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ABSTRACT

The medial habenula (MHDb), implicated in stress, depression, memory, and
nicotine withdrawal syndromes, receives septal inputs and sends efferents to
the interpeduncular nucleus. We previously showed that the
immunoglobulin-like cell adhesion molecules nectin-2a and nectin-20 are
expressed in astrocytes in the brain, but their expression in neurons remains
unknown. We showed here by immunofluorescence microscopy that
nectin-20, but not nectin-20, was prominently expressed in the cholinergic
neurons in the developing and adult MHbs and localized at the boundary
between the adjacent somata of the clustered cholinergic neurons where the
voltage-gated A-type K" channel Kv4.2 was localized. Analysis by
immunoelectron microscopy on this boundary revealed that Kv4.2 was
localized at the membrane specializations with plasma membrane darkening
in an asymmetrical manner, whereas nectin-2a was localized on the apposed
plasma membranes mostly at the outside of these membrane specializations,
but occasionally localized at their edges and insides. Nectin-2a at this
boundary was not colocalized with the nectin-2a-binding protein afadin,
other cell adhesion molecules, or their interacting peripheral membrane
proteins, suggesting that nectin-2a forms a cell adhesion apparatus different
from the Kv4.2-associated membrane specializations. Genetic ablation of
nectin-2 delayed the localization of Kv4.2 at the boundary between the
adjacent somata of the clustered cholinergic neurons in the developing MHb.
These results revealed the unique localization of nectin-2a and its regulatory

role in the localization of Kv4.2 at the membrane specializations in the MHb.

Keywords: Nectin, Kv potassium channel, cell adhesion, habenula, cholinergic

neuron
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1| INTRODUCTION

The habenula is a bilateral structure which is located in the dorsal end of the
diencephalon and faces to the third ventricle (Figure la,b). It consists of the
medial habenula (MHb) and the lateral habenula (LHb). The MHb primarily
receives afferents from the triangular septum and the medial septal complex (the
medial septum and the nucleus of diagonal band) and projects efferents almost
exclusively to the interpeduncular nucleus (IPN) in the midbrain through the
fasciculus retroflexus (Carlson, Noguchi, & Ellison, 2001; Herkenham & Nauta,
1977, 1979). The MHD responds to glutamate, which is produced in the triangular
septum, and y-aminobutyric acid (GABA), which is produced in the medial septal
complex (Qin & Luo, 2009), and releases three neurotransmitters in the IPN:
acetylcholine, glutamate, and substance P, which are produced in the MHb
(Carlson et al., 2001; Herkenham & Nauta, 1979). The IPN projects efferents to
the ventral tegmental area and the raphe nuclei and regulates dopamine and
serotonin levels, respectively (Balcita-Pedicino, Omelchenko, Bell, & Sesack,
2011; Cuello, Emson, Paxinos, & Jessell, 1978; Groenewegen, Ahlenius, Haber,
Kowall, & Nauta, 1986). Thus, the MHb is a relay nucleus connecting the basal
forebrain with the midbrain nuclei and regulating the activities of these
monoaminergic neurons (Christoph, Leonzio, & Wilcox, 1986; Nishikawa, Fage,
& Scatton, 1986; Nishikawa & Scatton, 1985; Wang & Aghajanian, 1977). The
MHb is implicated in stress, depression, memory, and nicotine withdrawal
syndromes (Kobayashi et al., 2013; Mathuru & Jesuthasan, 2013; Molas, DeGroot,
Zhao-Shea, & Tapper, 2017; Shumake, Edwards, & Gonzalez-Lima, 2003).

The MHb is divided into five subnuclei depending on their topographic
positions: the superior part (MHbS), the ventral region of the inferior part (MHbDI),
the lateral part (MHbL), the dorsal region of the central part (MHbCd), and the
ventral region of the central part (MHbCv) (Figure 1b) (Aizawa, Kobayashi,
Tanaka, Fukai, & Okamoto, 2012; Andres, von Diiring, & Veh, 1999). The MHbS
exclusively produces glutamate; the MHbCd produces both glutamate and
substance P; and the MHbI, the MHbCv, and the MHbL produce both glutamate
and acetylcholine (Aizawa et al., 2012). The MHb abundantly expresses the
nicotinic acetylcholine receptors: the whole regions of the ventral MHb (MHbI,
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MHbCv, MHbL) express the a3 and B4 subunits of the nicotinic acetylcholine
receptor, while the some, but not all, regions of the ventral MHb express the a6,
B2, B3, and o4 subunits (Shih et al., 2014). The MHb also expresses high
concentrations of the GABA receptors (Bischoff et al., 1999; Charles et al., 2001;
Durkin, Gunwaldsen, Borowsky, Jones, & Branchek, 1999; Wang, Gong, Luo, &
Xu, 2006). The MHb expresses the glutamate receptors, but their distribution in
each subnucleus remains unknown (Gall, Sumikawa, & Lynch, 1990; Khan et al.,
2000).

The immunoglobulin-like cell adhesion molecules nectins play roles in cell
adhesion, proliferation, differentiation, survival, and migration (Takai, Ikeda,
Ogita, & Rikitake, 2008a; Takai, Miyoshi, lkeda, & Ogita, 2008b). They are
further involved in cellular patterning, such as checkerboard patterning of hair and
supporting cells of the auditory epithelium in the organ of Corti in the inner ear,
and the olfactory neurons and supporting cells in the olfactory epithelium of the
nasal cavity (Katsunuma et al., 2016; Togashi et al., 2011). Nectins comprise a
family with four members (nectin-1, nectin-2, nectin-3, and nectin-4) and further
comprise a superfamily with the nectin-like molecule (Necl) family with five
members (Necl-1, Necl-2, Necl-3, Necl-4, and Necl-5) (Takai et al., 2008a; Takai
et al., 2008b). Necls also show a variety of cell functions, including cell adhesion,
migration, proliferation, differentiation, and survival. All members of the nectin
superfamily have three extracellular immunoglobulin-like domains, a single
transmembrane region, and a cytoplasmic region. The extracellular region of
nectins or Necls on a cell interacts in trans with the same or different members of
the nectin superfamily on the adjacent cell to form cell-cell adhesion. The
cytoplasmic region of nectins binds the actin filament-binding protein afadin and
is associated with the actin cytoskeleton, whereas that of Necls does not bind
afadin.

In the brain, nectin-1 and nectin-3 are localized at the puncta adherentia
junctions of hippocampal mossy fiber synapses, which are formed between the
axons of the dentate granule cells and the dendrites of the pyramidal cells in the
CA3 region of the hippocampus (Mizoguchi et al., 2002). Nectin-1 and nectin-3
are asymmetrically localized at the pre-synaptic and post-synaptic sides,
respectively, whereas afadin and N-cadherin are symmetrically localized at both

the pre-synaptic and post-synaptic sides (Mizoguchi et al., 2002). This
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asymmetric localization of nectin-1 and nectin-3 is involved in the selective
interaction of axons and dendrites cooperatively with afadin and N-cadherin
(Togashi et al., 2006). Nectin-1 is implicated in contextual fear memory
consolidation in the hippocampus (Fantin, van der Kooij, Grosse, Krummenacher,
& Sandi, 2013), whereas nectin-3 is implicated in cognitive impairment induced
by stress via corticotropin-releasing hormone receptor 1 on the hippocampal CA3
pyramidal cells (Wang et al.,, 2013). Nectin-1 and nectin-3 are expressed in
Cajal-Retzius cells and neocortical projection neurons, respectively, in the
developing brain, and the nectin-1- and nectin-3-mediated interaction between
Cajal-Retzius cells and migrating neurons is critical for radial migration of
neurons cooperatively with afadin and N-cadherin (Gil-Sanz et al., 2013). In
addition, nectin-1 is localized independently of afadin or cadherins at the contacts
between the lateral dendrites of the mitral cells in the developing olfactory bulb
and homophilically frans-interacts with each other to form a novel type of
cell-cell adhesion apparatus, named “nectin-1 spot”, which is distinct from the
thus far identified cell-cell adhesion apparatuses, such as puncta adherentia
junctions, adherens junctions, tight junctions, desmosomes, and gap junctions
(Inoue et al., 2015). The nectin-1 spot regulates branching of the lateral dendrites
of the mitral cells (Fujiwara et al., 2015). Mutations in the NECTINI gene are
responsible for an autosomal recessive cleft lip/palate ectodermal dysplasia
syndrome, also called Zlotogora—Ogur syndrome and Margarita Island ectodermal
dysplasia (Suzuki, Bustos, & Spritz, 1998; Suzuki et al., 2000). The clinical
characteristics include cleft lip/palate, hidrotic ectodermal dysplasia,
developmental defects in the hands, and intellectual disability in some cases
(Suzuki et al., 2000).

In contrast to nectin-1 and nectin-3, nectin-2 has not been well characterized
in the brain. Nectin-2, also termed as poliovirus receptor related 2 or CD112, has
two splice variants, nectin-2a (a shorter variant) and nectin-26 (a longer variant),
and both transcripts are ubiquitously expressed in the tissues and organs of the
mouse and the human (Aoki et al., 1997; Eberl¢é, Dubreuil, Mattei, Devilard, &
Lopez, 1995). The amino acid sequences of the extracellular regions excluding the
juxtamembrane region consisting of 12 amino acids are the same between these
two mouse variants, whereas those of the other regions, including the

juxtamembrane regions, the transmembrane regions, and the intracellular regions,
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are different between them (Eberlé et al., 1995). The nectin-2 gene was originally
cloned as a murine homolog of the poliovirus receptor gene (Morrison &
Racaniello, 1992), but its gene product was later shown to serve as an entry
receptor for herpes simplex virus (Warner et al., 1998). In the preceding study, we
showed that nectin-2a is expressed in both cultured mouse neurons and astrocytes
whereas nectin-26 is selectively expressed in cultured astrocytes (Miyata et al.,
2016). In immunofluorescence microscopy on the mouse brain, nectin-2o and/or
nectin-29 (nectin-20/9) is observed intensively in the pia mater, walls of the lateral
ventricles, the choroid plexus, and the habenula in the forebrain. Nectin-20/0 is
also observed around the blood vessels to a lesser extent. Nectin-29, but not
nectin-2a, is localized at the adhesion sites between adjacent cultured astrocytes,
but it is localized on the plasma membrane of the perivascular astrocytic endfoot
processes facing the basement membrane of blood vessels in the brain. Genetic
ablation of nectin-2 causes degeneration of perivascular astrocytic endfoot
processes and neurons in the cerebral cortex during adulthood (Miyata et al.,
2016). These results uncovered for the first time the localization and functions of
nectin-2 in the brain.

Extending this earlier study, we investigated here the subcellular
localization of nectin-2 in the mouse habenula and showed that nectin-2a, but not
nectin-29, was prominently expressed in the developing and adult MHbs and that
nectin-2a was localized at the boundary between the adjacent somata of the
clustered cholinergic neurons and at the synaptic regions (Figure lc—e). It was
previously shown that the membrane specializations (MSs) are observed at the
boundary between the adjacent somata of the unidentified neurons in the MHb
and that the voltage-gated A-type K* channels, Kv4.2 and Kv4.3, are localized at
the MSs of these clustered neurons (Kollo, Holderith, & Nusser, 2006). Kv4.2 and
Kv4.3 belong to the family of the voltage-gated A-type K" channel with rapid
activation and inactivation, resulting in transient A-type K current (Birnbaum et
al., 2004). The physiological function of the MSs or these voltage-gated A-type
K" channels in the MHb remains unknown. We investigated here nectin-2a. at the
boundary between the adjacent somata of the clustered cholinergic neurons, but
not nectin-2a. at the synaptic regions, in the MHb, and showed that the
Kv4.2-associated MSs are localized at the adjacent somata of the clustered

cholinergic neurons in the adult MHb and that nectin-2a was localized at the
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apposed plasma membranes mostly at the outside of these MSs, but occasionally
localized at their edges and insides. In addition, we showed here that nectin-2a
and Kv4.2 were colocalized at the boundary between the somata of the clustered
cholinergic neurons in the developing MHb as well as in the adult MHb and that
nectin-2a regulated the localization of Kv4.2 at the MSs in the developing MHb.

