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    Abstract     Nectins are immunoglobulin-like cell adhesion molecules (CAMs) 
constituting a family with four members. They exclusively localize at adherens 
junctions (AJs) between two neighboring cells. Nectins bind to afadin through 
their C-termini and are linked to the actin cytoskeleton. In addition to nectins, 
there are nectin-like molecules (Necls), which resemble nectins in their structures 
and constitute a family with fi ve members. Nectins and Necls are involved in the 
formation of various kinds of cell–cell adhesion and diverse cellular functions 
including cell polarization, movement, proliferation, survival, and differentiation. 
In neuronal tissues, nectins and Necls functionally play crucial roles as CAMs at 
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neuron–neuron and neuron–glia interactions. For example, the members of the 
nectin and Necl families are involved in synapse formation and remodeling in the 
hippocampus, a key brain region for learning and memory. Nectins also play 
important roles in the auditory system. Moreover, nectins and Necls are associated 
with human neurological diseases when mutated or upregulated. Thus, nectins 
and Necls are crucial for physiology and pathology in the nervous system.  

5.1         Introduction 

 Cells in multicellular organisms form cell–cell junctions and contacts that play 
essential roles in various cellular processes, including morphogenesis, differentia-
tion, proliferation, and migration. Cell–cell junctions and contacts can be homo-
typic or heterotypic; for example, the former is formed between two neighboring 
epithelial cells and the latter is formed between differentiating germ cells and their 
supporter Sertoli cells in the testis. Cell–cell junctions are mediated by cell adhesion 
molecules (CAMs). Cadherins, which make up a superfamily with >100 members, 
serve as key Ca 2+ -dependent CAMs in a variety of cell–cell junctions (Hirano and 
Takeichi  2012 ). The members of the immunoglobulin (Ig) superfamily also play 
important roles as Ca 2+ -independent CAMs (Brummendorf and Lemmon  2001 ). 
Nectins have emerged as Ig-like CAMs that contribute to a variety of cell–cell junc-
tions and contacts, acting cooperatively with or independently of cadherins (Takai 
et al.  2008a ,  b ). In addition, nectin-like molecules (Necls), which have domain 
structures similar to those of nectins, have been intensively studied (Takai et al. 
 2008a ,  b ). Nectins and Necls interact in  trans  with each other and in  cis  with growth 
factor receptors and integrins, and regulate a variety of cell functions, including 
polarization, movement, proliferation, survival, and differentiation in addition to 
cell adhesion and contacts. On the other hand, nectins and Necls serve as viral 
receptors and are also associated with human diseases, such as cancer, Alzheimer’s 
disease (AD), and Margarita island ectodermal dysplasia (Hogle  2002 ; Takai et al. 
 2008a ,  b ; Spear et al.  2000 ; Spear and Longnecker  2003 ). Here we fi rst introduce 
the molecular and biological properties of nectins and Necls, then describe their 
roles in the nervous systems, and fi nally address neuropsychiatric diseases caused 
by dysfunction of nectins and Necls.  

5.2     Nectins and Necls 

5.2.1     Molecular Properties of Nectins 

 Nectins comprise a family with four members, nectin-1, nectin-2, nectin-3, and 
 nectin- 4, all of which have an extracellular region with three Ig-like loops, a single 
transmembrane region, and a cytoplasmic tail region (Fig.  5.1 ) (Takai et al.  2008a ,  b ). 
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  Fig. 5.1    Molecular structures and modes of  trans -interactions of nectins, Necls, and their binding 
proteins. Nectins and Necls share three Ig-like extracellular domains comprising an N-terminal 
variable region-like (V) domain and two constant region-like (C2) domains, a transmembrane 
region (TM), and a cytoplasmic domain. The nectin C-terminus contains interaction motifs (E/
AxYV, where x represents any amino acid) that allow interaction with afadin, Par-3, PICK1, 
MUPP1, PATJ, and MPP3. Willin and zyxin interact with the juxtamembrane and cytoplasmic 
regions of nectins, respectively. The C-terminus of Necl-1 and Necl-2 contains interaction motifs 
(EYFI) that allow interaction with Pals2, Dlg3, and CASK. DAL-1 interacts with the juxtamem-
brane regions of Necl-2. Bidirectional arrows indicate the binding       

Nectins have several molecular properties. (1) They show a Ca 2+ -independent 
cell–cell adhesion activity. Each nectin fi rst forms homo- cis -dimers and then homo- 
or hetero- trans -dimers through the extracellular region, causing cell–cell adhesion. 
Heterophilic  trans -interactions of nectins are stronger than their homophilic  trans - 
interactions  (Samanta et al.  2012 ; Satoh-Horikawa et al.  2000 ). By surface plasmon 
resonance analysis, the dissociation constants ( K ds) for the interaction between 
 nectin- 1 and nectin-3 and between nectin-2 and nectin-3 are 2.3 and 360 nM, respec-
tively (Ikeda et al.  2003 ), while those for homophilic binding of nectin-1, nectin-2, 
nectin-3, and nectin-4 are 17.5, 0.4, 228, and 153 μM, respectively (Harrison et al. 
 2012 ) (Fig.  5.2 ). Thus, among various combinations, the heterophilic  trans -interac-
tion between nectin-1 and nectin-3 is the strongest, followed by that between  nectin-3 
and nectin-2. (2) The  trans -interactions of nectins induce the activation of Rap1, 
Cdc42, and Rac small G proteins (Takai et al.  2008a ). (3) Nectins bind through their 
cytoplasmic tails to afadin, an actin fi lament (F-actin)-binding protein which con-
nects nectins to the actin cytoskeleton (Mandai et al.  1997 ; Takai et al.  2008a ,  b ) in a 
manner analogous to the way in which cadherins are connected to the cytoskeleton 
by binding through their cytoplasmic tails to the α- and β-catenin complex (Hirano 
and Takeichi  2012 ). (4) Nectins also bind through their cytoplasmic tails to partition-
ing defective three homologue (Par-3, also known as PARD3 in mammals), a cell 
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polarity protein, which forms a complex with the other cell polarity proteins aPKC 
and Par-6 and regulates cell polarization (Ohno  2001 ; Takai et al.  2008a ,  b ; Takekuni 
et al.  2003 ). (5) Nectins interact  in trans  heterophilically with Necls (Takai et al. 
 2008a ,  b ; Ikeda et al.  2003 ; Shingai et al.  2003 ; Mueller and Wimmer  2003 ) and 
other Ig-like CAMs such as Tactile/CD96, DNAM-1/CD226, and TIGIT through 
their extracellular regions (Fig.  5.2 ) (Bottino et al.  2003 ; Fuchs et al.  2004 ; Pende 
et al.  2005 ,  2006 ; Stanietsky et al.  2009 ; Yu et al.  2009 ). The  K ds for the heterophilic 
interaction between nectin-3 and Necl-5 and between nectin-3 and TIGIT are 17 and 
38.9 nM, respectively (Ikeda et al.  2003 ; Yu et al.  2009 ). (6) Nectins interact with 
growth factor receptors. Nectin-3 interacts  in cis  with the platelet-derived growth 
factor (PDGF) receptor (Kanzaki et al.  2008 ), while nectin-1 interacts  in cis  with the 

