophilic adhesion by d-Pcdhs within
a clone could promote ongoing contact between
the growing axonal and dendritic arbors of
siblings, biasing toward synaptogenesis among
these neurons (Fig. 1). Such a mechanism could
apply to the superior colliculus, which also has a
columnar functional organization. Additional-
ly, a similar radial organization has recently
been shown in the developing mouse cortex,
in which a LacZ knockin to the PCDH19 locus
reveals radial stripes (Pederick et al. 2016). This
mechanism does not appear to be limited to d-
Pcdhs, as retinal progenitor cells that express
Cdh6 have been shown to generate cdh6-posi-
tive clones that include retinal ganglion cells,
amacrine cells, bipolar cells, horizontal cells,
and photoreceptors (De la Huerta et al. 2012).

AXON EXTENSION, TARGETING,
AND ARBORIZATION

Although lineage contributes to the formation
of local subnetworks, other mechanisms are re-
quired to connect distinct regions of the nervous
system. This is largely accomplished, although
the control of axon outgrowth and guidance,
including guidance of axons to the correct re-
gion and arborization within the correct target
areas (Katz and Shatz 1996; Benson et al. 2001).
In general, the formation of axon tracts has two
stages. First, the growth cones of pioneer axons
respond to guidance cues, both contact-depen-
dent and diffusible gradients. Second, follower
growth cones, less affected by guidance cues,
migrate along the previously established path-
ways. Although not traditional axon guidance
molecules, the classical cadherins are intimately
involved in axon outgrowth and targeting. In
particular, N-cadherin appears to participate
in multiple aspects of axon development
and morphogenesis, including elongation, fas-
ciculation, and target selection. Expression of
dominant-interfering truncated forms of N-
cadherin in Xenopus retinal ganglion cells
impairs axon outgrowth (Riehl et al. 1996).
Moreover, recent evidence suggests that N-cad-
herin helps establish neuronal polarity in the
developing cortex and the initiation of axon

outgrowth (Xu et al. 2015a). After the initiation
of the axonal growth cone, most axons fascicu-
late as they join stereotyped axon tracts (Fig. 2).
Both in vitro and in vivo studies support a role
for N-cadherin in axon fasciculation (Masai
et al. 2003; Sakai et al. 2012). Application of
function-blocking N-cadherin antibodies to
cultured dorsal root ganglion axons causes an
increase in defasciculated growth cones (Honig
et al. 1998). Zebrafish embryos harboring mu-
tations in ncad show both fasciculation defects,
as well as aberrant patterns of retinal ganglion
axonal arborization (Masai et al. 2003). Thus,
N-cadherin function appears to be important
for the ability of follower growth cones to join
existing axon tracts. Once axons grow into their
target regions, they stop extending and begin to
arborize. Work in the chick retinotectal system

1
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Figure 2. Potential roles for cadherins in long range
neural connectivity. Protocadherins, cadherins, and
other adhesion molecules participate in selective fas-
ciculation. (1) Axons expressing a common cadherin
or protocadherin sort during elongation through
contact-dependent promotion of growth cone motil-
ity. (2) Within tracts, axons segregate, as a result of
homophilic interactions. This provides an underly-
ing organization to fascicles that are densely populat-
ed with a large diversity of axons. Much of axon
guidance is mediated by pioneer growth cones re-
sponding to arrays of both short- and long-range
cues, and occurs when the nervous system is relatively
simple. Follower growth cones extend along existing
axons, relying heavily on selective adhesion. (3) Ho-
mophilic interactions promote target recognition
and axonal arborization within the target area. This
coarse targeting can be further refined by Ephrin gra-
dients or other guidance cues.
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has suggested that N-cadherin is also important
for laminar targeting and arbor elaboration of
retinal ganglion cell axons (Inoue and Sanes
1997). In coculture experiments, chick retinal
ganglion cell axons project to adjacent optic tec-
tum slices, arborizing in the retinorecipient lay-
er, the “stratum griseum et fibrosum superfi-
ciale.” When treated with function blocking
antibodies against N-cadherin, these retinal
ganglion cell axons overshoot their target lami-
nae and have less elaborate arbors. A similar role
in laminar targeting has been shown for mouse
thalamocortical axons (Poskanzer et al. 2003).