2 | MATERIALS AND METHODS

2.1 | Animals

C57BL/6J mice were purchased from CLEA Japan (Tokyo, Japan).
Nectin-2-deficient (aka, nectin2™!S™/mISmu)y and  nectin-2-heterozygous (aka,
nectin2*/™5™) mice (Mueller, Rosenquist, Takai, Bronson, & Wimmer, 2003;
Ozaki-Kuroda et al., 2002) were maintained on a C57BL/6J background. In the
nectin2™'S™ allele, the PB-galactosidase gene was knocked-in. Therefore the
B-galactosidase protein was expressed in the nectin-2-heterozygous mice and in
the nectin-2-deficient mice. The day of birth was defined as postnatal day 0 (P0).
All animal experiments were performed in accordance with the guidelines of the
institution and approved by the administrative panel on laboratory animal care of
Kobe University. This study was approved by the president of Kobe University
after being reviewed by the Kobe University Animal Care and Use Committee
(approval number: 24-03-04), and animal experiments were conducted in

accordance with the regulations for animal experimentation of Kobe University.

2.2 | Antibody characterization

The primary antibodies (Abs) used in this study are listed in Table 1. They were
characterized as follows. Rat anti-nectin-20/6 monoclonal Ab (mAb) (RRID:
AB 590848) recognized 56-kDa and 68-kDa bands in Western blotting of mouse
heart and brain (Aoki et al., 1997; Miyata et al., 2016; Shiotani et al., 2017).
Specificity was verified by Western blotting of the wild-type and

nectin-2-deficient mouse hearts and cultured astrocytes and by
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immunohistochemistry on the wild-type and nectin-2-deficient mouse hearts and
brains (Miyata et al., 2016; Satomi-Kobayashi et al., 2009). Rat anti-nectin-3
mAb (RRID: AB 592587) recognized a 90-kDa band in Western blotting of
mouse brain (Miyata et al., 2016; Satoh-Horikawa et al., 2000; Shiotani et al.,
2017). Specificity was verified by Western blotting of the wild-type and
nectin-3-deficient mouse brains and by immunohistochemistry on the wild-type
and nectin-3-deficient mouse brains (Honda et al., 2006). Rabbit anti-Necl-1
polyclonal Ab (pAb) recognized a 45-kDa band in Western blotting of mouse
brain (Kakunaga et al., 2005; Shiotani et al., 2017). Specificity was verified by
Western blotting of the cultured wild-type L cells and the cultured L cells stably
expressing mouse Necl-1 (Kakunaga et al, 2005). Rat anti-Necl-5 mAb
recognized a 100-kDa band in Western blotting of mouse brain (Shiotani et al.,
2017). Specificity was verified by Western blotting of the cultured wild-type L
cells and the cultured L cells stably expressing mouse Necl-5 and by
immunocytochemistry of the cultured wild-type and Necl-5-knockdown NIH3T3
cells (Ikeda et al., 2003; Minami et al., 2010). Rabbit anti-l-afadin pAb (RRID:
AB 257881) recognized a 205-kDa band in Western blotting of rat brain (Mandai
et al., 1997). Specificity was verified by Western blotting of the wild-type and
afadin-knockout embryonic stem cells (Ikeda et al., 1999) and the wild-type and
afadin conditional knockout mouse brains and by immunohistochemistry on the
wild-type and afadin conditional knockout mouse brains (Toyoshima et al., 2014;
Yamamoto et al., 2013). Rabbit anti-Necl-3 pAb recognized a 60-kDa band in
Western blotting of mouse brain (Shiotani et al., 2017). Specificity was verified
by Western blotting of the cultured mouse endothelial cells and the cultured
mouse Necl-3-transfected HEK293 cells (Yamana et al., 2015). The Abs listed
below were purchased from commercial sources. Mouse anti-NeuN mAb (EMD
Millipore, Billerica, MA; Cat# MAB377X, RRID: AB 2149209) recognized
48-kDa and 46-kDa bands in Western blotting of mouse brain. Specificity was
verified by Western blotting of various tissues (Mullen, Buck, & Smith, 1992).
Rabbit anti-nectin-26 mAb (abcam, Cambridge, UK; Cat# ab135246) recognized
a 58-kDa protein in Western blotting of mouse brain. Specificity was verified by
Western blotting of the wild-type and nectin-2-deficient mouse hearts and
cultured astrocytes and by immunohistochemistry on the wild-type and

nectin-2-deficient mouse brains (Miyata et al., 2016). Goat anti-choline
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acetyltransferase (ChAT) pAb (EMD Millipore, Cat# AB144P, RRID:
AB_11214092) recognized a 68-kDa band in Western blotting of postmortem
human brain (Grosman, Lorenzi, Trinidad, & Strauss, 1995). Specificity was
verified by Western blotting of the wild-type and mouse ChAT-transfected
cultured COS-1 cells (Rathenberg, Gartner, Koenen, & Witzemann, 2002). Mouse
anti-B-galactosidase mAb (Promega, Fitchburg, WI; Cat# Z3781, RRID:
AB 430877) recognized a 116-kDa band in Western blotting of the wild-type and
[-galactosidase-expressing transgenic mouse brains. Specificity was verified by
Western blotting of the wild-type and [B-galactosidase-expressing transgenic
mouse brains (Jurado-Arjona, Llorens-Martin, Avila, & Hernandez, 2016). Mouse
anti-bassoon mAb (Enzo Life Sciences, East Farmingdale, NY; Cat#
ADI-VAM-PS003, RRID: AB 10618753) recognized a 400-kDa band in Western
blotting of the cultured SH-SYSY cells (Mandemakers et al., 2013). Specificity
was verified by immunohistochemistry on the wild-type and Bsn-deficient mouse
retinas (Dick et al., 2003). Rabbit anti-Kv4.2 pAb (Alomone Labs, Jerusalem,
Israel; Cat# APC-023, RRID: AB 2040176) recognized a 73-kDa band in
Western blotting of mouse brain (Arroyo, Kim, Biehl, Yeh, & Bett, 2011).
Specificity was verified by immunohistochemistry on the human myometrium
(Novakovi¢ et al., 2015). Chicken anti-Necl-2 mAb (MBL, Nagoya, Japan; Cat#
CMO004-3, RRID: AB 592783) recognized 90-kDa and 80-kDa bands in Western
blotting of mouse brain. Specificity was verified by Western blotting of the
wild-type and Necl-2-knockdown cultured hippocampal neurons (Yamada et al.,
2013). Rat anti-nectin-1 mAb (MBL, Cat# D146-3, RRID: AB 590847)
recognized a 90-kDa band in Western blotting of mouse brain (Miyata et al.,
2016; Shiotani et al., 2017). Specificity was verified by Western blotting of the
wild-type and nectin-1-deficient mouse brains and by immunohistochemistry on
the wild-type and nectin-1-deficient mouse brains (Honda et al., 2006). Goat
anti-nectin-4 pAb (R&D Systems, Minneapolis, MN; Cat# AF2659, RRID:
AB 416659) recognized a 66-kDa band in Western blotting of the of pregnant
mouse mammary epithelium (Kitayama et al., 2016). Specificity was verified by
Western blotting of the wild-type and mouse nectin-4-transfected cultured COS-1
cells (Noyce et al., 2011). Mouse anti-Necl-4 mAb (NeuroMab, Davis, CA; Cat#
75-247, RRID: AB 10676101) recognized a 55-kDa band in Western blotting of
mouse brain (Shiotani et al., 2017). Specificity was verified by Western blotting

10
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of the wild-type and Necl-4-knockdown cultured Caco-2 cells (Sugiyama et al.,
2013). Mouse anti-N-cadherin mAb (BD Biosciences, San Jose, CA; Cat# 610921,
RRID: AB 398236) recognized a 130-kDa band in Western blotting of mouse
brain (Shiotani et al., 2017). Specificity was verified by immunohistochemistry on
the mammary glands of the control and Cdh2-knockin mice (Kotb, Hierholzer, &
Kemler, 2011). Rat anti-P-cadherin mAb (Takara Bio, Shiga, Japan; Cat# M109)
recognized a 118-kDa band in Western blotting of the cultured PSAS-E cells.
Specificity was verified by Western blotting of the cultured trypsin-treated
PSAS-E cells in the presence of Ca** or EGTA (Nose & Takeichi, 1986). Mouse
anti-cadherin-13 mAb (Santa Cruz Biotechnology Inc., Cat# sc-166875, RRID:
AB 10612090) recognized a broad band of 130-kDa in Western blotting of the
human cadherin-13-transfected cultured cells. Specificity was verified by Western
blotting of the wild-type and human cadherin-13-transfected cultured cells. Rabbit
anti-B-catenin pAb (Sigma-Aldrich, St. Louis, MO; Cat# C2206, RRID:
AB 476831) recognized a 90-kDa band in Western blotting of mouse brain
(Shiotani et al., 2017). Specificity was verified by Western blotting of the
wild-type and B-catenin-knockdown cultured glial progenitor cells (He & Shen,
2009). Mouse anti-p120-catenin mAb (BD Biosciences, Cat# 610134, RRID:
AB 397537) recognized a 110-kDa band in Western blotting of mouse brain
(Shiotani et al., 2017). Specificity was verified by Western blotting of the
wild-type and pl120-catenin-knockdown cultured A431 cells (Davis, Ireton, &
Reynolds, 2003). Rat anti-E-cadherin mAb (ECCD2) was kindly provided by Dr.
Masatoshi Takeichi (RIKEN CDB, Kobe, Japan). The mAb recognized a 124-kDa
band in Western blotting of the cultured F9 cells (Shirayoshi, Nose, Iwasaki, &
Takeichi, 1986). Specificity was verified by Western blotting of the cultured
E-cadherin-positive cell line MCF-7 and the cultured E-cadherin-negative human
breast cancer cell line MDA-MB-231 (Mbalaviele et al., 1996). The
anti-cadherin-§ mAb (CADS-1, RRID: AB 2078272) developed by Dr.
Masatoshi Takeichi (RIKEN CDB) was obtained from the Developmental Studies
Hybridoma Bank (Iowa City, IA). The mAb recognized a 135-kDa band in
Western blotting of mouse prefrontal cortex and striatum (Friedman et al., 2015).
Specificity was verified by Western blotting of the wild-type and cdh8-deficient
mouse spinal cords (Suzuki et al., 2007). For immunofluorescence microscopy,

primary Abs were visualized using goat or donkey fluorochrome-conjugated

11
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secondary Abs. The fluorochromes used were Alexa Fluor 488, 555, 568, and 647
(Thermo Fisher Scientific, Waltham, MA). For nuclear counter staining, 1 pg/ml
4’ ,6-diamidino-2-phenylindole (DAPI) (Nacalai Tesque, Kyoto, Japan) or 1 uM
DRAQS5 (Biostatus, Leicestershire, United Kingdom, Cat# DR50050, RRID:
AB 2314341) was used.