  Fig. 5.2     Trans -interactions of nectins, Necls, and other Ig-like molecules. Homophilic ( looped 
arrows ) and heterophilic ( double-headed arrows )  trans -interactions are presented. Heterophilic 
 trans -interaction between nectin-1 and nectin-3 is the strongest followed by that between nectin-3 
and Necl-5 and that between nectin-2 and nectin-3.  Red crossing bars  indicate absence of homo-
philic interaction. DNAM1, DNAX accessory molecule 1; TIGIT, T cell immunoreceptor with Ig 
and ITIM domains; CRTAM, Class I-restricted T-cell associated molecule. Values besides  arrows  
are  K d for hemophilic and heterophilic interactions       
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fi broblast growth factor receptor (Bojesen et al.  2012 ). Nectin-1 and nectin-3, but not 
nectin-2, physically interact  in cis  with integrin α v β 3     at cell–cell adhesion sites 
(Sakamoto et al.  2006 ).

5.2.2         Molecular Properties of Necls 

 Necls, which are structurally similar to nectins, have fi ve members and consist of 
an extracellular region with three Ig-like loops, a single transmembrane region, and 
a cytoplasmic region, but, unlike nectins, they do not bind afadin (Takai et al.  2008a , 
 b ). These include Necl-1/TSLL1/SynCAM3/CADM3, Necl-2/IGSF4/RA175/
SgIGSF/TSLC1/SynCAM1/CADM1, Necl-3/SynCAM2/CADM2, Necl-4/TSLL2/
SynCAM4/CADM4, and Necl-5/poliovirus receptor (PVR)/CD155/Tage4. Necl-1 
homophilically interacts  in trans  and heterophilically interacts  in trans  with nectin-
 1, nectin-3, Necl-2, Necl-3, and Necl-4 (Fig.  5.2 ) (Kakunaga et al.  2005 ; Niederkofl er 
et al.  2010 ; Shingai et al.  2003 ). Necl-2 also homophilically interacts  in trans  and 
heterophilically interacts  in trans  with nectin-3, Necl-1, and Necl-3, as well as 
another Ig-like CAM CRTAM (Boles et al.  2005 ;    Niederkofl er et al.  2010 ; Shingai 
et al.  2003 ). Necl-3 does not homophilically interact  in trans  but heterophilically 
interacts  in trans  with Necl-1 and Necl-2 (Niederkofl er et al.  2010 ; Pellissier et al. 
 2007 ). Necl-4 homophilically interacts  in trans  and heterophilically interacts  in 
trans  with Necl-1 (Maurel et al.  2007 ; Spiegel et al.  2007 ). Necl-5 does not homo-
philically interact  in trans  but heterophilically interacts  in trans  with  nectin- 3 and 
other Ig-like CAMs such as Tactile/CD96 (Fuchs et al.  2004 ), DNAM-1/CD226 
(Bottino et al.  2003 ; Pende et al.  2005 ,  2006 ), and TIGIT (Stanietsky et al.  2009 ; Yu 
et al.  2009 ). The  K ds for the interactions between Necl-5 and TIGIT, between 
Necl-5 and Tactile/CD96, and between Necl-5 and DNAM-1/CD226 are 3.15, 37.6, 
and 114 nM, respectively (Yu et al.  2009 ). Moreover, Necl-1 and Necl-3 interact  in 
cis  with integrin α 6 β 4  (Mizutani et al.  2011 ). Necl-2 interacts  in cis  with the ErbB3 
receptor, the ErbB4 receptor, integrin α 6 β 4 , and integrin α v β 3  (Kawano et al.  2010 ; 
Mizutani et al.  2011 ). Necl-5 interacts  in cis  with integrin α v β 3  and growth factor 
receptors, such as the PDGF receptor and the vascular endothelial growth factor 
(VEGF) receptor (Minami et al.  2010 ; Kinugasa et al.  2012 ). Necl-4 has not been 
reported to bind any growth factor receptors.  

5.2.3     Proteins Associating with Nectins and Necls 

    Nectin-Binding Proteins 

 Some, but not all, members of the nectin family are able to bind various cytoplasmic 
proteins in addition to afadin, including Par-3 (Takekuni et al.  2003 ), protein interact-
ing with PRKCA1 (PICK1) (Reymond et al.  2005 ), multiple PDZ domain protein 
(MUPP1, also known as MPDZ), Pals1-associated tight junction protein (PATJ) 
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(Adachi et al.  2009 ), membrane palmitoylated protein 3 (MPP3) (Dudak et al.  2011 ), 
zyxin (Call et al.  2011 ), and willin (Ishiuchi and Takeichi  2012 ) (Fig.  5.1 ). Afadin has 
multiple domains: from the N-terminus to the C-terminus it has two Ras- associated 
domains, a forkhead-associated domain, a dilute domain, a PDZ domain, three proline-
rich domains, and an F-actin-binding domain (Takai et al.  2008a ,  b ). Afadin binds 
many proteins, including transmembrane proteins such as the Eph receptor tyrosine 
kinases, the synaptic transmembrane protein neurexins, the Notch receptor ligand jag-
ged-1, the junction cell adhesion molecule JAM, and the gap junction protein connexin 
36; peripheral membrane proteins such as the tight junction (TJ) protein ZO-1, the 
afadin- and α-actinin-binding protein ADIP, the actin- binding protein profi lin, the 
 vinculin-binding protein ponsin, the cadherin-binding protein α-catenin, and the Arg/
Abl-interacting protein nArgBp2; and signaling molecules such as Rap1, Ras, Rit, and 
Rin small G proteins, Rap1 GTPase-activating protein SPA-1, Bcr and c-Src protein 
kinases, T-cell oncogene LIM domain only 2 (LMO2), and the tumor suppressor LIM 
domain only 7 (LMO7) (Kawabe et al.  1999 ; Begay-Muller et al.  2002 ; Shao et al. 
 1999 ; Takai et al.  2008a ,  b ; Li et al.  2012 ). The tyrosine kinase Ryk is reported to inter-
act with afadin, but this interaction is controversial (Trivier and Ganesan  2002 ). Thus, 
these proteins are indirectly associated with nectins through afadin. Moreover, the fi rst 
Ras-associated domain of afadin mediates its self-association (Liedtke et al.  2010 ).  

