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Cell adhesion neurons elongate their axons towards  and postsynaptic densities where
their targets and establish and maintain ~ neurotransmitter receptors localize.
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Cell-cell adhesions are important for
brain  morphology and  highly
coordinated brain functions such as
memory and learning (Sanes and
Yamagata, 1999; Yamagata et al., 2003;
Washbourne et al., 2004). During early
development of the nervous system,

synapses through formation of cell-cell
adhesions. Cell-cell adhesions also
underpin axon-axon contacts and link
neurons with supporting glial cells and
oligodendrocytes. Here, we briefly
summarize the key cell adhesion
molecules involved in each case.

Synapses

Synapses are specialized intercellular
junctions whose specificity and plasticity
underpin the function of the nervous
system. They can be subdivided into
synaptic junctions (SJs) and puncta
adherentia junctions (PAJs) (Peters et
al.,, 1976). SJs are associated with
presynaptic active zones, containing
Ca’*  channels and numerous
neurotransmitter-filled synaptic vesicles,

PAJs, by contrast, have symmetrical
paramembranous dense material that
lacks associated synaptic vesicles (Peters
et al.,, 1976; Spacek and Lieberman,
1974). SJs are regarded as sites for
neurotransmission, and their remodeling
is thought to be a principal mechanism
of memory and learning. PAJs are
regarded as mechanical adhesion sites
between axon terminals and their targets,
although their exact functions remain
unknown.

N-cadherin is a Ca**-dependent cell-cell
adhesion molecule and belongs to the
type I cadherin family. It has five
extracellular cadherin repeat (EC)
domains (EC1 to EC5) and a conserved
His-Ala-Val (HAV) cell adhesion
recognition sequence in the ECI
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domain. Catenins are N-cadherin-
binding proteins that connect N-cadherin
to the actin cytoskeleton. N-cadherin and
catenins symmetrically localize at PAJs
between the mossy fiber terminals and
the dendrites of CA3 pyramidal cells
(Mizoguchi et al., 2002; Uchida et al.,
1996; Takeichi, 1991; Tepass et al.,
2000). In addition, the Caz+—independent
immunoglobulin  (Ig)-like  cell-cell
adhesion molecules nectin-1 and nectin-
3 asymmetrically localize at the PAJ pre-
and post-synaptic sides, respectively.
Afadin, an  actin-filament-binding
protein that connects nectins to the actin
cytoskeleton, is also present at PAJs
(Mizoguchi et al., 2002; Takai and
Nakanishi, 2003). Disruption of nectin-
based cell-cell adhesion in hippocampal
neurons decreases the size of synapses
but increases their number (Mizoguchi et
al., 2002), and a nectin-1 mutant is
reported to cause human cleft lip/palate-
ectodermal dysplasia, Margarita island
ectodermal dysplasia and Zlotogora-
Ogiir syndrome, characterized by mental
retardation, cleft lip/palate, syndactyly
and ectodermal dysplasia (Suzuki et al.,
2000). Recent work suggests
cooperation of nectins and N-cadherin in
the formation of synapses; however,
definitive evidence has not yet been
obtained.

Type II cadherins (cadherin-6, cadherin-
8 and cadherin-11), which have five EC
domains (EC1 to EC5) and do not have
an HAV cell adhesion recognition
sequence in their EC1 domains, and
other type I cadherins (E- and R-
cadherins) localize at the synapses with
their associated catenins (Yagi and
Takeichi, 2000). Multiple cadherins are
differentially expressed in the brain; they
could function as ‘lock-and-key’
components for regulating specific
interneuronal connections.

Protocadherins are cell adhesion
molecules that have varying numbers of
EC domains but divergent cytoplasmic
domains that do not appear to signal
through catenins (Wu and Maniatis,
1999; Wu et al., 2001). Multiple «- and
v-protocadherin isoforms are highly
expressed in distinct, although partially
overlapping, sets of neurons and
concentrated at synapses (Kohmura et
al.,, 1998; Wang et al.,, 2002). The
complex genomic organization and

alternative splicing of the protocadherins
has led to speculation that their diversity
underlies synaptic specificity (Weiner et
al., 2005).