Although N-cadherin is broadly expressed
in the developing nervous system, other classical
cadherins have more restricted expression pat-
terns, which could suggest involvement in the
assembly of specific neural circuits. Several of
the type II classical cadherins are present in
functionally related brain regions, as well as
the axon tracts that connect them (Redies
2000). Like N-cadherin, the type II classical cad-
herins are implicated in multiple aspects of
axon outgrowth and patterning. In particular,
these proteins appear to be important for fas-
ciculation and target recognition. Within the
chick optic tectum, axons of tectal neurons
form a stereotyped bundle that exits the caudal
tectum; within this bundle, axons segregate to
form distinct tectofugal fascicles. Several classi-
cal cadherins are expressed in the tectum, and
distinguish among these subsets of tracts
(Wohrn et al. 1999; Treubert-Zimmermann et
al. 2002). Forced expression of individual cad-
herins by electroporation was able to redirect
axons to inappropriate tracts, indicating that
these classical cadherins play an instructive
role in selective fasciculation to organize the
tectofugal tracts (Treubert-Zimmermann et al.
2002). In organotypic hippocampal slice cul-
tures, both N-cadherin and Cadherin-8 appear
to be important for fasciculation of the mossy
fiber projection from the dentate gyrus (DG) to
CA3 (Bekirov et al. 2008), and blockade of ad-
hesion by Cadherin-8 resulted in exuberant
growth and arborization.

Once growth cones arrive at the appropriate
target, they defasciculate and begin to arborize
and initiate synaptogenesis (Fig. 2). Evidence

supports a role for type II classical cadherins
in target selection. Pontine neurons from the
hindbrain project to the cerebellar cortex where
they form synapses with granule cells (Kuwako
et al. 2014). Cadherin-7 is expressed both by
pontine neurons and granule cells. The presence
of Cadherin-7 on the granule cells appears to
inhibit the growth of pontine neuron axons and
to promote synaptogenesis. Cadherin-6 may
play a similar role in the visual system, as loss
of Cadherin-6 in a subset of retinal ganglion cell
axons causes targeting defects in their projec-
tion to thalamic targets (Osterhout et al. 2011).
In each case, homophilic recognition could pro-
vide a stop signal, indicating that the appropri-
ate target has been reached and promoting the
transition to arborization and synaptogenesis.
Thus, the cellular roles of cadherins are condi-
tional, as they appear to promote fasciculation
and growth in some circumstances and may act
as stop signals in other contexts. This could re-
flect their integration with other axon guidance
networks, as well as their interactions with other
cadherin family members. Deciphering the pre-
cise roles of type II cadherins may not always
be straightforward, as revealed by work in the
mouse retina. Cadherins-8 and -9 are expressed
in distinct subsets of bipolar cells, BC2, and
BC5, respectively, which project to distinct sub-
laminae of the inner plexiform layer (IPL)
(Duan et al. 2014). Conditional targeting of
Cadherin-8 in BC2 cells or Cadherin-9 in BC5
cells results in imperfect targeting of their axo-
nal arbors within the sublaminae. However,
cell-autonomous rescue showed that homo-
philic adhesion is not required for correct tar-
geting, leaving the mechanism of targeting un-
resolved.