2.3 | Immunofluorescence microscopy

Immunofluorescence microscopy was performed as described previously
(Toyoshima et al., 2014). In brief, mice were deeply anesthetized and
transcardially perfused at room temperature with 1 x Hanks’ Balanced Salt
Solution with Ca?" and Mg*" (HBSS; Thermo Fisher Scientific) containing 10
mM HEPES, 1 mM sodium pyruvate, 4% sucrose, heparin, and protease inhibitor
cocktail (cOmplete Mini; Roche Diagnostics, Mannheim, Germany), followed by
perfusion of 2% paraformaldehyde (PFA) in the abovementioned HBSS-based
buffer. After dehydration with 30% sucrose in phosphate buffered saline, whole
brains were embedded in OCT compounds (Sakura Finetek, Tokyo, Japan).
Cryostat sections were incubated at 62°C for 20 min in HistoVT One antigen
retrieval solution (Nacalai Tesque) and then incubated with 1% bovine serum
albumin, 10% normal goat serum, and 0.25% Triton X-100 in phosphate buffered
saline at room temperature for 30 min. The sections were stained with the
indicated Abs, and then with appropriate fluorophore-conjugated secondary Abs
(1:600). Confocal image acquisition was performed on a C2 confocal
laser-scanning microscope (Nikon, Tokyo, Japan) using a 20%/0.75 or 40%/0.95
objective lens (Plan Apo numerical aperture water immersion objective lens
(Nikon)). Images captured on the C2 confocal laser-scanning microscope were

analyzed using NIS Elements acquisition software (Nikon).

2.4 | Immunoelectron microscopy

Immunoelectron microscopy was performed using the silver-enhanced
immunogold method as previously described (Mizoguchi et al., 2002; Omiya et
al., 2015). Deeply anesthetized mice were transcardially perfused with 1 x HBSS
with Ca?* and Mg?* containing 10 mM HEPES, 1 mM sodium pyruvate, 4%

12
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sucrose, and 4% or 2% PFA. After postfixation, the brains were soaked in the
cacodylate-buffered solution containing 2 mM CaClz, 30% sucrose, and cOmplete
Mini protease inhibitor cocktail tablets (Roche Diagnostics) at 4°C overnight. The
samples were viewed by the JEOL 1011 or the JEM 1400 electron microscopy
(JEOL, Tokyo, Japan). For double staining immunoelectron microscopy, the rat
anti-nectin-20/0 mAb, which recognizes the extracellular regions of nectin-2a and
nectin-20, and the rabbit anti-Kv4.2 pAb, which recognizes the cytoplasmic
region of Kv4.2, were mixed and used as a primary Ab. This mixed primary Ab
was visualized by a mixture of anti-rat and anti-rabbit immunogold particles.
Because it was confirmed that the single staining immunoelectron microscopy for
the anti-nectin-20/6 mAb or the anti-Kv4.2 pAb detected almost exclusive
localization of immunogold particles at the intercellular or intracellular spaces,
respectively, at the apposed plasma membranes, the immunogold signals located
at the extracellular or intracellular spaces were regarded as those labeled by the
anti-nectin-20/0 mAb or anti-Kv4.2 pAb, respectively, with the mixed primary
Ab.

2.5 | High-resolution immunofluorescence microscopy

High-resolution immunofluorescence microscopy was performed with the
FV3000 confocal laser-scanning microscope (Olympus, Tokyo, Japan) using a
40%/0.90 or 60x%/1.35 objective lens. For quantitative analysis of the signal for
Kv4.2 at the boundary between the adjacent somata of the clustered cholinergic
neurons, the z-stack image was obtained from the five images taken at every 0.5
um. Then, the intensity of the linear signal for Kv4.2 at the boundary between the
clustered neurons was analyzed by the cellSens software (Olympus) and the
ImageJ software. Neurons were defined as cells of which nuclei were larger than 5
pm. When the intensity of the signal for Kv4.2 at the boundary showed more than
twice the cytoplasmic background intensity, the boundary was considered as a
Kv4.2-positive boundary. Then, the percentage of the neurons with

Kv4.2-positive boundaries was calculated.

2.6 | Statistical analysis
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Statistical analysis of the difference between two mean values was performed
with the two-tailed, unpaired Student’s #-test. The criterion for statistical

significance was set at p < 0.05. All values are reported as the mean + s.e.m.

3| RESULTS

3.1 | Expression and localization of nectin-2a in the adult MHb

We first performed immunofluorescence microscopy on the brain sections from
adult mouse at P56 using the mAb against the extracellular regions of nectin-2a
and nectin-26, which recognizes both variants (anti-nectin-20/0 mAb). The
immunofluorescence signal with the anti-nectin-20/6 mAb was prominently
observed in the habenula (Figure 2a,b, arrows). In addition, the signal with the
anti-nectin-20/6 mAb was observed in the choroid plexus in the third, fourth, and
the lateral ventricles (Figure 2a,b, arrowheads), and the inferior olivary nucleus
(Figure 2a, double arrowhead). These results were consistent with the previous
observations (Miyata et al., 2016). The signal with the anti-nectin-2a/6 mAb was
observed in the MHb, but not the LHb (Figure 2c—e). This signal was observed in
the cells showing the signal for NeuN (Figure 2e). This signal was undetectable in
the MHb of the nectin-2-deficient mouse (Figure 2f), indicating that the signal
with the anti-nectin-20/0 mAb in the MHD of the wild-type mouse was specific.
The Ab which specifically recognizes the cytoplasmic region of nectin-2a by
immunofluorescence microscopy was not available, whereas the Ab which
specifically recognizes the cytoplasmic region of nectin-26 (anti-nectin-20 mAb)
was available. Therefore, we next performed immunofluorescence microscopy
with the anti-nectin-20 mAb. The signal with the anti-nectin-26 mAb was not
significantly observed in the MHb or the LHb, although the intense signal was
observed in the choroid plexus and the ependyma (Figure 2g, arrow and
arrowheads). These results indicate that nectin-20, but not nectin-29, is

prominently expressed in the adult MHbD, but not the adult LHb.

3.2 | Localization of nectin-20. at the boundary between the adjacent somata
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of the clustered cholinergic neurons in the adult MHb

To determine the precise localization of nectin-2a in the adult MHb, we
performed immunofluorescence microscopy with a higher magnification on the
MHbD using the anti-nectin-20/0 mAb (Figure 3a—e). The immunofluorescence
signal for nectin-2a showed two different staining patterns: one is linear and the
other is punctate (Figure 3b—e, arrowheads and arrows). The linear pattern was
observed mainly in the MHbI and the MHbCv, whereas the punctate pattern was
observed mainly in the MHbS and randomly in other whole regions of the MHb.
The signal for the linear pattern was observed near the signal for DAPI (Figure
3f—i, arrows), suggesting that the signal for nectin-2a with this linear pattern was
localized near the neuronal somata. It is noted that the signal for DAPI was
clustered, indicating that the neuronal somata expressing nectin-2a were clustered.
When the cholinergic neurons were identified with the anti-ChAT pAb, the
cholinergic neurons were clustered and the signal for nectin-2a with the linear
pattern was observed at the adjacent somata of these clustered cholinergic neurons
(Figure 3f—i, arrows). To identify the origin of the signal for nectin-2a with the
linear pattern, we utilized the nectin-2-heterozygous mouse in which
B-galactosidase was expressed from the nectin-2 knockin allele. The signal for
nectin-2a with the linear pattern was observed at the boundary between the
adjacent somata of the clustered cholinergic neurons in both of which the signal
for B-galactosidase was observed (Figure 3j—1, arrows). In contrast, the signal for
nectin-2a with the punctate pattern in the MHbS and other regions of the MHb
was partly colocalized with the synaptic protein bassoon (Figure 3m—o, arrows).
These results suggest that nectin-2a is localized at the boundary between the
adjacent somata of the clustered cholinergic neurons in the adult MHb, mainly in
the MHbI and the MHbCv, and at the synaptic regions. We focused here on
nectin-2a at the boundary between the adjacent somata of the clustered

cholinergic neurons, but not nectin-2a at the synaptic regions.
3.3 | Immunofluorescence microscopic colocalization of nectin-2a with Kv4.2

at the boundary between the adjacent somata of the clustered cholinergic

neurons in the MHbI and the MHbCv of the adult MHb
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It was previously shown that Kv4.2 and Kv4.3 are localized at the boundary
between the adjacent somata of the neurons in the rat MHbD, although these
neurons were not identified (Kollo et al., 2006). We therefore compared the
distribution of nectin-2a with that of Kv4.2 in the adult mouse MHb using the
anti-nectin-2a/6 mAb and the anti-Kv4.2 pAb, the former of which recognizes the
extracellular regions of nectin-2a00 and nectin-26 whereas the latter of which
recognizes the cytoplasmic region of Kv4.2. Consistent with the previous
observations (Kollo et al., 2006), the immunofluorescence signal for Kv4.2 was
observed as a linear pattern at the boundary between the adjacent somata of the
clustered cholinergic neurons (Figure 4b,c). The signal for nectin-2a was also
observed as a linear pattern at this boundary (Figure 4a,c). Both the signals were
frequently colocalized with each other (Figure 4a—c, arrows), although the signal
for Kv4.2 with the linear pattern was less frequently observed at this boundary
where the signal for nectin-2a was not observed (Figure 4a—c, arrowheads) and
the signal for nectin-2a with the linear pattern was less frequently observed at this
boundary where the signal for Kv4.2 was not observed (Figure 4a—c, double
arrowheads). The average ratios of these three patterns of these signals in three
independent experiments were 44.6 + 6.7% : 29.3 + 5.8% : 26.1 + 2.8%,
respectively, in the MHbI. Essentially the same results were obtained in the
MHDBCv (data not shown). These results indicate that nectin-2a is frequently
colocalized with Kv4.2 at the boundary between the adjacent somata of the
clustered cholinergic neurons in the MHbI and the MHbCv of the adult MHb
although either nectin-2a alone or Kv4.2 alone is less frequently observed at this
boundary. The signal for Kv4.2 in the nectin-2-deficient mouse in which
B-galactosidase was expressed from the nectin-2 knockin allele was not different
from that in the control wild-type mouse (Figure 4d—f, arrows). Essentially the
same results were obtained in the MHbCv (data not shown). These results indicate
that the localization of Kv4.2 at the boundary between the adjacent somata of the
clustered cholinergic neurons in the MHbI and the MHbCv of the adult MHb is

independent of nectin-2a.

3.4 | Immunoelectron microscopically different localization of nectin-2a with
Kv4.2 at the boundary between the adjacent somata of the clustered

cholinergic neurons in the MHDbI of the adult MHb
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We then determined by immunoelectron microscopy the precise localization of
nectin-2a at the boundary between the adjacent somata of the clustered
cholinergic neurons in the MHbI of the adult MHb, where Kv4.2 was localized.
For this purpose, the anti-nectin-20/0 mAb which recognizes the extracellular
regions of nectin-2a and nectin-20 and the anti-Kv4.2 pAb which recognizes its
cytoplasmic region were used. In a low magnification of immunoelectron
microscopy in the MHbI, the immunogold particles for nectin-2a were observed
at the boundary between the adjacent somata of the cholinergic neurons (Figure 5a,
arrows). The somata (Figure 5a, S) were identified by the localization of the
nucleus (Figure 5a, N). This localization of the immunogold particles for
nectin-2ac was confirmed by immunoelectron microscopy with a higher
magnification (Figure 5b, arrows). In these micrographs, the plasma membrane
was not well preserved, but in another micrograph, the plasma membrane was
preserved and the immunogold particles for nectin-20 were observed at the
intercellular spaces of the boundary between the adjacent somata of the
cholinergic neurons (Figure 5c, arrows). These results indicate that nectin-2a is
localized on the apposed plasma membranes at the boundary between the adjacent
somata of the clustered cholinergic neurons in the MHDbI of the adult MHb. On the
other hand, the immunogold particles for Kv4.2 were always localized at the MSs
at the boundary between the adjacent somata of the cholinergic neurons in the
MHBDI in an asymmetrical manner, but occasionally in a symmetrical manner
(Figure 5d, arrowheads). These results were consistent with the previous
observations (Kollo et al., 2006). It is noted that both sides of the apposed plasma
membranes of the MSs was darkened, compared with those of the regions other
than the MSs, raising the possibility that the MSs serve as a cell adhesion
apparatus.