Several Ig superfamily CAMs (for cell
adhesion molecule), which have varying
numbers of Ig-like domains, have been
identified at synapses and shown to be
involved in synaptic plasticity. For
example, neural cell adhesion molecule
(NCAM), a five Ig-like domain and a
two fibronectin type III repeat containing
protein, engages in homophilic and
heterophilic interactions with a variety
of ligands at synapses, such as fibroblast
growth factor receptor (FGFR), L1,
TAG-1/axonin-1 and heparan sulfate
proteoglycans (Walsh and Doherty,
1997, Kiss and Muller, 2001). NCAM is
widely expressed in the developing and
adult brains and plays crucial roles in
migration of neuronal precursor cells,
fasciculation and pathfinding of axons,
and synaptic plasticity. It is involved in
both  early  synaptogenesis and
subsequent synaptic maturation (Polo-
Parada et al., 2001; Dityatev et al.,
2004).

SYG-1/SYG-2 and Sidekick are specific
adhesion molecules that determine
synaptic specificity in a lock-and-key
manner. SYG-1, a four Ig-like-domain-
containing protein, and SYG-2, a seven
Ig-like-domain and a fibronectin-type-
III-repeat-containing  protein,  were
isolated in a genetic screen for C.
elegans mutants that exhibit defective
synaptic  positioning  (Shen  and
Bargmann, 2003; Shen et al., 2004).
SYGI1-1 interacts with SYG-2 and
induces formation of synapses while
suppressing  inappropriate  synapses.
Sidekick, which has six Ig-like domains
and thirteen fibronectin type III repeats,
has been implicated in selective synapse

formation in the chicken retina
(Yamagata et al., 2002).
Since the results in the synaptic

localization of SynCAMI (Biederer et
al., 2002) are inconsistent with
the results reported by  other
groups (Wakayama et al., 2001; Fukami
et al, 2002; Shingai et al.,, 2003;
Kakunaga et al., 2005), we do not
describe SynCAM1 as a synaptic CAM.
SynCAM1 has been shown to be
ubiquitously expressed and identical to

nectin-like molecule-2 (Necl-2)/IGSF4/
RA175/SgIGSF/TSLC1, which is not
concentrated at synapses.

Neuroligin, an esterase-like-domain-
containing protein on the presynpatic
side, interacts with [3-neurexin, a
laminin-globular-domain-containing
protein on the post-synaptic side, at SJs
and induces formation of synapses (Graf
et al., 2004; Chih et al., 2005). However,
when, where, and how precisely -
neurexin and  neuroligin  induce
synaptogenesis remains obscure.

Eph receptor tyrosine kinases and their
ephrin ligands are grouped into two
families: ephrinA ligands are tethered to
the plasma membrane by a glycosyl
phosphatidylinositol (GPI) linkage and
bind to EphA receptors; whereas
ephrinB ligands are transmembrane
proteins that bind preferentially to EphB
receptors. EphB receptors localize to
synapses, where they bind N-methyl-D-
aspartate-type glutamate receptors. The
typical Eph-ephrin interaction is not an
example of classical adhesion, as
described above, but rather leads to
repulsion. Localized membrane
shedding of ephrinB by metalloproteases
converts initial adhesion to repulsion.

Axon-astrocyte contacts

Astrocytes regulate synaptic
transmission by taking up glutamate
from the synaptic cleft through
membrane transporters and release it
upon reversal of the transporter (Fields
and Stevens-Graham, 2002). Other
substances that astrocytes release
strengthen synaptic transmission by
coactivating NMDA receptors in the
postsynaptic membrane (e.g. D-serine)
or reduce it by binding to
neurotransmitters. Synapse formation
may also be regulated by factors
produced by astrocytes.
Thrombospondins (TSPs), for example,
have been shown to play a role in
formation of ultrastructurally normal
synapses that are presynaptically active
but postsynaptically silent
(Christopherson et al., 2005).

Necl-1/TSLL1/SynCAM3, which has a
domain structure similar to that of
nectins, localizes at axon-astrocyte
contacts (Kakunaga et al., 2005). Necl-1
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shows Ca®*-independent homophilic subfamily of molecules that includes Nr-  neuronal cell contacts. Functional
cell-cell adhesion activity and CAM, Ng-CAM, neurofascin, studies of individual cell adhesion

heterophilic cell-cell adhesion activity
with Necl-2, nectin-1 and nectin-3, but
not Necl-5 or nectin-2. It is specifically
expressed in neural tissue, where it
localizes to contact sites along axons,
nerve terminals and glial cell processes
that form synapses, axon bundles and
myelinated axons.