Like the classical cadherins, the d-protocad-
herins are also heavily involved in axon devel-
opment. As was shown for classical cadherins,
expression of a dominant interfering form of
Pcdh7/NF-Pcdh disrupts the outgrowth of ret-
inal ganglion cell axons in Xenopus (Piper et al.
2008). Pcdh7 is further involved in guidance at
intermediate targets in the retinotectal projec-
tion (Leung et al. 2013) and appears to intersect
both with the Semaphorin and the Netrin axon
guidance pathways (Leung et al. 2013, 2015).
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Also like the classical cadherins, Pcdh10/OL-
protocadherin shows regionalized expression
in the brain, and in subsets of axonal pathways
(Hirano et al. 1999; Aoki et al. 2003). In the
chick spinal cord, Pcdh10 is found on motor
axons, but not sensory axons, which segregate
in the spinal nerve, suggesting a potential role in
axon fasciculation (Nakao et al. 2005). Both
Pcdh10 and Pcdh17 have been shown to pro-
mote contact-dependent cell motility by re-
cruiting the WAVE complex (Nakao et al. 2008;
Hayashi et al. 2014), an activator of actin-assem-
bly. Among axons that express it, Pcdh17 clus-
ters at interaxonal contacts. Similarly, Pcdh17
promotes growth cone recognition of axons
and migration along other Pcdh17-expressing
axons, and loss of Pcdh17 impairs growth
cone migration. In each case, cell–cell contact
recruits the WAVE complex, along with Lamel-
lipodin and Ena/VASP to promote actin assem-
bly and axon elongation, allowing axons to sort
from one another by recognizing a preferred
growth substrate (Hayashi et al. 2014). As
all d2-Pcdhs, as well as some other cadherin
subfamilies, interact with the WAVE complex
through a conserved motif, the WAVE interact-
ing receptor sequence (WIRS) site (Chen et al.
2014), they could promote differential fascicu-
lation and tract formation through their distinct
homophilic preferences (Fig. 2). Their homo-
philic interactions could be important for estab-
lishing the initial scaffold of axon tracts or for
targeting axons to their correct pathways. The d-
Pcdhs may also play a role in axon arborization,
as knockdown of zebrafish Pcdh18b reduces the
rate of branch initiation and overall arbor com-
plexity (Biswas et al. 2014). In addition to the d-
Pcdhs, the a-Pcdhs are also involved in axon
growth and targeting. Mice lacking the exons
that encode the constant cytoplasmic domain
of the a-Pcdhs show defects in the sorting of
olfactory axons, as well as their targeting to glo-
meruli (Hasegawa et al. 2008). In these mice,
serotonergic neurons also show abnormal ter-
minal arborization patterns (Katori et al. 2009).
The atypical cadherins Celsr and Fat also play
important roles in the development of axon
tracts. Both Celsr2 and Celsr3 participate in
axon tract development in vertebrates (Zhou

et al. 2008; Qu et al. 2014; Feng et al. 2016).
Targeted inactivation of mouse celsr3 disrupts
several major axon tracts, with a reduction of the
cortical intermediate zone and a reduction or
absence of other tracts, including the anterior
commissure and the internal capsule (Zhou
et al. 2008). A similar phenotype is observed
in fzd3 knockouts, suggesting that the Celsr3-
Fzd3 complex functions together in axon tract
development (Feng et al. 2016). Less is known
about the roles of the atypical Fat cadherins,
although Fat3 labels axon fascicles in the devel-
oping mouse brain (Nagae et al. 2007).

SYNAPTIC DEVELOPMENT

Although Sperry’s chemoaffinity hypothesis
imagined that topographic mapping was the
result of growth cones responding to gradients
of guidance molecules (Sperry 1963), this idea
has often been permuted or extended to postu-
late the existence of recognition molecules
responsible for point-to-point matching of
pre- and postsynaptic partners. As classical cad-
herins show homophilic binding preferences,
mediate cell sorting in vitro, and show differen-
tial patterns of expression, they are plausible
candidates to guide selective synapse formation
or stabilization. Although there is a dearth of
evidence to support this hypothesis, cadherins
do appear to play important roles in synaptic
development.

Cadherins are prominent components of
synapses, tending to be localized perisynapti-
cally in more mature synapses (Fannon and
Colman 1996). Studies in cultured hippocam-
pal neurons show that N-cadherin is a very early
marker of synapses (Benson and Tanaka 1998).
Similarly, in vivo timelapse imaging in zebrafish
spinal cord reveal that N-cadherin-GFP in en-
riched in the central domain of axonal growth
cones and that puncta of N-cadherin-GFP are
left in the wake of the migrating growth cone
(Jontes et al. 2004). Moreover, the timing of
punctum formation matches that of synaptic
vesicle accumulation, indicating that N-cad-
herin may be recruited to nascent synapses
shortly after initial axon–dendritic contact.
N-cadherin appears to help organize presynap-
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tic boutons, as expressing dominant-interfering
mutants impairs vesicle clustering (Togashi et
al. 2002; Bozdagi et al. 2004). In addition, N-
cadherin can modulate voltage-gated calcium
channels through RhoA and Rho-associated ki-
nase (Marrs et al. 2009). Postsynaptically, dom-
inant interfering forms of N-cadherin disrupt
the accumulation of PSD-95 (Togashi et al.
2002; Bozdagi et al. 2004), a marker of gluta-
matergic synapses, and destabilizes dendritic
spines. Deletion of N-cadherin, aN-catenin or
d-catenin delays the maturation of dendritic
spines, with mutants showing a higher propor-
tion of dynamic filopodia and fewer stable
spines (Togashi et al. 2002; Abe et al. 2004; Arik-
kath et al. 2009). Thus, during synapse assem-
bly, the role of the cadherin-catenin complex
may partially be to balance the dynamics and
motility of axons and dendrites, which is re-
quired to initiate cell–cell contacts, and the
stability to allow these contacts to mature and
assemble synaptic machinery.