We then performed double immunoelectron microscopy using the mixture
of the anti-nectin-20/60 mAb and the anti-Kv4.2 pAb. Because the anti-nectin-20/0
mADb recognizes the extracellular regions of nectin-2a and the anti-Kv4.2 pAb
recognizes the cytoplasmic region of Kv4.2, the immunogold particles in the
intracellular regions represent the localization of Kv4.2, whereas those in the
extracellular regions represent the localization of nectin-2a. The immunogold

particles for nectin-2a were observed at the intercellular spaces of the apposed
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plasma membranes (Figure Se, arrows). They were mostly observed at the outside
of the MSs where the immunogold particles for Kv4.2 were observed, but
occasionally at the edges and insides of the MSs (Figure Se, arrows and
arrowheads). In addition, a cluster of nectin-2a. with 2-6 immunogold particles
and a cluster of Kv4.2 with 2-6 immunogold particles were localized in an
alternating manner. These results indicate that nectin-2a and Kv4.2 are differently
localized on the apposed plasma membranes at the boundary between the adjacent
somata of the clustered cholinergic neurons in the MHbI of the adult MHb. These
results also indicate that the apparent colocalization of the immunofluorescence
signals for nectin-2a and Kv4.2 at this boundary shown in Figure 4a—c is caused
by the less spatial resolution of the regular confocal microscopy used here than

that of the immunoelectron microscopy.

3.5| No colocalization of nectin-2a. with other cell adhesion molecules and

their interacting proteins except Necl-2 in the adult MHb

Each member of the nectin superfamily homophilically and heterophilically
trans-interacts with each other (Rikitake, Mandai, & Takai, 2012; Takai et al.,
2008a). Nectin-2 homophilically trans-interacts with each other and further
heterophilically frans-interacts with nectin-3. We examined the localization of
other members of the nectin superfamily to determine whether nectin-2a at the
boundary between the adjacent somata of the clustered cholinergic neurons in the
MHDbI and the MHbCyv of the adult MHb homophilically trans-interacts with each
other or heterophilically trans-interacts with other members of the nectin
superfamily and whether cell adhesion molecules (CAMs) other than the nectin
superfamily are colocalized with nectin-2a. The signal for Necl-2 was observed as
a linear pattern in the MHbI, the MHbCv (Figure 6a—c, arrows and arrowheads),
and the MHDL (data not shown) of the adult MHb. The signal for Necl-2 with the
linear pattern was colocalized with that for nectin-2a at 41.7 = 0.9% (n=3) of the
nectin-2a-positive boundary between the adjacent somata of the clustered
cholinergic neurons in the MHbI, the MHbCv, and the MHbL. Thus, the signal for
nectin-2a with the linear pattern was partly colocalized with that for Necl-2 in
these subnuclei, although nectin-2a is known not to tams-interact with Necl-2

(Shingai et al., 2003). The signal for Necl-3 was observed as a linear pattern in the
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MHbCv (Figure 6d—f, arrow) and the medial part of the MHbL (data not shown)
of the adult MHb. The signal for Necl-3 with the linear pattern was observed at
153 £ 2.3% (n=3) of the nectin-2a-positive boundary between the adjacent
somata of the clustered cholinergic neurons in the MHbI, the MHbCv, and the
MHbL. Thus, the signal for nectin-2a with the linear pattern was rarely
colocalized with that for Necl-3 in these subnuclei (Figure 6d—f). The signals for
Necl-1 and Necl-4 were faintly observed near the boundary between the adjacent
somata of the clustered cholinergic neurons in the MHbI of the adult MHb, but
was not colocalized with that for nectin-2a (Figure 6g—1, arrows). The signals for
Necl-1, Necl-2, Necl-3, and Necl-4 were observed in the adult MHb of the
nectin-2-deficient mice were similar to those observed in the adult MHb of the
wild-type mice (data not shown). The signals for other members of the nectin
superfamily, including nectin-1, nectin-3, nectin-4, and Necl-5, were not
concentrated at the boundary between the adjacent somata of the clustered
cholinergic neurons, where the signal for nectin-2a was concentrated, in the MHbI
and the MHbCv of the adult MHbD (data not shown). These results indicate that
nectin-2a is not colocalized with other members of the nectin superfamily except
Necl-2 at the boundary between the adjacent somata of the clustered cholinergic
neurons in the most regions of the MHbI and the MHbCv of the adult MHb,
although nectin-2a is only partly colocalized with Necl-2.

The cytoplasmic tails of nectins bind two splice variants of afadin, I-afadin
and s-afadin (Rikitake et al., 2012; Takai et al., 2008a). I-Afadin has an actin
filament-binding region at the C-terminus whereas s-afadin lacks it. The pAb
which recognizes both l-afadin and s-afadin (anti-I/s-afadin pAb) and the pAb
which recognizes only l-afadin, but not s-afadin, (anti-l-afadin pAb) are available,
whereas the Ab which recognizes only s-afadin, but not l-afadin, is not available
(Mandai et al., 1997). The signal with the anti-l-afadin pAb was not concentrated
in the MHbI and the MHbCv of the adult MHDb (data not shown). The signal with
the anti-l/s-afadin pAb was not concentrated there, either (data not shown). These
results indicate that l-afadin or s-afadin is not colocalized with nectin-2a at the
boundary between the adjacent somata of the clustered cholinergic neurons in the
MHDbI and the MHbCyv of the adult MHb.

None of the signals for other CAMs, such as N-cadherin, E-cadherin,

P-cadherin, cadherin-13, cadherin-8, and their binding proteins B-catenin and
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p120-catenin were not concentrated at the boundary between the adjacent somata
of the clustered cholinergic neurons in the MHbI and the MHbCv (data not
shown). Thus, no CAMs or their binding proteins were not identified to be
colocalized with nectin-2a at the boundary between the adjacent somata of the

clustered cholinergic neurons in the MHbI and the MHbCyv of the adult MHb.

3.6| Different expression of nectin-2a and ChAT in the developing MHb

We next examined whether nectin-2a is required for the localization of Kv4.2 at
the boundary between the adjacent somata of the clustered cholinergic neurons in
the MHb during the developmental stages. We first examined the expression of
nectin-2a and ChAT in the developing MHb, because it has not been investigated
how newly born neurons are differentiated into cholinergic neurons or how the
differentiated neurons migrate and finally attach to each other to cluster in the
developing MHb. For this purpose, we used the nectin-2-heterozygous mouse in
which B-galactosidase was expressed from the mnectin-2 knockin allele. In the
control nectin-2-heterozygous mouse at P1, the immunofluorescence signal for
nectin-2a was observed weakly in the ventral half of the MHb, although the signal
for B-galactosidase was not observed in this area as well as other areas in the MHb
(Figure 7a—d). The reason why the signal for B-galactosidase was not observed in
the whole area of the MHb might be due to the lower expression level of
[-galactosidase than that of nectin-2a and/or due to the lower sensitivity of the Ab
against B-galactosidase than that against nectin-2a used here. The signal for ChAT
was weakly observed in the more ventral area of the MHDb, but not the dorsal area
of the MHD. In the nectin-2-heterozygous mouse at P7, the signals for nectin-2a,
ChAT, and B-galactosidase were all clearly observed in the ventral half of the
MHD where the signal only for nectin-2a was clearly observed at P1 (Figure 7e-h).
However, the signal for ChAT was not observed at some areas where those for
both nectin-2a and B-galactosidase were observed at P7 (Figure 7e—h, arrows). In
the nectin-2-heterozygous mice at P14 and P28, the signal for ChAT was observed
in most areas in which the signals for both nectin-2a. and B-galactosidase were
observed (Figure 7i—p). The signal for each of ChAT and B-galactosidase in the
nectin-2-deficient mice was not different from that in the control

nectin-2-heterozygous mice at the respective developing stages, P1, P7, P14, and
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P28 (data not shown). These results suggest that some newly born neurons in the
more dorsal area in the ventral half of the MHb, which are differentiating into
cholinergic neurons, express nectin-2a, before they express ChAT, although it is
unknown whether this is the case in the more ventral area in the ventral half of the
MHbDb where the signals for both nectin-2a and ChAT were observed at the
developmental stage of P1. In addition, these results also suggest that nectin-2a is

not required for the development of the cholinergic neurons in the MHb.

3.7| Reduced localization of Kv4.2 at the boundary between the adjacent

somata of the cholinergic neurons in the developing nectin-2-deficient MHb

We then compared the localization of nectin-2a and Kv4.2 in the developing MHb
of the nectin-2-deficient mice with that in the developing MHb of the
nectin-2-heterozygous mice at P1, P7, P14, and P28. In the nectin-2-heterozygous
mouse at P1, the immunofluorescence signal for nectin-2a was occasionally
observed at the boundary between the adjacent somata of most ChAT-positive
neurons (Figure 7a—d), but the signal for Kv4.2 was not observed at any areas
(data not shown). In the nectin-2-heterozygous mouse at P7, the signal for
nectin-2a. was more frequently observed at the boundary between the adjacent
somata of most ChAT-positive neurons (Figure 7e—h) and the signal for Kv4.2 was
occasionally observed at the boundary between the adjacent somata of the
B-galactosidase-positive cholinergic neurons (data not shown). In the
nectin-2-heterozygous mouse at P14, the signal for Kv4.2 as well as nectin-2a
was observed at the boundary between the adjacent somata of the neighboring
B-galactosidase-positive cholinergic neurons after P14 (Figure 8a—d, arrowheads).
Essentially the same results were obtained in the nectin-2-heterozygous mouse at
P28 (Figure 8i-1). These results indicate that nectin-2a is localized at the
boundary between the adjacent somata of the clustered cholinergic neurons at the
earlier developmental stages than Kv4.2 in the MHb.

In the nectin-2-deficient mouse, the signal for Kv4.2 was reduced markedly at
P14 and slightly at P28 in the developing MHbs, compared with that for the
nectin-2-heterozygous mice (Figure 8a—p). The reduction of the signal for Kv4.2
was not markedly observed in the nectin-2-deficient mice at P1 and P7, compared

with that for the nectin-2-heterozygous mice (data not shown). This might be due
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to the poor accumulation of Kv4.2 at the boundary between the adjacent somata of
the clustered cholinergic neurons. It was noted that the signal for Kv4.2 was not
significantly different between the nectin-2-heterozygous and nectin-2-deficient
mice at P56 (Figure 4b,c,e,f) and between the wild-type and nectin-2-deficient
mice at P56 (data not shown). To confirm the reduction in the signal for Kv4.2 in
the nmectin-2-deficient mouse at Pl4, we performed high-resolution
immunofluorescence microscopy analysis on the wild-type and nectin-2-deficient
mice at P14 (Figure 9a—h). The signal for Kv4.2 at the boundary between the
adjacent neuronal somata in the primordial region for the MHbCv, the MHbL, and
the lateral part of the MHbI of the wild-type mouse was observed in 85.0 + 5.8%
cells, whereas that of the nectin-2-deficient mouse was observed in about 50.0 +
4.4% cells (Figure 9b,d,f,h,i). These results, together with the results obtained for
the wild-type and nectin-2-deficient mice at P56 (Figure 4b,c,e,f), indicate that
nectin-20. is not essential for, but enhances the localization of Kv4.2 at the
boundary between the adjacent somata of the clustered cholinergic neurons in the

developing MHbD.