    Necl-Binding Proteins 

 Necls do not directly bind afadin but binds many other proteins. Necl-1 and Necl-2 bind 
the membrane-associated guanylate kinase (MAGUK) family members, Pals2, Dlg3/
MPP3, and calcium/calmodulin-associated Ser/Thr kinase (CASK), while Necl-2 addi-
tionally binds the tumor suppressor gene product DAL1, a band 4.1 family member 
protein, which connects Necl-2 to the actin cytoskeleton (Fukuhara et al.  2003 ; Shingai 
et al.  2003 ; Yageta et al.  2002 ). Pals2 is known to bind Lin-7, which is implicated in the 
proper localization of the Let-23 protein in  Caenorhabditis elegans , the homologue of 
mammalian epidermal growth factor receptor (Kakunaga et al.  2004 ). Although PVR/
CD155, a human homologue of Necl-5, was reported to bind Tctex-1, a subunit of the 
dynein motor complex (Mueller et al.  2002 ), the interaction between a mouse homo-
logue of Necl-5 and Tctex-1 was negligible in our study (Minami et al.  2010 ).    

5.3     Nectins and Necls in Non-neuronal Tissues 

5.3.1     Nectins in a Variety of Cell–Cell Junctions 
of Non- neuronal Tissues 

 Nectins are widely expressed in many types of cells and play roles in the formation 
of cell–cell junctions or contacts, in some cases acting cooperatively with cadherins 
and in other cases independently of them. Mammalian tissues and organs are com-
posed of two or more cell types that can adhere homotypically or heterotypically 
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(Rikitake et al.  2012 ). There are homotypic and heterotypic cell–cell adhesions. 
Nectins and cadherins are involved in the formation of both groups of cell–cell adhe-
sion, but cadherins are important for the formation of homotypic cell–cell adhesion, 
whereas nectins are important for the formation of heterotypic cell–cell adhesions, 
because cadherins interact  in trans  almost exclusively homophilically between the 
same members, whereas nectins interact  in trans  both homophilically and hetero-
philically between the same and different members, and, more importantly, because 
heterophilic  trans -interactions of nectins are much stronger than their homophilic 
 trans -interactions. 

 The typical homotypic cell–cell adhesion is formed between neighboring epithe-
lial cells and endothelial cells. In these cells, there is a junctional complex comprised 
of TJs and adherens junctions (AJs). Nectin-1, nectin-2, and nectin-3 and possibly 
nectin-4 symmetrically localize at AJs and are involved in the formation of AJs, act-
ing cooperatively with E-cadherin, a cadherin superfamily member that serves as a 
key CAM at AJs in epithelial cells (Gumbiner  1996 ; Takeichi  1991 ), and in the sub-
sequent formation of TJs (Takai et al.  2008a ,  b ). The  trans -interactions of nectins 
induce the activation of Rap1, Cdc42, and Rac (Takai et al.  2008a ,  b ), while those of 
E-cadherins induce the activation of Rac (Yap and Kovacs  2003 ). The activation of 
these molecules regulates the reorganization of the actin cytoskeleton, which is 
required for the formation of cell–cell adhesion (Takai et al.  2008a ,  b ). The formation 
of TJs is dependent on the formation of AJs (Tsukita and Furuse  1999 ). The sym-
metric homotypic cell–cell adhesion is also formed in fi broblasts. In these cells, both 
N-cadherin and nectins colocalize at AJs and are involved in the formation of AJs. 

 The typical heterotypic cell–cell adhesion is found between many types of cells, 
such as between Sertoli cells and spermatids during spermatid differentiation in the 
testis, between commissural axons and basal processes of fl oor plate cells in the 
neural tube, between the pigment cell and non-pigment cell layers of the ciliary epi-
thelium, between ameloblasts and stratum intermedium cells in the developing tooth, 
and between hair cells and supporting cells in the cochlea in the inner ear. At the 
Sertoli cell–spermatid junctions, nectin-2 and nectin-3 reside specifi cally in Sertoli 
cells and spermatids, respectively, and serve as essential CAMs (Ozaki- Kuroda et al. 
 2002 ). At the junctions between the apical membranes of pigment and non-pigment 
epithelia in the ciliary body of the eye, nectin-1 and nectin-3 localize at both sides 
and P-cadherin symmetrically localizes at both sides (Inagaki et al.  2005 ). Nectins 
and P-cadherin mediate the apex–apex adhesion between the pigment and non-
pigment epithelia of the ciliary body. At these junctions, nectins, but not cadherins, 
are major CAMs. The roles of nectins in cell–cell adhesion between commissural 
axons and basal processes of fl oor plate cells in the neural tube and between hair 
cells and supporting cells in the cochlea in the inner ear are described below. 

    In addition to the stable adhesion for cell–cell junctions, such as AJs and TJs, 
weak and transient cell–cell adhesions are found between blood cells and between 
blood cells and vascular endothelial cells. Nectin-2 and nectin-3 are expressed in 
blood cells that lack cadherins. The exact roles of nectins in blood cells remain 
unknown, but they may play roles in transiently formed cell–cell contacts, such as 
those between macrophages and lymphocytes and between leukocytes and vascular 
endothelial cells during  trans -endothelial migration.  
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5.3.2     Necls in Cell Adhesion, Migration, and Proliferation 

 Necl-2 is widely expressed in various tissues and localizes at the basolateral plasma 
membrane of epithelial cells, although it is not at the specialized cell–cell junctions 
such as AJs, TJs, and desmosomes (Shingai et al.  2003 ; Takai et al.  2008a ,  b ). The 
ability of nectin-3 to interact  in cis  with Necl-2 suggests that Necl-2 is recruited to 
the nectin-3-based cell–cell adhesion sites during the formation of AJs (Takai et al. 
 2008a ,  b ). After Necl-2 is assembled to the primordial cell–cell adhesion sites, it 
may be translocated from there to the extrajunctional region of the basolateral 
plasma membrane. The mechanism of segregation of Necl-2 from nectin-3 at the 
plasma membrane is currently unknown. 