Type II cadherins, which are expressed in
more specific patterns, have also been shown
to influence synaptic development. Mice lacking
Cadherin-11 show enhanced long-term poten-
tiation in the CA1 region of the hippocampus
(Manabe et al. 2000). Additionally, in the hip-
pocampus, Cadherin-9 is expressed both in
pyramidal cells of both the DG and their targets
in CA3 (Williams et al. 2011). The mossy fiber
synapses formed between DG and CA3 neurons
have a complex and distinctive structure, with
multiple active zones interdigitating with an
elaborate, multiheaded spine. Knockdown of
Cadherin-9 in DG neurons alters the morphol-
ogy of the presynaptic varicosity, which appears
less elaborate with fewer filopodia extend-
ing from the bouton. In contrast, Cadherin-9
knockdown in the CA3 neurons causes an in-
crease in dendritic filopodia, similar to what
occurs in aN-catenin knockouts (Abe et al.
2004) or expression of dominant-interfering
cadherins (Togashi et al. 2002). Thus, Cad-
herin-9 appears to contribute to synaptic assem-
bly and maturation in a manner similar to what
has been observed for N-cadherin in cultured
neurons: presynaptically, loss of Cadherin-9
impairs bouton assembly, and, postsynapti-

cally, loss of Cadherin-9 promotes filopodia
dynamics.

Protocadherins and atypical cadherins also
appear to play important roles in synapse stabil-
ity. Pcdh8/Arcadlin was originally identified in
a screen for genes up-regulated in the hippo-
campus after electroconvulsive shock (Yamaga-
ta et al. 1999). Under baseline conditions,
Pcdh8 is weakly expressed in cultured hippo-
campal neurons, but is dramatically up-regulat-
ed after electrical stimulation. On expression,
Pcdh8 interacts with N-cadherin and promotes
its internalization by receptor-mediated endo-
cytosis (Yasuda et al. 2007). These results sug-
gest that Pcdh8 promotes synaptic elimination
and that it does so by directly interacting with
N-cadherin and antagonizing N-cadherin ad-
hesion. A study of the transcription factor, my-
ocyte enhancer factor 2 (MEF2), suggests that
Pcdh10 also plays a role in synapse elimination
(Tsai et al. 2012). Pcdh10 is a target for MEF2,
which is activated by neuronal activity and leads
to synapse elimination (Pfeiffer et al. 2010).
MEF2-induced synapse elimination is proposed
to be caused by ubiquitin-dependent degrada-
tion of the postsynaptic scaffolding protein,
PSD-95. On activation of MEF2, PSD-95 be-
comes ubiquitinated by the E3 ubiquitin ligase
Mdm2, and is then targeted to the proteasome
for degradation. Knockdown of Pcdh10, using
shRNA, inhibits MEF2-induced synapse elimi-
nation and PSD-95 degradation, as does over-
expression of the Pcdh10 intracellular domain.
Although several questions about this process
remain unresolved, these results parallel those
found for Pcdh8: up-regulation of a d2-Pcdh by
neural activity removes an important structural
protein from the synapse to initiate synapse dis-
assembly. Analysis of mice lacking Pcdh17 sug-
gests a role in regulating active zone size (Ho-
shina et al. 2013). Pcdh17 is perisynaptic in the
anterior striatum and lateral globus pallidus.
This perisynaptic localization is similar to that
observed for classical cadherins. Although there
was no difference in the number or size of syn-
aptic contacts in mice lacking pcdh17, there was
an increase in both the total number of synaptic
vesicles and in the number of docked vesicles.
This was accompanied by an increase in paired-
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pulse facilitation, a result opposite to what is
observed in b-catenin knockouts (Bamji et al.
2003). Thus, d2-Pcdhs can negatively regulate
synapse function and stability and, in at least
one case, act by destabilizing N-cadherin adhe-
sion at the synaptic membrane.