4 | DISCUSSION

In the preceding paper, we showed that nectin-20 is localized at the astrocytic
endfoot processes attaching to the vascular basement membrane in adult mouse
brain and that the genetic ablation of nectin-2 displays age- and region-dependent
degeneration including neuron death in the brain (Miyata et al., 2016). We further
showed that both nectin-2a and nectin-20 are expressed in cultured astrocytes
from the mouse cerebral cortex and hippocampus whereas nectin-2a is selectively
expressed in cultured neurons from the mouse hippocampus (Miyata et al., 2016).
However, the localization of nectin-20, in neurons in the mouse brain remained
unknown. We showed here that nectin-2a, but not nectin-28, was prominently
expressed in the MHD, particularly in the MHbI and the MHbCyv, but not in the
LHD, in the adult mouse at P56, where it was localized at the boundary between
the adjacent somata of the clustered cholinergic neurons (Figure 1c—e). We also

showed here that nectin-2a was localized at the synaptic regions, but we focused
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here on nectin-2a at the boundary between the adjacent somata of the clustered
cholinergic neurons and did not further study nectin-2a at the synaptic regions. It
is noted that nectin-2a at the boundary between the adjacent somata of the
clustered cholinergic neurons in the MHbI and the MHbCv was not colocalized
with other CAMs except Necl-2, including nectin-1, nectin-3, nectin-4, Necl-1,
Necl-3, Necl-4, Necl-5, N-cadherin, P-cadherin, E-cadherin, cadherin-13, and
cadherin-8, indicating that nectin-2a has thus far been identified as an only CAM
localized at this boundary. Necl-2 was partly colocalized with nectin-2a in the
MHbI and the MHbCv, although nectin-2a does not heterophilically
trans-interacts with Necl-2 (Shingai et al., 2003). Any of these CAM-interacting
proteins, including l-afadin, B-catenin, and p120-catenin, were not colocalized
with nectin-2a at this boundary. In addition, nectin-2a was concentrated at the
boundary between the adjacent somata of the B-galactosidase-positive cholinergic
neurons of the nectin-2-heterozygous mouse. These results suggest that nectin-2a
at the boundary between the adjacent somata of the clustered cholinergic neurons
in the MHbI and the MHbCv homophilically frans-interacts with each other to
form a cell adhesion apparatus. Three types of nectin-based cell adhesion
apparatuses have thus far been identified: (1) afadin- and cadherin-dependent; (2)
afadin-dependent ~ but  cadherin-independent; and (3) afadin- and
cadherin-independent (Mizutani & Takai, 2016). The third type is named “nectin
spot”: the nectin-1-3 spot between the commissural axons and the floor cell plate
cells in the developing neural tube (Okabe et al., 2004); the nectin-1 spot between
the lateral dendrites of the mitral cells in the developing olfactory bulb (Inoue et
al., 2015); and the nectin-1-4 spot between the luminal and basal cells in the
mammary gland (Kitayama et al., 2016). The properties of the nectin-2a-mediated
cell adhesion apparatus shown here by immunofluorescence microscopy were
similar to those of the nectin spots. Therefore, according to the classification
criteria of the nectin-based cell adhesion apparatuses, this apparatus in the MHb
may be classified into the third type and named tentatively here “nectin-2a spot”,
although the result similar to that obtained for the nectin-1 spot between the
lateral dendrites of the mitral cells in the developing olfactory bulb (Inoue et al.,
2015) has not been obtained by immunoelectron microscopy, because the Ab

which recognizes the intracellular region of nectin-2a was not available.
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In general, the somata of neurons in the brain do not attach to each other,
although axons of one neuron interact with the dendrites, the somata, and the
axons of other neurons to form axodendritic, axosomatic, and axoaxonic synapses,
respectively, and the dendrites of one neuron interact with the dendrites of other
neurons to form dendrodendritic synapses (Kandel, Schwartz, Jessell, Siegelbaum,
& Hudspeth, 2013). However, it was previously shown that the unidentified
neurons are clustered and that their somata are exceptionally attached to each
other in the MHb (Kollo et al., 2006). In addition, it was previously shown that
the Kv4.2-assocaited MSs are localized at the boundary between the adjacent
somata of these clustered neurons in the MHb (Kollo et al., 2006). We confirmed
here these early observations and further showed here (1) that these clustered
neurons were cholinergic neurons; (2) that the MSs were localized at the boundary
between the adjacent somata of the clustered cholinergic neurons; and (3) that the
plasma membrane of the MSs was darkened, compared with that of the regions
other than the MSs. These structures of the MSs suggest that the MSs serve as a
cell adhesion apparatus, but it was previously shown that Kv4.2 is mostly
distributed on the apposed plasma membranes in an asymmetrical manner (Kollo
et al., 2006) and we confirmed here this previous observation. These results
suggest that Kv4.2 is not likely to serve as a CAM at the MSs.

We showed here that nectin-2a was localized mostly at the outside of the
MSs, but occasionally at their edges and insides, and that the genetic ablation of
nectin-2 did not affect the immunofluorescence signal for Kv4.2 at the boundary
between the adjacent somata of the clustered cholinergic neurons in the adult
MHD. These results indicate that nectin-2a is not a CAM for the MSs and does not
regulate the localization of Kv4.2 at this boundary in the adult MHb. It is noted
that Necl-2 is partly colocalized with nectin-2a at this boundary. It remains
unknown whether Necl-2 is the CAM for the MSs, but this possibility is unlikely,
because Necl-2 is not necessarily localized at all the boundary where nectin-2a
and Kv4.2 are localized and Necl-2 does not frans-interact with nectin-2a
(Shingai et al., 2003). Thus, the definitive CAM(s) for the MSs remains
unidentified and it remains unknown how the MSs are formed.

It has not been investigated how newly born neurons are differentiated into
cholinergic neurons or how the differentiated neurons migrate and finally attach to

each other to cluster in the developing MHb. We showed here using the
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nectin-2-heterozygous mice at various developmental stages in which
B-galactosidase was expressed from the nectin-2 knockin allele that at least some
newly born neurons in the more dorsal area of the ventral half of the MHb, which
are differentiating into cholinergic neurons, express nectin-2a, before they express
ChAT. We previously showed that nectin-1 is expressed in the glutamatergic
granule cells of the dentate gyrus whereas nectin-3 is expressed in the
glutamatergic pyramidal cells at the CA3 area in the hippocampus (Mizoguchi et
al., 2002). It is noted that the cholinergic neurons in the MHD specifically express
nectin-2, but not nectin-1 or nectin-3, whereas these hippocampal glutamatergic
neurons selectively express nectin-1 and nectin-3, but not nectin-2 (Miyata et al.,
2016; Mizoguchi et al., 2002).

We further showed here that the signals for nectin-2a and Kv4.2, which
were observed at the boundary between the adjacent somata of the clustered
cholinergic neurons in the adult MHb, were similarly observed in the developing
MHD. In addition, the localization of Kv4.2 at this boundary in the developing
MHD of the nectin-2-deficient mouse was reduced markedly at P14 and slightly at
P28. Because this reduction was not observed in the nectin-2-deficient mouse at
P56, these results indicate that nectin-2a is not essential for, but enhances the
localization of Kv4.2 at the boundary between the adjacent somata of the
clustered cholinergic neurons in the developing MHb. We found here that Kv4.2
and the MSs were always associated with each other at the boundary between the
adjacent somata of the clustered cholinergic neurons of the adult MHb. Therefore,
the results that the immunofluorescence signal for Kv4.2 at this boundary was
reduced in the developing MHbs of the nectin-2-deficient mice at P14 and P28,
suggest that the number and/or the length of the MSs are reduced in these
developing MHbs. We previously showed that nectin first initiates cell-cell
adhesion and then recruits cadherin to the nectin-based cell-cell adhesion sites
through the nectin-binding protein afadin to adherens junctions in many types of
cells including epithelial cells and fibroblasts (Takai et al., 2008a). In addition,
nectin cis-interacts on the same plasma membrane with many growth factor
receptors or integrins through their extracellular regions: nectin-1 cis-interacts
with the FGF receptor (Bojesen et al., 2012) and integrin ovf3 (Sakamoto et al.,
2006); nectin-3 cis-interacts with the PDGF receptor (Kanzaki et al., 2008) and
integrin ovP3 (Sakamoto et al., 2006; Sakamoto, Ogita, Komura, & Takai, 2008);

25



O 0 3 N n B~ W N =

W W NN N N N N N N N N e e e e e e e e
—_— O O 00 NN N R W= O VO 0NN R W N = O

and nectin-4 cis-interacts with the prolactin receptor (Kitayama et al., 2016). In
the cis-interaction of nectin-4 with the prolactin receptor, nectin-4 forms a spot
with frams-interacting nectin-1 at the boundary between the luminal and basal
cells in the mammary gland (Kitayama et al., 2016). Because the
nectin-2a-mediated cell adhesion apparatus is similar to this nectin-1-4 spot,
nectin-2a may directly or indirectly cis-interact with Kv4.2 and/or the unidentified
CAM(s) for the MSs through their extracellular regions, eventually leading to the
formation of the MSs which subsequently attaches the adjacent somata of the
cholinergic neurons in the developing MHb, although it remains unknown
whether nectin-2a cis-interacts with Kv4.2 and/or the unidentified CAM(s) for the
MSs before or after the formation of the MSs. After the formation of the MSs and
the attachment of the adjacent somata of the cholinergic neurons, Kv4.2 and
nectin-2a may be dissociated from each other to be localized at the MSs and
mostly at the outside of the MSs, respectively. The identification of the CAM(s)
for the MSs would be critical to elucidate the mechanisms for the formation of the
MSs, the localization of Kv4.2, and the attachment of the adjacent somata of the
cholinergic neurons in the MHb. Although these mechanisms have not fully been
elucidated here, the present studies revealed the unique localization of nectin-2a
in the MHb and its regulatory role in the localization of Kv4.2 at the boundary
between the adjacent somata of the clustered cholinergic neurons in the
developing MHb.

The NECTIN2 gene was shown to be genetically associated with
Alzheimer’s disease (Harold et al., 2009; Logue et al., 2011; Takei et al., 2009).
The MHD is implicated in stress, depression, memory, and nicotine withdrawal
syndromes (Kobayashi et al., 2013; Mathuru & Jesuthasan, 2013; Molas et al.,
2017; Shumake et al., 2003). Therefore, some MHb-mediated diseases may be
caused by a combination of genetic or epigenetic alternation of the NECTIN2 gene
with some stresses at the developmental stages of the MHb. Further studies are
needed to elucidate the physiological and pathological roles of nectin-2a in the

cholinergic neurons in the MHb.

26



—

O 0 39 N »n bk~ W

—_— = =
w N = O

CONFLICT OF INTEREST

The authors have no conflicts of interest.

AUTHOR CONTRIBUTIONS

All authors had full access to all the data in the study and take responsibility for
the integrity of the data and the accuracy of the data analysis. Study concept and
design: H.S., M.M, A.M., KM., HM., M.W., and Y.T. Acquisition of data: H.S.,
MM, Y.I.,, SW., AK., AM., and M.Y. Analysis and interpretation of data: H.S.,
MM, A M., MY, and K.M. Drafting and critical revision of the manuscript: H.S.,
MM, AM., KM, and Y.T. Obtained funding: A.M., K.M, and Y.T. Study

supervision: Y.T.