 Necl-5 physically and functionally interacts  in cis  with integrin α V β 3  and the 
PDGF receptor and stimulates cell movement by enhancing both integrin α V β 3 - 
and PDGF receptor-induced signalings. Necl-5 co-localizes with integrin α V β 3  and 
the PDGF receptor at peripheral ruffl es and with integrin α V β 3  at focal complexes 
(Minami et al.  2010 ). Necl-5 facilitates the integrin α V β 3 -dependent, PDGF receptor- 
induced activation of Rac, which regulates the formation of peripheral ruffl es and 
focal complexes. Necl-5 is also involved in the contact inhibition of cell movement. 
When two moving cells collide with each other, Necl-5 on the surface of one cell 
interacts  in trans  heterophilically with nectin-3, which may be diffusely distributed 
along the adjacent cell surface, initiating the formation of cell–cell junctions (Ikeda 
et al.  2003 ). This  trans -interaction induces the activation of Cdc42 and Rac (Sato 
et al.  2004 ), which enhances the reorganization of the actin cytoskeleton and 
increases the number of cell–cell adhesion sites. However, because the  trans - 
interaction  of Necl-5 with nectin-3 is transient, Necl-5 is downregulated and endo-
cytosed from the plasma membrane in a clathrin-dependent manner (Fujito et al. 
 2005 ), which reduces cell movement. On the other hand, nectin-3 dissociated from 
Necl-5 is retained on the plasma membrane and subsequently interacts  in trans  with 
nectin-1, which most feasibly interacts  in trans  with nectin-3 (Ikeda et al.  2003 ). 
Then, cadherin is recruited to the nectin-based adhesion sites, eventually establish-
ing AJs. Hence, the cell–cell contact-induced  trans -interaction of Necl-5 with nec-
tin- 3 and the subsequent downregulation of Necl-5 are at least one of the mechanisms 
of the contact inhibition of cell movement (Fujito et al.  2005 ). 

 In addition, Necl-5 enhances the PDGF-induced cell proliferation by shortening 
the period of the G 1  phase of the cell cycle (Kakunaga et al.  2004 ). Necl-5 enhances 
the PDGF-induced activation of the Ras-Raf-MEK-ERK pathway and consequently 
upregulates cyclins D2 and E and downregulates p27Kip1. Necl-5 regulates the 
VEGF-induced angiogenesis by controlling the interaction of VEGF receptor 2 with 
integrin α V β 3  and the VEGF receptor 2-mediated activation of downstream proan-
giogenic and survival signals, including Rap1, Akt, and endothelial nitric oxide 
synthase (Kinugasa et al.  2012 ). 

 Necl-5 also heterophilically interacts  in trans  with DNAM-1/CD226, which 
is expressed in human natural killer cells (Bottino et al.  2003 ). DNAM-1 has 
one extracellular region with two Ig-like loops, one transmembrane region, and 
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one cytoplasmic region. Heterophilic  trans -interactions of CD155/hNecl-5 with 
DNAM-1, poliovirus, and an anti-CD155 monoclonal antibody stimulate the 
 phosphorylation of Necl-5 by Src kinases and recruit SH2-domain-containing 
 tyrosine phosphatase-2 (Oda et al.  2004 ).   

5.4     Nectins and Necls in Neuronal Tissues 

5.4.1     Nectins and Necls at Neuron–Neuron Interactions 

    Nectins and Necls in Synapse Formation 

 Interneuronal synapses are asymmetric homotypic cell–cell adhesions. At the synapses, 
at least two types of intercellular junctions with different functions have been recog-
nized: synaptic junctions (SJs) and puncta adherentia junctions (Fig.  5.3 ). Synaptic 

  Fig. 5.3    Puncta adherentia junctions in neurons. Synapse between a mossy fi ber terminal of a 
granule cell and a dendrite of a pyramidal cell in the CA3 region of the hippocampus contains two 
types of junctions: synaptic junctions and puncta adherentia junctions. Nectin-1 and nectin-3 
asymmetrically localize at the mossy fi ber terminal (presynaptic side) and at the dendrite of pyra-
midal cell (postsynaptic side), respectively, and form the puncta adherentia junctions in coopera-
tion with cadherins       
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junctions are associated with synaptic vesicles that are docked at the  presynaptic active 
zone where Ca 2+  channels localize and with postsynaptic densities (PSDs) that are 
regarded as sites of specifi c receptors to which the neurotransmitter binds. Puncta 
adherentia junctions are not associated with synaptic vesicles or PSDs and appear to be 
similar in ultrastructure to the AJs of epithelial cells. They are regarded as mechanical 
adhesion sites between presynaptic axon terminals and PSDs. At the mossy fi ber syn-
apses, synapses between the mossy fi ber terminals and the dendrites of pyramidal cells 
in the CA3 area of the hippocampus, both synaptic and puncta adherentia junctions, are 
highly specialized and are actively remodeled in an activity-dependent manner (Amaral 
and Dent  1981 ). N-Cadherin and αN- and β-catenins localize symmetrically at both the 
presynaptic and postsynaptic sides of puncta adherentia junctions, whereas nectin-1 
and nectin-3 localize asymmetrically at the presynaptic and postsynaptic sides of puncta 
adherentia junctions, respectively (Mizoguchi et al.  2002 ) (Fig.  5.3 ). Puncta adherentia 
junctions have been regarded as symmetrical junctions on the basis of the morphologi-
cal symmetry and symmetrical distribution of N-cadherin (Mueller and Wimmer  2003 ; 
Shingai et al.  2003 ), but their molecular architecture in this region is asymmetrical, at 
least in part, with regard to nectins (Mizoguchi et al.  2002 ).