Paranodal junctions

Oligodendrocytes, nodal glia, play an
important role in the formation,
organization and maintenance of
myelinated axons. Three specific
domains  of  axon-oligodendrocyte
interaction are observed around the
nodes of Ranvier that propagate
impulses over long distances: the Na*-
channel-enriched node itself; the
adjacent paranode; and the
juxtaparanodal region, which contains
delayed rectifier K* channels. This
domain organization is regulated by
soluble signals from myelinating glia, as
well as direct contact and interactions
between proteins expressed on the
surface of axons and oligodendrocytes.
At the paranode, the transmembrane
protein Caspr is found on the axon
surface in association with the GPI-
anchored cell adhesion molecule
contactin (Peles et al., 1997). This
molecular complex interacts with the
oligodendrocyte adhesion molecule
neurofascin 155 (NF155) and anchors
the intercellular junction to the axonal
cytoskeleton  through the  actin-
associated protein 4.1B, which binds to
the cytoplasmic domain of Caspr
(Charles et al., 2002; Gollan et al.,
2002). Tenascin-R and tenascin-C,
matrix  glycoproteins, have been
implicated in the formation of paranodal
junctions in the CNS and PNS,
respectively (Jones and Jones, 2000).

Axon-axon contacts

During early development of the nervous
system, axons are guided to their targets
longitudinally or through fasciculation
by attractive and repulsive factors. In
axon fasciculation, the best known
adhesion molecules are L1 and N-CAM
(Crossin and Krushel, 2000). L1 has six
Ig-like domains and five fibronectin type
IIT repeats and is a member of a large

neuroglian, aBGP and CHL1 (Moos et
al., 1988). L1 interacts with other L1
molecules, integrins, N-CAM, TAG-
1/axonin-1, contactin/F3/F11 and
extracellular matrix molecules through
its extracellular domain, and with
ankyrin through its cytoplasmic domain.
Studies of animals missing the molecule
strongly support a role for L1 in axon
guidance, and mutations in the human L/
gene lead to a human disease
characterized by mental retardation,
hydrocephalus of varying severity, and
defective peripheral limb movement
(Fransen et al., 1997; Yamasaki et al.,
1997). In part, this phenotype is due to
defects in major axonal tracts, such as
the corticospinal tract and the corpus
callosum.

NCAM is also involved in fasciculation
and pathfinding of axons. Poor axonal
fasciculation is observed in the
hippocampi of NCAM-deficient mice,
resulting in impaired synapse formation
in the CA3 region (Cremer et al., 1997).
This function of NCAM appears to be
mediated primarily by its polysialic acid
moiety (Monnier et al., 2001).

BEN/DM-GRASP has five Ig-like
domains and mediates homophilic
adhesion as well as heterophilic

adhesion with CD6, NgCAM and high-
density  lipoprotein. Poor  axonal
fasciculation is observed in retinal
ganglion cell axons within retinal and
motor axons within intercostal nerves of
BEN-deficient mice, resulting in severe
retinal dysplasia, including retinal folds
and photoreceptor ectopias (Weiner et
al., 2004).

DsCAM has ten Ig-like domains and six
fibronectin type III repeats and mediates
homophilic adhesion. DsCAM plays an
early and essential role in promoting
selective fasciculation of young axons in
the peduncle of mushroom body neurons
in Drosophila (Zhan et al., 2004).

Outlook

Given the remarkable heterogeneity of
neurons and synapses in the central
nervous system, it is not surprising that
many cell adhesion molecules govern
synapse formation and underpin other

molecules have provided a wealth of
information on their role in synapse
assembly, spine morphogenesis and
synaptic plasticity. Although the various
adhesion systems can mediate adhesive
interactions, individually they probably
control specific aspects of synapse
formation. Because multiple systems
appear to cooperate at individual
synapses, it will be of great interest to
determine whether these act in a parallel
or hierarchical manner.

We thank T. Manabe (Tokyo University, Japan), A.
Mizoguchi (Mie University, Japan) and H. Togashi
(RIKEN CDB, Japan) for comments on the
manuscript.
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