27



—
SO0 DN B W N

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

REFERENCES

Aizawa, H., Kobayashi, M., Tanaka, S., Fukai, T., & Okamoto, H. (2012).
Molecular characterization of the subnuclei in rat habenula. The Journal of
Comparative Neurology, 520(18), 4051-4066.
https://doi.org/10.1002/cne.23167

Andres, K. H., von Diiring, M., & Veh, R. W. (1999). Subnuclear organization of
the rat habenular complexes. The Journal of Comparative Neurology,
407(1), 130-150. https://doi.org/10.1002/cne.10566

Aoki, J., Koike, S., Asou, H., Ise, 1., Suwa, H., Tanaka, T., . . . Nomoto, A. (1997).
Mouse homolog of poliovirus receptor-related gene 2 product, mPRR2,
mediates homophilic cell aggregation. Experimental Cell Research, 235(2),
374-384. https://doi.org/10.1006/excr.1997.3685

Arroyo, A., Kim, B. S., Biehl, A., Yeh, J., & Bett, G. C. (2011). Expression of
kv4.3 voltage-gated potassium channels in rat gonadotrophin-releasing
hormone (GnRH) neurons during the estrous cycle. Reproductive Sciences,
18(2), 136-144. https://doi.org/10.1177/1933719110382306

Balcita-Pedicino, J. J., Omelchenko, N., Bell, R., & Sesack, S. R. (2011). The
inhibitory influence of the lateral habenula on midbrain dopamine cells:
ultrastructural evidence for indirect mediation via the rostromedial
mesopontine tegmental nucleus. The Journal of Comparative Neurology,
519(6), 1143-1164. https://doi.org/10.1002/cne.22561

Birnbaum, S. G., Varga, A. W., Yuan, L. L., Anderson, A. E., Sweatt, J. D., &
Schrader, L. A. (2004). Structure and function of Kv4-family transient
potassium  channels.  Physiological  Reviews, 84(3), 803-833.
https://doi.org/10.1152/physrev.00039.2003

Bischoff, S., Leonhard, S., Reymann, N., Schuler, V., Shigemoto, R., Kaupmann,
K., & Bettler, B. (1999). Spatial distribution of GABA(B)R1 receptor
mRNA and binding sites in the rat brain. The Journal of Comparative
Neurology, 412(1), 1-16.
https://doi.org/10.1002/(SICI)1096-9861(19990913)412:1%3C1::AID-CN
E1%3E3.0.CO:2-D

Bojesen, K. B., Clausen, O., Rohde, K., Christensen, C., Zhang, L., Li, S., . . .
Berezin, V. (2012). Nectin-1 binds and signals through the fibroblast
growth factor receptor. The Journal of Biological Chemistry, 287(44),
37420-37433. https://doi.org/10.1074/jbc.M112.345215

Carlson, J., Noguchi, K., & Ellison, G. (2001). Nicotine produces selective
degeneration in the medial habenula and fasciculus retroflexus. Brain
Research, 906(1-2), 127-134.
https://doi.org/10.1016/S0006-8993(01)02570-7

Charles, K. J., Evans, M. L., Robbins, M. J., Calver, A. R., Leslie, R. A., &
Pangalos, M. N. (2001). Comparative immunohistochemical localisation
of GABA(Bla), GABA(B1b) and GABA(B2) subunits in rat brain, spinal
cord and dorsal root ganglion. Neuroscience, 106(3), 447-467.
https://doi.org/10.1016/S0306-4522(01)00296-2

Christoph, G. R., Leonzio, R. J., & Wilcox, K. S. (1986). Stimulation of the lateral
habenula inhibits dopamine-containing neurons in the substantia nigra and
ventral tegmental area of the rat. The Journal of Neuroscience: An Official
Journal of the Society for Neuroscience, 6(3), 613-619.

28



—
SO0 IO DN B W~

DA DDA PMDMDEDREDDPDE D WL L L WL L W W WDRN NNDNDNDNDNDNDNDN o ————
OO0 1IN NPHNWNHOH—LOOWOINNPHANWO—RLOOUWOIANWUNMPNWNO—R,OWOWOIONWUM PN WN—

Cuello, A. C., Emson, P. C., Paxinos, G., & Jessell, T. (1978). Substance P
containing and cholinergic projections from the habenula. Brain Research,
149(2), 413-429.

Davis, M. A., Ireton, R. C., & Reynolds, A. B. (2003). A core function for
pl120-catenin in cadherin turnover. The Journal of Cell Biology, 163(3),
525-534. https://doi.org/10.1083/jcb.200307111

Dick, O., tom Dieck, S., Altrock, W. D., Ammermiiller, J., Weiler, R., Garner, C.
C., . . . Brandstitter, J. H. (2003). The presynaptic active zone protein
bassoon is essential for photoreceptor ribbon synapse formation in the
retina. Neuron, 37(5), 775-786.

Durkin, M. M., Gunwaldsen, C. A., Borowsky, B., Jones, K. A., & Branchek, T. A.
(1999). An in situ hybridization study of the distribution of the GABA(B2)
protein mRNA in the rat CNS. Brain Research. Molecular Brain Research,
71(2), 185-200.

Eberl¢, F., Dubreuil, P., Mattei, M. G., Devilard, E., & Lopez, M. (1995). The
human PRR2 gene, related to the human poliovirus receptor gene (PVR),
is the true homolog of the murine MPH gene. Gene, 159(2), 267-272.

Fantin, M., van der Kooij, M. A., Grosse, J., Krummenacher, C., & Sandi, C.
(2013). A key role for nectin-1 in the ventral hippocampus in contextual
fear memory. PLOS ONE, 8(2), e56897.
https://doi.org/10.1371/journal.pone.0056897

Friedman, L. G., Riemslagh, F. W., Sullivan, J. M., Mesias, R., Williams, F. M.,
Huntley, G. W., & Benson, D. L. (2015). Cadherin-8 expression, synaptic
localization, and molecular control of neuronal form in prefrontal
corticostriatal circuits. The Journal of Comparative Neurology, 523(1),
75-92. https://doi.org/10.1002/cne.23666

Fujiwara, T., Inoue, T., Maruo, T., Rikitake, Y., Ieki, N., Mandai, K., . . .
Mizoguchi, A. (2015). Nectin-1 spots regulate the branching of olfactory
mitral cell dendrites. Molecular and Cellular Neuroscience, 68, 143-150.
https://doi.org/10.1016/].mcn.2015.07.003

Gall, C., Sumikawa, K., & Lynch, G. (1990). Levels of mRNA for a putative
kainate receptor are affected by seizures. Proceedings of the National
Academy of Sciences of the United States of America, 87(19), 7643-7647.

Gil-Sanz, C., Franco, S. J., Martinez-Garay, ., Espinosa, A., Harkins-Perry, S., &
Miiller, U. (2013). Cajal-Retzius cells instruct neuronal migration by
coincidence signaling between secreted and contact-dependent guidance
cues. Neuron, 79(3), 461-4717.
https://doi.org/10.1016/j.neuron.2013.06.040

Groenewegen, H. J., Ahlenius, S., Haber, S. N., Kowall, N. W., & Nauta, W. J.
(1986). Cytoarchitecture, fiber connections, and some histochemical
aspects of the interpeduncular nucleus in the rat. The Journal of
Comparative Neurology, 249(1), 65-102.
https://doi.org/10.1002/cne.902490107

Grosman, D. D., Lorenzi, M. V., Trinidad, A. C., & Strauss, W. L. (1995). The
human choline acetyltransferase gene encodes two proteins. Journal of
Neurochemistry, 65(2), 484-491.

Harold, D., Abraham, R., Hollingworth, P., Sims, R., Gerrish, A., Hamshere, M.
L., . . . Williams, J. (2009). Genome-wide association study identifies
variants at CLU and PICALM associated with Alzheimer's disease. Nature
Genetics, 41(10), 1088-1093. https://doi.org/10.1038/ng.440

29



—
SO0 IO DN B W~

O A PDADAPMDMDEDREDDPD D WL L L WL L WL W WDRN MNNDNDNDNDNDNDNDN - ————
OO0 1IN NPHNWNHO—LOOWOIANUNPANWO—RLOOUWOINWUNMPNWNOR,OWOVWOIONWM PN WN—

He, P, & Shen, Y. (2009). Interruption of beta-catenin signaling reduces
neurogenesis in Alzheimer's disease. The Journal of Neuroscience: An
Official Journal of the Society for Neuroscience, 29(20), 6545-6557.
https://doi.org/10.1523/JINEUROSCI.0421-09.2009

Herkenham, M., & Nauta, W. J. (1977). Afferent connections of the habenular
nuclei in the rat. A horseradish peroxidase study, with a note on the
fiber-of-passage problem. The Journal of Comparative Neurology, 173(1),
123-146. https://doi.org/10.1002/cne.901730107

Herkenham, M., & Nauta, W. J. (1979). Efferent connections of the habenular
nuclei in the rat. The Journal of Comparative Neurology, 187(1), 19-47.
https://doi.org/10.1002/cne.901870103

Honda, T., Sakisaka, T., Yamada, T., Kumazawa, N., Hoshino, T., Kajita, M., . . .
Takai, Y. (2006). Involvement of nectins in the formation of puncta
adherentia junctions and the mossy fiber trajectory in the mouse
hippocampus. Molecular and Cellular Neuroscience, 31(2), 315-325.
https://doi.org/10.1016/j.mcn.2005.10.002

Ikeda, W., Kakunaga, S., Itoh, S., Shingai, T., Takekuni, K., Satoh, K., . . . Takai,
Y. (2003). Tage4/Nectin-like molecule-5 heterophilically trans-interacts
with cell adhesion molecule Nectin-3 and enhances cell migration. The
Journal  of  Biological = Chemsitry, 278(30),  28167-28172.
https://doi.org/10.1074/1bc.M303586200

Ikeda, W., Nakanishi, H., Miyoshi, J., Mandai, K., Ishizaki, H., Tanaka, M., . . .
Takai, Y. (1999). Afadin: A key molecule essential for structural
organization of cell-cell junctions of polarized epithelia during
embryogenesis. The Journal of Cell Biology, 146(5), 1117-1132.

Inoue, T., Fujiwara, T., Rikitake, Y., Maruo, T., Mandai, K., Kimura, K., . . . Takai,
Y. (2015). Nectin-1 spots as a novel adhesion apparatus that tethers mitral
cell lateral dendrites in a dendritic meshwork structure of the developing
mouse olfactory bulb. The Journal of Comparative Neurology, 523(12),
1824-1839. https://doi.org/10.1002/cne.23762

Jurado-Arjona, J., Llorens-Martin, M., Avila, J., & Hernandez, F. (2016).
GSK3beta Overexpression in Dentate Gyrus Neural Precursor Cells
Expands the Progenitor Pool and Enhances Memory Skills. The Journal of
Biological Chemisitry, 291(15), 8199-8213.
https://doi.org/10.1074/jbc.M115.674531

Kakunaga, S., Ikeda, W., Itoh, S., Deguchi-Tawarada, M., Ohtsuka, T., Mizoguchi,
A., & Takai, Y. (2005). Nectin-like molecule-1/TSLL1/SynCAM3: a
neural tissue-specific immunoglobulin-like cell-cell adhesion molecule
localizing at non-junctional contact sites of presynaptic nerve terminals,
axons and glia cell processes. Journal of Cell Science, 118(Pt 6),
1267-1277. https://doi.org/10.1242/j¢s.01656

Kandel, E. R., Schwartz, J. H., Jessell, T. M., Siegelbaum, S. A., & Hudspeth, A. J.
(2013). Principles of Neural Science (5th ed.). McGraw-Hill, New York.

Kanzaki, N., Ogita, H., Komura, H., Ozaki, M., Sakamoto, Y., Majima, T, . . .
Takai, Y. (2008). Involvement of the nectin-afadin complex in
PDGF-induced cell survival. Journal of Cell Science, 121(Pt 12),
2008-2017. https://doi.org/10.1242/1¢s.024620

Katsunuma, S., Honda, H., Shinoda, T., Ishimoto, Y., Miyata, T., Kiyonari, H., . . .
Togashi, H. (2016). Synergistic action of nectins and cadherins generates
the mosaic cellular pattern of the olfactory epithelium. The Journal of Cell

30



—
SO0 IO DN B W~

DA PDADAPMDMDEDREDDE D WL L L WL L W W WDHRN NNDNDNDNDDNDNDNDN e ———
OO0 AN NPHNWNHO—LOUOWOIANNPHANWO—RLOOUWOIANWUNMPNWNODR,OOVWOIONWM PN WDN—

Biology, 212(5), 561-575. https://doi.org/10.1083/jcb.201509020

Khan, A. M., Stanley, B. G., Bozzetti, L., Chin, C., Stivers, C., & Curras-Collazo,
M. C. (2000). N-methyl-D-aspartate receptor subunit NR2B is widely
expressed throughout the rat diencephalon: an immunohistochemical study.
The Journal of Comparative Neurology, 428(3), 428-449.