   The molecular mechanism of synapse formation is thought to be analogous, in 
part, with that of the epithelial junctions in terms of the localization patterns of the 
junctional proteins. At the primitive synapse, synaptic and puncta adherentia junc-
tions are not morphologically differentiated, but during their maturation membrane 
domain specialization is gradually formed (Amaral and Dent  1981 ). This neural 
membrane domain specialization may have some analogy with that found during 
the formation of the junctional complex in epithelial cells, with respect to the 
dynamic localization patterns of the junctional proteins. We speculate, by analogy 
with the formation of the junctional complex in epithelial cells, that nectins fi rst 
form primordial junctions between dendrites and axons in synaptogenesis and that 
this event is followed by the recruitment of N-cadherin. The components of the 
active zones would then be recruited to the primordial junctions to form active zones 
at the presynaptic side. At the postsynaptic side, the components of PSDs would be 
assembled and membrane receptors would be transported there. The nectin and 
 cadherin systems may serve as membrane cues for the assembly of these compo-
nents. The membrane domains, comprising synaptic junctions and puncta adheren-
tia junctions, would then gradually become segregated, followed by a maturation of 
synapses as AJs and TJs are segregated in epithelial cells. Thus, cell–cell adhesions 
in epithelia are symmetric homotypic, while synapses are asymmetric homotypic. 
Of the many molecules involved in synapse formation, afadin is required for syn-
apse formation on dendritic spines in the stratum radiatum of the CA1 region of the 
hippocampus (Beaudoin et al.  2012 ). Afadin regulates spine morphology in coop-
eration with Rap1, which is activated by NMDA receptors (Xie et al.  2005 ). Afadin 
is recruited to the plasma membrane by activated Rap1 and induces spine neck 
elongation, while afadin is dissociated from the membrane by inactive Rap1 and 
induces spine enlargement, suggesting that afadin could be involved in activity-
dependent synaptic plasticity. However, it remains unclear whether these functions 
of afadin are involved in the action of nectins in synapse formation. 

M. Mori et al.



101

 ZO-1 associates with TJs in epithelial cells (Stevenson et al.  1986 ) and binds to 
F-actin. ZO-1 belongs to the membrane-associated guanylate kinase-like homo-
logues (MAGUKs) family (Itoh et al.  1993 ; González-Mariscal et al.  2000 ) and 
plays a key role in the formation and maintenance of TJs in epithelial cells and 
endothelial cells (Hartsock and Nelson  2008 ; Wolburg and Lippoldt  2002 ). In neu-
rons, ZO-1 co-localizes with nectins and cadherins at puncta adherentia junctions 
(Inagaki et al.  2003 ), which suggests that ZO-1 plays a role in the segregation of the 
components of synaptic junctions and puncta adherentia junctions, as is described 
for the role of ZO-1 in epithelial cells (Hogle  2002 ). 

 In addition to nectins, afadin, cadherins, and catenins, neuroligins and neurexins 
have been implicated in synapse formation (Biederer et al.  2002 ; Missler et al. 
 1998 ). Neuroligins and neurexins localize at the presynaptic and postsynaptic sides 
of SJs, respectively (Ushkaryov et al.  1992 ; Song et al.  1999 ). Neuroligins induce 
stable junctions with presynapse-like properties between neurons and neuroligin- 
expressing fi broblasts that are co-cultured with dissociated hippocampal neurons 
(Dean et al.  2003 ; Scheiffele et al.  2002 ). N-Cadherin and neuroligin-1 cooperate to 
control vesicle clustering at nascent synapses (Stan et al.  2010 ). They also in con-
cert regulate the formation of glutamatergic synapses (Aiga et al.  2011 ). The rela-
tionship between the nectin–afadin complex and the neurexin–neuroligin complex 
in synaptogenesis is not known. However, there are at least afadin-dependent and/
or neuroligin-dependent signaling pathways in synaptogenesis (unpublished 
observation). 

 Necls have been reported as Ig-like CAMs at synapses and named SynCAM1-3 
(Biederer et al.  2002 ). Biederer et al. reported that SynCAM1/Necl-2 was specifi -
cally synthesized in mouse brain (Biederer et al.  2002 ), whereas we found that 
Necl-2 was ubiquitously expressed (Kakunaga et al.  2005 ) as reported elsewhere 
(Wakayama et al.  2001 ; Fukami et al.  2002 ; Shingai et al.  2003 ). Presumably, the 
reason caused this inconsistency is that the anti-SynCAM1/Necl-2 Ab used by 
Biederer and coworkers (Biederer et al.  2002 ) may recognize Necl-1 but not Necl-
2. Although they reported that SynCAM1 co-localized with synaptophysin and 
localized at synaptic junctions (Biederer et al.  2002 ), we could not repeat these 
results and the reason for this inconsistency remains unknown. SynCAM1/Necl-2 
in particular has been shown to be involved in synapse formation and remodeling. 
Glutamatergic synaptic transmission is reconstituted between cultured neurons and 
non-neuronal cells co-expressing glutamate receptors with SynCAM1/Necl-2, sug-
gesting that a single type of SynCAM1/Necl-2 as well as the glutamate receptor is 
suffi cient for a functional postsynaptic response (Biederer et al.  2002 ; Sara et al. 
 2005 ). SynCAM1/Necl-2 acts in developing neurons to shape migrating growth 
cones and contributes to the adhesive differentiation of their axo- dendritic contacts 
(Stagi et al.  2010 ). In addition to the involvement in the organization of synapses 
SynCAM1/Necl-2 may recruit both the AMPA receptors and the NMDA receptors 
during synapse formation (Hoy et al.  2009 ). Moreover, Necl-2 may be involved in 
neuronal migration, axon growth, path fi nding, and fasciculation on the axons of 
differentiating neurons in addition to cell adhesion in the neuroepithelium and the 
synapses (Fujita et al.  2005 ). The functions of SynCAM1/Necl-2 are modulated by 
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polysialic acid during integration of proteoglycan NG2-positive glial cells into 
 neural networks (Galuska et al.  2010 ). Overexpression of Necl-2 leads to the upreg-
ulation of CASK and increased Ca 2+ -independent cell adhesion (Giangreco et al. 
 2009 ). CASK is recruited to developing axon terminals by Necl-2 and neurexin/
neuroligin (Kakunaga et al.  2005 ).  