CONCLUDING REMARKS

After their original discovery, classical cadherins
were revealed to participate in a broad range of
developmental processes. Over time, this view
has been enriched and extended to incorporate
the broader cadherin superfamily. In the con-
text of the nervous system, N-cadherin contrib-
utes to neurulation, neurogenesis, neuronal mi-
gration, axon extension and targeting, dendrite
morphogenesis and dynamics, synapse assem-
bly, and synaptic plasticity. It provides a contin-
uous thread, linking the earliest events in ner-
vous system formation with the molecular
events of experience-dependent synapse modi-
fication. As the diversity of the cadherin super-
family expanded, it was reasonable to expect
that there would be a commensurate increase
in functional diversity: different molecules
would do different things. Increasingly, it ap-
pears that, in contrast, their functions are linked
and that they reinforce each other to sculpt de-
velopmental events. Their activities each repre-
sent continuous threads and these threads are
woven together to provide robust developmen-
tal outcomes. They can modify, regulate and
contextualize each other’s behaviors through-
out development, rather than pursuing inde-
pendent and/or parallel activities. In addition
to their integrated roles in developmental pro-
cesses, cadherins are linked in more intimate
ways. There are multiple examples of distinct
subfamilies associating as part of larger macro-
molecular assemblies. Classical cadherins asso-
ciate with d-protocadherins (Yasuda et al. 2007;
Biswas et al. 2010; Emond et al. 2011), a-Pcdhs
associate with b-Pcdhs and g-Pcdhs (Thu et al.
2014), g-Pcdhs associate with Ret kinase (an
atypical cadherin) (Schalm et al. 2010), and
N-cadherin, d-Pcdhs, g-Pcdhs, Celsrs, Fats,
and Dachsous are all found in complex with
the Wnt receptor, Ryk (Berndt et al. 2011). In

several cases, these physical interactions reflect
functional relationships. Finally, nearly all of the
cadherin subfamilies intersect with Wnt signal-
ing pathways, which also contribute to their in-
terleaving functions.

As is the case in folding a protein, wiring
the nervous system uses mechanisms that chan-
nel development toward a restricted subset of
acceptable configurations, and the cadherins
play essential roles in this process. In the forma-
tion of local circuitry, this may be through lin-
eage-based mechanisms that establish function-
al modules. In this case, homophilic adhesion
promotes persistent contact within a clone and
biases the inherent promiscuity of synaptogen-
esis to favor connectivity among sibling neu-
rons. This modular assembly confers robustness
to the development of local circuitry. In the case
of regional projections, selective axon fascicula-
tion and target selection provide constraints
that limit the number of potential synaptic part-
ners available to each neuron. Again, these
broad mechanisms bias the inherently nonspe-
cific process of synapse formation to generate a
coarse map of connections, providing a sub-
strate for experience-dependent plasticity to in-
tegrate local with regional networks.

A rich understanding of how the cadherin
superfamily contributes to neural circuit assem-
bly will require a far more comprehensive survey
than is currently available. While studies under-
standably focus on an individual molecule in a
specific context, it will be necessary to deter-
mine how these examples extrapolate to other
family members and contexts. Do all d-Pcdhs
promote collective axon extension, like Pcdh17?
Do all type II classical cadherins mediate tar-
get recognition, like Cadherin-6? Comparable
studies of other cadherins and protocadherins
will be required to verify their function and to
construct a developmental map of their activi-
ties during circuit assembly. Similarly, further
work is required to determine if all d-Pcdhs
act like Pcdh19 to regulate lineage-based assem-
bly of local circuits, and whether similar mech-
anisms are used broadly in the nervous sys-
tem—beyond the optic tectum or superior
colliculus. Finally, a full accounting of cadherin
function will entail revealing the functional in-
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teractions between the cadherin subfamilies.
For example, if N-cadherin, type II classical cad-
herins and d-cdhs are all important for axon
outgrowth, extension, and fasciculation, how
are their respective roles integrated? Similarly,
if classical cadherins, d-Pcdhs, Fat/Dachsous
and Celsr all influence Wnt signaling to control
neuronal differentiation, what are the interac-
tion and signaling networks that govern cell de-
cisions? While there has been much progress, it
remains unclear how molecular networks, in-
cluding cadherins, collaborate to assemble neu-
ronal networks during development.
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