Kitayama, M., Mizutani, K., Maruoka, M., Mandai, K., Sakakibara, S., Ueda,
Y., ... Takai, Y. (2016). A novel nectin-mediated cell adhesion apparatus
that is implicated in prolactin receptor signaling for mammary gland
development. The Journal of Biological Chemsitry, 291(11), 5817-5831.
https://doi.org/10.1074/jbc.M115.685917

Kobayashi, Y., Sano, Y., Vannoni, E., Goto, H., Suzuki, H., Oba, A., . .. Itohara, S.
(2013). Genetic dissection of medial habenula-interpeduncular nucleus
pathway function in mice. Frontiers in Behavioral Neuroscience, 7, 17.
https://doi.org/10.3389/fnbeh.2013.00017

Kollo, M., Holderith, N. B., & Nusser, Z. (2006). Novel subcellular distribution
pattern of A-type K+ channels on neuronal surface. The Journal of
Neuroscience: An Official Journal of the Society for Neuroscience, 26(10),
2684-2691. https://doi.org/10.1523/INEUROSCI.5257-05.2006

Kotb, A. M., Hierholzer, A., & Kemler, R. (2011). Replacement of E-cadherin by
N-cadherin in the mammary gland leads to fibrocystic changes and tumor
formation. Breast Cancer Research, 13(5), R104.
https://doi.org/10.1186/bcr3046

Logue, M. W., Schu, M., Vardarajan, B. N., Buros, J., Green, R. C., Go,R. C., . ..
Multi-Institutional Research on Alzheimer Genetic Epidemiology Study, G.
(2011). A comprehensive genetic association study of Alzheimer disease in
African Americans. Archives of Neurology, 68(12), 1569-1579.
https://doi.org/10.1001/archneurol.2011.646

Mandai, K., Nakanishi, H., Satoh, A., Obaishi, H., Wada, M., Nishioka, H., . . .
Takai, Y. (1997). Afadin: A novel actin filament-binding protein with one
PDZ domain localized at cadherin-based cell-to-cell adherens junction.
The Journal of Cell Biology, 139(2), 517-528.

Mandemakers, W., Abuhatzira, L., Xu, H., Caromile, L. A., Hébert, S. S., Snellinx,
A., . .. De Strooper, B. (2013). Co-regulation of intragenic microRNA
miR-153 and its host gene la-2 beta: identification of miR-153 target
genes with functions related to I[A-2beta in pancreas and brain.
Diabetologia, 56(7), 1547-1556.
https://doi.org/10.1007/s00125-013-2901-5

Mathuru, A. S., & Jesuthasan, S. (2013). The medial habenula as a regulator of
anxiety in adult zebrafish. Frontiers in Neural Circuits, 7, 99.
https://doi.org/10.3389/fncir.2013.00099

Mbalaviele, G., Dunstan, C. R., Sasaki, A., Williams, P. J., Mundy, G. R., &
Yoneda, T. (1996). E-cadherin expression in human breast cancer cells
suppresses the development of osteolytic bone metastases in an
experimental metastasis model. Cancer Research, 56(17), 4063-4070.

Minami, A., Mizutani, K., Waseda, M., Kajita, M., Miyata, M., Ikeda, W., & Takali,
Y. (2010). Necl-5/PVR enhances PDGF-induced attraction of growing
microtubules to the plasma membrane of the leading edge of moving
NIH3T3 cells. Genes to Cells, 15(11), 1123-1135.
https://doi.org/10.1111/1.1365-2443.2010.01450.x

Miyata, M., Mandai, K., Maruo, T., Sato, J., Shiotani, H., Kaito, A., . . . Rikitake,

31



—
SO0 IO DN B W~

DA DDA PMDMDEDRSDDPE D WL L L WL L L WL W WDRN NNDNDNDNDDNDNDNDN - ———
OO0 1IN NPHNWNHOH—LOUOWOIANUNPANWNO—RLOUOWOIANWUNMPNWNOR,OOUVWOIONWUM PN WN—

Y. (2016). Localization of nectin-2delta at perivascular astrocytic endfoot
processes and degeneration of astrocytes and neurons in nectin-2 knockout
mouse brain. Brain Research, 1649(Pt A), 90-101.
https://doi.org/10.1016/j.brainres.2016.08.023

Mizoguchi, A., Nakanishi, H., Kimura, K., Matsubara, K., Ozaki-Kuroda, K.,
Katata, T., . . . Takai, Y. (2002). Nectin: an adhesion molecule involved in
formation of synapses. The Journal of Cell Biology, 156(3), 555-565.
https://doi.org/10.1083/jcb.200103113

Mizutani, K., & Takai, Y. (2016). Nectin spot: a novel type of nectin-mediated cell
adhesion apparatus. Biochemical Journal, 473(18), 2691-2715.
https://doi.org/10.1042/BCJ20160235

Molas, S., DeGroot, S. R., Zhao-Shea, R., & Tapper, A. R. (2017). Anxiety and
Nicotine Dependence: Emerging Role of the Habenulo-Interpeduncular
Axis. Trends in  Pharmacological Sciences, 38(2), 169-180.
https://doi.org/10.1016/1.tips.2016.11.001

Morrison, M. E., & Racaniello, V. R. (1992). Molecular cloning and expression of
a murine homolog of the human poliovirus receptor gene. Journal of
Virology, 66(5), 2807-2813.

Mueller, S., Rosenquist, T. A., Takai, Y., Bronson, R. A., & Wimmer, E. (2003).
Loss of nectin-2 at Sertoli-spermatid junctions leads to male infertility and
correlates with severe spermatozoan head and midpiece malformation,
impaired binding to the zona pellucida, and oocyte penetration. Biology of
Reproduction, 69(4), 1330-1340.
https://doi.org/10.1095/biolreprod.102.014670

Mullen, R. J., Buck, C. R., & Smith, A. M. (1992). NeuN, a neuronal specific
nuclear protein in vertebrates. Development, 116(1), 201-211.

Nishikawa, T., Fage, D., & Scatton, B. (1986). Evidence for, and nature of, the
tonic inhibitory influence of habenulointerpeduncular pathways upon
cerebral dopaminergic transmission in the rat. Brain Research, 373(1-2),
324-336.

Nishikawa, T., & Scatton, B. (1985). Inhibitory influence of GABA on central
serotonergic transmission. Involvement of the habenulo-raphe pathways in
the GABAergic inhibition of ascending cerebral serotonergic neurons.
Brain Research, 331(1), 81-90.

Nose, A., & Takeichi, M. (1986). A novel cadherin cell adhesion molecule: its
expression patterns associated with implantation and organogenesis of
mouse embryos. The Journal of Cell Biology, 103(6 Pt 2), 2649-2658.

Novakovi¢, R., Radunovi¢, N., Markovic-Lipkovski, ., Cirovi¢, S.,
Beleslin-Cokié, B., Ili¢, B., . . . Gojkovi¢-Bukarica, L. J. (2015). Effects of
the polyphenol resveratrol on contractility of human term pregnant
myometrium. Molecular Human  Reproduction, 21(6), 545-551.
https://doi.org/10.1093/molehr/gav011

Noyce, R. S., Bondre, D. G., Ha, M. N., Lin, L. T., Sisson, G., Tsao, M. S., &
Richardson, C. D. (2011). Tumor cell marker PVRL4 (nectin 4) is an
epithelial cell receptor for measles virus. PLOS Pathogens, 7(8), €1002240.
https://doi.org/10.1371/journal.ppat. 1002240

Okabe, N., Shimizu, K., Ozaki-Kuroda, K., Nakanishi, H., Morimoto, K.,
Takeuchi, M., . . . Takai, Y. (2004). Contacts between the commissural
axons and the floor plate cells are mediated by nectins. Developmental
Biology, 273(2), 244-256. https://doi.org/10.1016/j.ydbio.2004.05.034

32



—
SO0 I DN B W~

DO A PP PMDMDEDREDDE D WL L L WL L WL W WDHRN NNDNDNDNDDNDNDNDN e ———
OO0 1IN NPHNWNHOH—LOUOWOIANUNPHANWNO—RLOOUWOIAANWUNMPNWNODR,OWOVWOIONWUM PN WN—

Omiya, Y., Uchigashima, M., Konno, K., Yamasaki, M., Miyazaki, T., Yoshida,
T., . . . Watanabe, M. (2015). VGluT3-expressing CCK-positive basket
cells construct invaginating synapses enriched with endocannabinoid
signaling proteins in particular cortical and cortex-like amygdaloid regions
of mouse brains. The Journal of Neuroscience: An Olfficial Journal of the
Society for Neuroscience, 35(10), 4215-4228.
https://doi.org/10.1523/INEUROSCI.4681-14.2015

Ozaki-Kuroda, K., Nakanishi, H., Ohta, H., Tanaka, H., Kurihara, H., Mueller,
S., ... Takai, Y. (2002). Nectin couples cell-cell adhesion and the actin
scaffold at heterotypic testicular junctions. Current Biology, 12(13),
1145-1150. https://doi.org/S0960982202009223 [pii]

Qin, C., & Luo, M. (2009). Neurochemical phenotypes of the afferent and efferent
projections of the mouse medial habenula. Neuroscience, 161(3), 827-837.
https://doi.org/10.1016/j.neuroscience.2009.03.085

Rathenberg, J., Girtner, A., Koenen, M., & Witzemann, V. (2002). Modification of
choline acetyltransferase by integration of green fluorescent protein does
not affect enzyme activity and subcellular distribution. Cell and Tissue
Research, 308(1), 1-6. https://doi.org/10.1007/s00441-002-0543-x

Rikitake, Y., Mandai, K., & Takai, Y. (2012). The role of nectins in different types
of cell-cell adhesion. Journal of Cell Science, 125(Pt 16), 3713-3722.
https://doi.org/10.1242/j¢s.099572

Sakamoto, Y., Ogita, H., Hirota, T., Kawakatsu, T., Fukuyama, T., Yasumi, M., . . .
Takai, Y. (2006). Interaction of integrin alpha(v)beta3 with nectin.
Implication in cross-talk between cell-matrix and cell-cell junctions. The
Journal  of  Biological  Chemsitry, 281(28), 19631-19644.
https://doi.org/10.1074/jbc.M600301200

Satoh-Horikawa, K., Nakanishi, H., Takahashi, K., Miyahara, M., Nishimura, M.,
Tachibana, K., . . . Takai, Y. (2000). Nectin-3, a new member of
immunoglobulin-like cell adhesion molecules that shows homophilic and
heterophilic cell-cell adhesion activities. J Biol Chem, 275(14),
10291-10299. https://doi.org/10.1074/jbc.275.14.10291

Sakamoto, Y., Ogita, H., Komura, H., & Takai, Y. (2008). Involvement of nectin in
inactivation of integrin alpha(v)beta(3) after the establishment of cell-cell
adhesion. The Journal of Biological Chemsitry, 283(1), 496-505.
https://doi.org/10.1074/1bc.M704195200

Satomi-Kobayashi, S., Ueyama, T., Mueller, S., Toh, R., Masano, T., Sakoda,
T., . .. Takai, Y. (2009). Deficiency of nectin-2 leads to cardiac fibrosis
and dysfunction under chronic pressure overload. Hypertension, 54(4),
825-831. https://doi.org/10.1161/HYPERTENSIONAHA.109.130443

Shih, P. Y., Engle, S. E., Oh, G., Deshpande, P., Puskar, N. L., Lester, H. A., &
Drenan, R. M. (2014). Differential expression and function of nicotinic
acetylcholine receptors in subdivisions of medial habenula. The Journal of
Neuroscience: An Official Journal of the Society for Neuroscience, 34(29),
9789-9802. https://doi.org/10.1523/INEUROSCI.0476-14.2014

Shingai, T., Ikeda, W., Kakunaga, S., Morimoto, K., Takekuni, K., Itoh, S., . . .
Takai, Y. (2003). Implications of nectin-like
molecule-2/IGSF4/RA175/SglGSF/TSLC1/SynCAM1 in cell-cell
adhesion and transmembrane protein localization in epithelial cells. The
Journal  of  Biological  Chemsitry, 278(37), 35421-35427.
https://doi.org/10.1074/jbc.M305387200

33



—
SO0 IO DN B W~

AP PArBEAPA,PDPPE,PEPDPDOUWULWLWLWLWWLWWWWERDNDNDNDDNDDNDNDDNDDNDND ==
O X0 I AN NP WD, OOV NEWNODFRP OO NPEDE WD, OOVWOINWUM AW~

50

Shiotani, H., Maruo, T., Sakakibara, S., Miyata, M., Mandai, K., Mochizuki, H.,
& Takai, Y. (2017). Aging-dependent expression of synapse-related
proteins in the mouse brain. Genes to Cells, 22(5), 472-484.
https://doi.org/10.1111/gtc.12489

Shirayoshi, Y., Nose, A., Iwasaki, K., & Takeichi, M. (1986). N-linked
oligosaccharides are not involved in the function of a cell-cell binding
glycoprotein E-cadherin. Cell Structure and Function, 11(3), 245-252.