    Nectins and Necls in Synapse Remodeling 

 Spines are dynamic structures that undergo rapid remodeling and experience- 
dependent spine remodeling provides a structural basis for learning and memory 
(Yuste and Bonhoeffer  2001 ). Synaptic activity that induces long-term potentia-
tion, a long-lasting enhancement of synaptic strength, promotes spine enlarge-
ment and new spine formation (Matsuzaki et al.  2004 ). Spine structure and 
synaptic function are closely related (Kasai et al.  2003 ). The mechanisms that 
control the development and remodeling of spiny synapses under normal and 
pathological conditions need to be studied. Immature spines are often thin and 
elongated with fi lopodia; during their maturation, spine length decreases and the 
proportion of mushroom spines increases. The molecular details of how the 
 fi lopodia are formed are still unknown, but they might be formed by the Cdc42 
activated by the  trans -interactions of nectins (Bottino et al.  2003 ; Takai et al. 
 2008a ,  b ). N-Cadherin is involved in the formation of dendritic spines (Amaral 
and Dent  1981 ). It has been reported that scatter factor/hepatocyte growth factor 
and 12- O -tetradecanoylphorbol-13-acetate induce ectodomain shedding of nec-
tin-1, which results in the formation of an extracellular fragment of nectin-1 
(Tsukita et al.  2001 ; Yamada et al.  2004 ). In addition, nectin-1 serves as a sub-
strate for presenilin/γ-secretase in the brain (Kim et al.  2002 ). The extracellular 
fragment of nectin-1 formed by this shedding may bind to dendritic nectin-3 and 
induce the formation of fi lopodia, which would result in changes to spine mor-
phology. In the  afadin  conditionally defi cient mice crossed with camk2a-Cre 
mice, the active zone protein, bassoon, and the postsynaptic density protein, PSD-
95, are accumulated at mossy fi ber-CA3 pyramidal cell synapses, while perfo-
rated PSDs tend to be more frequently observed than in control mice (Majima 
et al.  2009 ). Perforated PSDs are observed in synapses that undergo remodeling 
(Yuste and Bonhoeffer  2001 ). Thus, afadin is likely to regulate the remodeling of 
synapses. Whereas previous studies have advanced our understanding of molecu-
lar mechanisms of synapse formation, molecular mechanisms underlying synaptic 
remodeling remain largely unknown. 

 As the components of heterophilic  trans -synaptic adhesion complexes such as 
a SynCAM1/Necl-2–SynCAM2/Necl-3 complex and a SynCAM3/Necl-1–
SynCAM4/Necl-4 complex, Necls contribute to synapse organization and function 
(Fogel et al.  2007 ). SynCAM1/Necl-2 is also involved in synapse remodeling 
(Robbins et al.  2010 ). Necl-2 contributes to the regulation of synapse number and 
plasticity and impacts how neuronal networks undergo activity-dependent changes. 
Lateral self-assembling of SynCAM1/Necl-2 within the synaptic cleft promotes 
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synapse induction and modulates their structure (Fogel et al.  2011 ). N-Glycosylation 
of SynCAM1/Necl-2 and SynCAM2/Necl-3 differentially affects their binding 
interface and  implicates posttranslational modifi cation as a mechanism to regulate 
 trans -synaptic adhesion (Fogel et al.  2010 ).  

    Nectins and Necls at Contacts Between Commissural 
Axons and Floor Plate Cells 

 In the neural tube, commissural axons grow toward the ventral midline, cross the 
fl oor plate, and then abruptly change their trajectory from the circumferential to the 
longitudinal axis (Fig.  5.4 ). This axon guidance is mediated by the contacts between 
commissural axons and the basal processes of fl oor plate cells. Nectin-1 and nectin-
 3 asymmetrically localize at the commissural axon side and the fl oor plate cell side, 
respectively, of the plasma membranes at their contact sites and play an important 
role in the trajectory of the commissural axons (Okabe et al.  2004a ). In addition to 
the nectin-1 and nectin-3 system, Necls are also involved in the trajectory of com-
missural axons. Necl-3 that is expressed by fl oor plate cells interacts with Necl-2 
that is expressed by commissural axons to mediate a turning response in post- 
crossing commissural axons in the developing chick spinal cord  in vivo  (Niederkofl er 
et al.  2010 ). Cadherins do not localize at the contact sites, while nectins and Necls 
localize there and may serve as CAMs. The weak  trans -interaction between nectins 
and/or Necls, instead of the strong adhesion mediated by cadherins, might be advan-
tageous when commissural axons continuously elongate while they are attached to 
fl oor plate cells.

  Fig. 5.4    Localization and roles of nectins and Necls at the contacts between commissural axons and 
fl oor plate cells in the neural tube. When the commissural axons make cell contacts with the den-
drites of the fl oor plate cells, they extend across the central canal to make shift either to the rostral 
side or to the caudal side. Nectin-3 and Necl-3 on extending axons interact with nectin-1 and Necl-2 
on dendrites of the fl oor plate cells, respectively. Cadherins do not localize at the contact sites       
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5.4.2         Necls at Neuron–Glia Interactions 

 Neurons interact not only with neurons but also with glial cells, such as astrocytes 
and oligodendrocytes. Interaction of neurons with glia is critical for a variety of 
functions in the nervous system, including neural activities and synapse transmis-
sion. Necl-1 is expressed at the contact sites among axons, their terminals, and 
glial cell processes that cooperatively form axon bundles, synapses, and myelin-
ated axons (Kakunaga et al.  2005 ). Necl-1 is likely to serve as a CAM at the non- 
junctional cell–cell contact sites of the nervous tissues. In fact, Necl-1 plays an 
important role in the initial axon-oligodendrocyte recognition and adhesion in 
central nervous system myelination (Park et al.  2008 ). Necl-4 in Schwann cells 
plays an important role in initiating peripheral nervous system myelination as the 
glial binding partner for Necl-1 on the axon (Fig.  5.5 ) (Maurel et al.  2007 ; Spiegel 
et al.  2007 ). Necl-2-mediated glia cell adhesiveness is affected by erbB4 receptor 
activation (Sandau et al.  2011 ). Necl-3 also acts as an adhesion molecule between 
different cell types, interacting with other Necls in the central and peripheral ner-
vous systems (Pellissier et al.  2007 ). Thus, in both the central and peripheral 
nervous systems, Necls are involved in myelination by mediating adhesion among 
different cell type such as neuron and glial cells.

  Fig. 5.5    Myelin sheath of 
the peripheral nerve. Necl-1 
is specifi cally expressed at 
the contact sites among axons 
and glia cell processes that 
form the myelin sheath. 
Necl-4 in the Schwann cells 
plays an important role in 
initiating peripheral nervous 
system myelination as the 
glial binding partner for 
Necl-1 on the axon. At the 
Schwann cell–axon contact, 
Necl-1 on the axon interacts 
 in trans  with Necl-4 on the 
Schwann cell, while at the 
autotypic junctions formed 
between the myelin lamellae 
at the Schmidt–Lanterman 
incisure, Necl-1 interacts  in 
trans  with Necl-4       
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5.5         Nectins in the Auditory Epithelium 

 In the organ of Corti, sensory hair cells and supporting cells are observed. Hair cells 
convert sounds into electrical signals, which are transmitted to the brain. Hair cells 
and supporting cells are highly organized to form a checkerboard-like pattern 
(Kelley  2006 ). However, molecular mechanisms that regulate this characteristic pat-
tern had remained unknown. In the mouse organ of Corti, hair cells and supporting 
cells express nectin-1 and nectin-3, respectively, but both cells possess nectin-2. The 
 trans -interaction between nectin-1 and nectin-3 mediates the heterotypic adhesion 
between these two cell types, as the fi ne mosaic pattern is lost in  nectin - 1 −/− mice 
and  nectin - 3 −/− mice (Togashi et al.  2011 ). Moreover, in these mutant mice, the 
position of the kinocilium and the orientation of stereociliary bundles in hair cells 
are altered (unpublished observation). Thus, the  trans -interaction between nectin-1 
and nectin-3 is critical not only for checkerboard-like pattern formation, but also 
positioning of the kinocilium and stereociliary bundle orientation in hair cells.  

5.6     Nectins and Necls in Diseases 

5.6.1     Nectins and Necls as Viral Receptors 

 Virus interaction with cellular receptors is an essential step for recognition of the 
host cell and for commitment of the virus to initiate infection. Some viruses such as 
herpes virus and poliovirus show a tropism for neurons. Upon peripheral infection 
such viruses may enter the central nervous system and cause massive damage, either 
by direct virus-conferred effects or by immunopathology. Nectin-1 was originally 
isolated as one of the PVR-related proteins and named PRR-1 (Lopez et al.  1995 ). 
Nectin-2 was originally isolated as the murine homologue of human PVR, but 
turned out to be another PVR-related protein and was named PRR-2 (Eberlé et al. 
 1995 ). Neither PRR-1 nor PRR-2 has thus far been shown to serve as a PVR. They 
were later shown to serve as receptors for α-herpes viruses, facilitating their entry 
and intercellular spreading, and renamed HveC and HveB, respectively (Table  5.1 ) 
(Geraghty et al.  1998 ; Spear et al.  2000 ). Human nectin-1 allows entry of all 
α-herpes viruses tested so far, including herpes simplex virus (HSV) types 1 and 2, 
pseudorabies virus, and bovine herpes virus type 1 (Geraghty et al.  1998 ). Human 
nectin-2 can mediate entry of a restricted number of α-herpes viruses (Warner et al. 
 1998 ). The interaction of nectin-1 or nectin-2 with one of the HSV envelope glyco-
proteins recruits other viral glycoproteins to initiate fusion between the viral enve-
lope and a cell membrane, thereby mediating the entry of the viral nucleocapsid into 
the cell (Spear and Longnecker  2003 ). The usual manifestations of HSV disease are 
mucocutaneous lesions. HSV establishes latent infection of neurons in sensory gan-
glia and causes recurrent lesions at the sites of primary infection. In HSV disease, 
the intercellular spreading signifi cantly contributes to the pathogenesis. The interac-
tion of nectin-1 with afadin increases the effi ciency of intercellular spreading, but 
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not the entry, of HSV-1. The E-cadherin–catenin system increases the effi ciency of 
both the entry and intercellular spreading of HSV-1 (Sakisaka et al.  2001 ). Nectin-4 
was recently identifi ed as the epithelial cell receptor for the measles virus (Mühlebach 
et al.  2011 ; Noyce et al.  2011 ). Coupled with recent observations made in measles 
virus-infected macaques, this discovery has led to a new paradigm for how the virus 
accesses the respiratory tract and exits the host. Human Necl-5 (hNecl-5) was origi-
nally isolated as a receptor for poliovirus and was named hPVR (Koike et al.  1990 ; 
Mendelsohn et al.  1989 ). Poliovirus infects susceptible cells through  hNecl-5/
hPVR. It is thought that binding of hNecl-5/hPVR to poliovirus, the outer coat of 
which is an icosahedral protein shell, initiates conformational changes that enable 
the altered virion to bind to membranes and to invade cells even in the absence of 
the receptor (Hogle  2002 ). It is not clear whether the target membrane for entry is 
the plasma membrane or an endosomal membrane. Poliovirus is the causative agent 
of poliomyelitis. The usual manifestations of poliomyelitis disease are the spread 
and replication of virus in the central nervous system, particularly in the motor neu-
rons. The cytoplasmic domain of hNecl-5/hPVR on the surface of endosomes that 
might enclose an intact poliovirion could interact with cytoplasmic dynein and the 
endosomes could be transported in a retrograde direction along microtubules 
through the axon to the neural cell body where replication of poliovirus occurs. It 
remains unknown whether other nectins and Necls serve as viral receptors. Thus, 
nectins and Necls are not only CAMs but also viral receptors and play a critical role 
in the pathogenesis of neurotrophic viral infections. Therefore, nectins and Necls 
could be therapeutic targets or probes as viral receptors. For example, nectin-4 is 
also a tumor cell marker that is highly expressed on the apical surface of many 
adenocarcinoma cell lines, making it a potential target for the oncolytic therapy by 
measles virus (Noyce and Richardson  2012 ).

5.6.2        Nectins in Neurological Diseases 

 Many lines of evidence suggest the association of nectins with pathogenesis of 
various neurological diseases. Mutations in the nectin-1 gene are responsible for 
cleft lip/palate ectodermal dysplasia, Margarita island ectodermal dysplasia and 
Zlotogora-Ogür syndrome, which are characterized by cleft lip/palate, syndactyly, 
mental retardation, and ectodermal dysplasia (Sozen et al.  2001 ; Suzuki et al.  2000 ). 

  Table 5.1    Nectins and Necls 
as viral receptors  

 Nectins/Necls  Viruses 

 Nectin-1  HSV-1, HSV-2, PVR, BHV-1 
 Nectin-2  HSV-2, PVR 
 Nectin-3  Not identifi ed 
 Nectin-4  MV 
 Necl-1, -2, -3, -4  Not identifi ed 
 Necl-5  PVR, BHV-1, PV 
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Impairment of the function of nectin-1 in synapse formation would explain the 
cause of the mental retardation. These phenotypes mainly affect the places where 
nectin-1 is specifi cally expressed (Okabe et al.  2004b ). Mutations in human  nectin- 4 
cause an ectodermal dysplasia–syndactyly syndrome that is characterized by the 
combination of hair and tooth abnormalities, alopecia, and cutaneous syndactyly 
(Brancati et al.  2010 ). Recent genome-wide association studies of various popula-
tions, including Japanese and African Americans, have shown a genetic association 
between single nucleotide polymorphisms (SNPs) in  NECTIN - 2  and late-onset AD 
(Harold et al.  2009 ; Logue et al.  2011 ; Takei et al.  2009 ), and mutations in  NECTIN - 3  
are associated with human ocular disease and congenital ocular defects (Lachke 
et al.  2012 ). A SNP in the 3′UTR region of  NECTIN-2  is one of the 13 genome-
wide signifi cant SNPs that map within or close to the  APOE  (Apolipoprotein E) 
locus on chromosome 19, whose polymorphic expression is widely associated with 
AD (Harold et al.  2009 ). These results suggest that together with a known associa-
tion of APOE with AD, genetic variations in the  NECTIN-2  gene may have implica-
tions for predisposition to this disease. At the synapses in the CA3 area of the 
hippocampus, the number of puncta adherentia junctions is decreased in both  nec-
tin-1 −/− mice and  nectin-3 −/− mice (Honda et al.  2006 ). Furthermore, in the  nectin -
 1 -defi cient mice, there is an abnormal trajectory of mossy fi bers at the stratum 
lucidum of the hippocampus, possibly as a result of impaired puncta adherentia 
junctions. Both the  nectin - 1 −/− mice and  nectin-3 −/− mice show microphthalmia 
and display a separation of the apex–apex adhesion between the pigment and non- 
pigment epithelia of the ciliary body (Inagaki et al.  2005 ).  

5.6.3     Possible Involvement of Nectins and Necls 
in Other Diseases 

 Besides neurological diseases, nectins and Necls may be involved in the pathogen-
esis of various other diseases. Both  nectin-2 −/− mice and  nectin-3 −/− mice exhibit 
the male-specifi c infertility phenotype and have defects in the later steps of sperm 
morphogenesis, exhibiting distorted nuclei and abnormal distribution of mito-
chondria (Bouchard et al.  2000 ; Inagaki et al.  2005 ; Ozaki-Kuroda et al.  2002 ). 
The structure of Sertoli cell–spermatid junctions is severely impaired, and the 
localization of afadin and nectin-3 or nectin-2 is disorganized in the  nectin-2 −/− 
mice and  nectin-3 −/− mice, respectively. In all the cases, the impaired phenotypes 
occur at cell–cell junctions and contacts where the functions of the two nectins are 
not redundant. The heterophilic  trans -interaction of nectins plays a particularly 
important role in maintaining the specialized junctions and contacts between dif-
ferent types of cells. Mice defi cient in nectin-1, nectin-2, or nectin-3 do not appar-
ently show impaired organization of AJs and TJs in tissues where multiple types 
of nectins are expressed, which might indicate that the nectins have overlapping 
functions in these tissues.  Afadin −/− mice are embryonic lethal and show develop-
mental defects at stages around gastrulation, including disorganization of the 
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ectoderm, impaired migration of the mesoderm, and loss of somites and other 
structures that are derived from both the ectoderm and the mesoderm (Ikeda et al. 
 1999 ). In the ectoderm of the mutant mice, the organization of AJs and TJs is 
highly impaired. One reason why  afadin −/− mice show more severe phenotypes 
than nectin- defi cient mice is because afadin does not have family members. Necl-2 
and Necl-5 are likely to contribute to tumorigenesis. Necl-2 serves as a tumor sup-
pressor in human non- small cell lung cancer (Kuramochi et al.  2001 ). Rodent 
Necl-5 was identifi ed as a product of a gene overexpressed in rat and mouse colon 
carcinoma (Chadeneau et al.  1994 ,  1996 ). Necl-5 is expressed at low levels in 
many cells, but its expression level is upregulated in many carcinomas (Ikeda et al. 
 2004 ; Chadeneau et al.  1994 ,  1996 ). Necl-5 is overexpressed in human colorectal 
carcinoma and malignant glioma (Masson et al.  2001 ). Upregulated Necl-5 in can-
cer is responsible at least partly for the enhanced motility and proliferation of 
cancer cells (Ikeda et al.  2003 ,  2004 ).   

5.7     Conclusions and Perspectives 

 Evidence has been accumulated that nectins and Necls are important for various 
aspects of the nervous system physiology, such as synapse formation and remodel-
ing, the trajectory of the commissural axons in the neural tube, myelination, and 
development of the auditory epithelium. However, questions about nectins and 
Necls still remain that include their roles in neuronal circuit formation, synaptic 
plasticity, neuronal cell differentiation, establishment of planar cell polarity in the 
auditory epithelium, and formation of heterotypic cell adhesions in the nervous sys-
tem. Functional analysis combined with fi ne molecular and biological manipula-
tions will answer these questions. For example, the  trans -interaction between 
nectin-1 and nectin-3 may affect the output of the hippocampal mossy fi ber circuit 
by changing the balance of excitatory and inhibitory synaptic transmission. Live 
imaging of hippocampal mossy fi bers by means of a fl uorescent dye will enable us 
to clarify the involvement of nectins and Necls in synapse formation and remodel-
ing after induction of long-term potentiation. Further studies of the relationship 
between structural remodeling and change in functional parameter such as action 
potential fi ring rate and amplitude of synaptic response will provide valuable infor-
mation to help answer how changes in synaptic structures contribute to changes in 
function of neuronal circuits. Moreover, conditional inactivation of afadin, a nectin- 
binding protein, also will help understand further the molecular mechanisms of syn-
apse formation and remodeling. 

 On the other hand, nectins and Necls have been implicated in pathophysiology 
of neurological disorders. Several members of nectins and Necls have been identi-
fi ed as virus receptors. Mutations in the nectin genes can be the causes of heredi-
tary neurological disorders and SNPs in the nectin genes are associated with 
neurodegenerative diseases. To assess the contribution of nectins and Necls in the 
pathogenesis of neuropsychiatric diseases, their signifi cance should be studied at 
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molecular, cellular, and  in vivo  levels. In particular,  in vivo  analysis is important to 
clarify the initiation and progression of disease processes precisely. Fortunately, 
 nectin-1 −/−,  nectin-2 −/−,  nectin-3 −/−,  Necl-2/SynCAM1 −/−,  Necl-4 −/−,  Necl-5 −/− 
mice have been already generated. Such mouse models would be powerful tools to 
advance our understanding of the signifi cance of nectins and Necls in pathophysi-
ology of neurological disorders.     
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