Shumake, J., Edwards, E., & Gonzalez-Lima, F. (2003). Opposite metabolic
changes in the habenula and ventral tegmental area of a genetic model of
helpless behavior. Brain Research, 963(1-2), 274-281.

Sugiyama, H., Mizutani, K., Kurita, S., Okimoto, N., Shimono, Y., & Takai, Y.
(2013). Interaction of Necl-4/CADM4 with ErbB3 and integrin alpha6
beta4 and inhibition of ErbB2/ErbB3 signaling and hemidesmosome
disassembly. Genes to Cells, 18(6), 519-528.
https://doi.org/10.1111/gtc.12056

Suzuki, K., Bustos, T., & Spritz, R. A. (1998). Linkage disequilibrium mapping of
the gene for Margarita Island ectodermal dysplasia (ED4) to 11q23. The
American  Journal of Human  Genetics, 63(4), 1102-1107.
https://doi.org/10.1086/302072

Suzuki, K., Hu, D., Bustos, T., Zlotogora, J., Richieri-Costa, A., Helms, J. A., &
Spritz, R. A. (2000). Mutations of PVRLI, encoding a cell-cell adhesion
molecule/herpesvirus receptor, in cleft lip/palate-ectodermal dysplasia.
Nature Genetics, 25(4), 427-430. https://doi.org/10.1038/78119

Suzuki, S. C., Furue, H., Koga, K., Jiang, N., Nohmi, M., Shimazaki, Y., . . .
Takeichi, M. (2007). Cadherin-8 is required for the first relay synapses to
receive functional inputs from primary sensory afferents for cold sensation.
The Journal of Neuroscience: An Official Journal of the Society for
Neuroscience, 27(13), 3466-3476.
https://doi.org/10.1523/JINEUROSCI.0243-07.2007

Takai, Y., Ikeda, W., Ogita, H., & Rikitake, Y. (2008a). The immunoglobulin-like
cell adhesion molecule nectin and its associated protein afadin. Annual
Review of Cell and Developmental Biology, 24, 309-342.
https://doi.org/10.1146/annurev.cellbio.24.110707.175339

Takai, Y., Miyoshi, J., Ikeda, W., & Ogita, H. (2008b). Nectins and nectin-like
molecules: roles in contact inhibition of cell movement and proliferation.
Nature  Reviews  Molecular  Cell  Biology,  9(8), 603-615.
https://doi.org/10.1038/nrm2457

Takei, N., Miyashita, A., Tsukie, T., Arai, H., Asada, T., Imagawa, M., . . .
Japanese Genetic Study Consortium for Alzheimer, D. (2009). Genetic
association study on in and around the APOE in late-onset Alzheimer
disease in Japanese. Genomics, 93(5), 441-448.
https://doi.org/10.1016/].ygeno0.2009.01.003

Togashi, H., Kominami, K., Waseda, M., Komura, H., Miyoshi, J., Takeichi, M.,
& Takai, Y. (2011). Nectins establish a checkerboard-like cellular pattern
in the auditory epithelium. Science, 333(6046), 1144-1147.
https://doi.org/10.1126/science. 1208467

Togashi, H., Miyoshi, J., Honda, T., Sakisaka, T., Takai, Y., & Takeichi, M. (2006).
Interneurite affinity is regulated by heterophilic nectin interactions in
concert with the cadherin machinery. The Journal of Cell Biology, 174(1),
141-151. https://doi.org/10.1083/jcb.200601089

34



—
SO0 IO DN B W~

WO WO LW W W NN NN NN DN M = e e e e e
A WL OLOOONTUNHANWNN—L, OOV DA WN—

(98]
()}

Toyoshima, D., Mandai, K., Maruo, T., Supriyanto, I., Togashi, H., Inoue, T, . . .
Takai, Y. (2014). Afadin regulates puncta adherentia junction formation
and presynaptic differentiation in hippocampal neurons. PLOS ONE, 9(2),
€89763. https://doi.org/10.1371/journal.pone.0089763

Wang, D. G., Gong, N., Luo, B., & Xu, T. L. (2006). Absence of GABA type A
signaling in adult medial habenular neurons. Neuroscience, 141(1),
133-141. https://doi.org/10.1016/j.neuroscience.2006.03.045

Wang, R. Y., & Aghajanian, G. K. (1977). Physiological evidence for habenula as
major link between forebrain and midbrain raphe. Science, 197(4298),

89-91.
Wang, X. D., Su, Y. A., Wagner, K. V., Avrabos, C., Scharf, S. H., Hartmann,
J, . . . Schmidt, M. V. (2013). Nectin-3 links CRHRI1 signaling to

stress-induced memory deficits and spine loss. Nature Neuroscience, 16(6),
706-713. https://doi.org/10.1038/nn.3395

Warner, M. S., Geraghty, R. J., Martinez, W. M., Montgomery, R. 1., Whitbeck, J.
C., Xu, R,, ... Spear, P. G. (1998). A cell surface protein with herpesvirus
entry activity (HveB) confers susceptibility to infection by mutants of
herpes simplex virus type 1, herpes simplex virus type 2, and pseudorabies
virus. Virology, 246(1), 179-189. https://doi.org/10.1006/viro.1998.9218

Yamada, A., Inoue, E., Deguchi-Tawarada, M., Matsui, C., Togawa, A., Nakatani,
T., . . . Takai, Y. (2013). Necl-2/CADMI interacts with ErbB4 and
regulates its activity in GABAergic neurons. Molecular and Cellular
Neuroscience, 56, 234-243. https://doi.org/10.1016/1.mcn.2013.06.003

Yamamoto, H., Maruo, T., Majima, T., Ishizaki, H., Tanaka-Okamoto, M.,
Miyoshi, J., . . . Takai, Y. (2013). Genetic deletion of afadin causes
hydrocephalus by destruction of adherens junctions in radial glial and
ependymal cells in the midbrain. PLOS ONE, &8(11), e80356.
https://doi.org/10.1371/journal.pone.0080356

Yamana, S., Tokiyama, A., Mizutani, K., Hirata, K., Takai, Y., & Rikitake, Y.
(2015). The Cell Adhesion Molecule Necl-4/CADM4 Serves as a Novel
Regulator for Contact Inhibition of Cell Movement and Proliferation.
PLOS ONE, 10(4), €0124259.
https://doi.org/10.1371/journal.pone.0124259

35



—

O© 00 3 N N B~ W DN

W W W W N N N N N N N N N N e e e e e e e
W N = O O 0NN N R WD = O O 0NN WD = O

FIGURE LEGENDS

Figure 1. Schematic drawings of the habenula in the adult mouse brain and the
localization of nectin-2a. (a) A sagittal view. MHb, the medial habenula; MS, the
medial septum; NDB, the nucleus of diagonal band; TS, the triangular septum; FR,
the fasciculus retroflexus; and IPN, the interpeduncular nucleus. (b) The habenula.
A coronal view at the indicated rostrocaudal level in (a). The encircled area in the
left panel is highlighted in the right panel. The habenula consists of the MHb and
the lateral habenula (LHb). The MHD is divided into five subregions: the MHbS,
the MHbI, the MHbCd, the MHbCv, and the MHbL. VL, the third ventricle. (c—¢)
Localization of nectin-2a in the MHb. (¢) A high magnification image of the
encircled area in (b). (d) A high magnification image of the encircled area in (c).
The black punctates in (c, d) and bold lines in (d) indicate neuronal expression of
nectin-2a. with a punctate pattern and a liner pattern, respectively. (e) A high
magnification image of the encircled area in (d). S, somata of the cholinergic

neurons; and MSs, the membrane specializations.

Figure 2. Expression of nectin-200 in the adult MHb. Immunofluorescence
microscopy was performed using the wild-type and nectin-2-deficient mice at P56.
(a, b) Nectin-2a and nectin-26 in the wild-type whole brain. The anti-nectin-2a/3
mAb (the mADb against the extracellular region of nectin-2 which recognizes both
nectin-2a and nectin-28) was used. (a) A sagittal section. (b) A coronal section.
Arrows, the MHb; arrowheads, the choroid plexus; and double arrowhead, the
inferior olivary nucleus. (c—) Nectin-20/0 and NeuN in the habenula of the
wild-type mouse. The anti-nectin-20/60 mAb and the anti-NeuN mAb were used.
The area encircled by the curve, the MHb. Inset, a magnified image for the area
encircled by the square. (f) Nectin-20/0 in the habenula of the nectin-2-deficient
mouse. The anti-nectin-20/6 mAb was used. Inset, a magnified image for the area
encircled by the square. (g) Nectin-20 in the habenula of the wild-type mouse. The
anti-nectin-20 mAb (the mAb against the cytoplasmic region of nectin-2 which
recognizes specifically nectin-25) was used. Inset, a magnified image for the area
encircled by the square. Arrow, the choroid plexus; and arrowheads, the ependyma.

The results shown in (a—g) are representative of three independent experiments.
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Figure 3. Localization of nectin-2a in the cholinergic neurons in the adult MHb.
Immunofluorescence microscopy was performed using the wild-type and
nectin-2-heterozygous mice at P56. (a—e) Nectin-2a in the MHb of the wild-type
mouse. The anti-nectin-20/6 mAb was used. (b, d) A magnified image for the
encircled area in (a). (c, ) A magnified image for the encircled area in (b, d).
Arrows, the signal for nectin-2a with the punctate pattern; and arrowheads, the
signal for nectin-2a with the linear pattern. (f—1) Nectin-2a and ChAT in the MHb
of the wild-type mouse. The anti-nectin-20/0 mAb and the anti-ChAT pAb were
used. DAPI was used for nuclear counter staining. Arrows, areas where the signal
for nectin-2a with the linear pattern was observed. (j—1) Nectin-2a and
B-galactosidase in the MHb of the nectin-2-heterozygous mouse, in which
B-galactosidase was expressed from the nectin-2 knockin allele. The
anti-nectin-20/0 mAb and the anti-p-galactosidase mAb were used. B-Gal,
B-galactosidase. Arrows, areas where the signal for nectin-2a with the linear
pattern was observed at the boundary between the adjacent somata of the
cholinergic neurons in which the signal for B-galactosidase was observed. (m—o)
Nectin-2a and bassoon in the MHbS of the wild-type mouse. The anti-nectin-2a/3
mAD and the anti-bassoon mAb were used. Arrows, areas where the signal for
nectin-2a with the punctate pattern was observed in the MHDbS. The results shown

in (a—0) are representative of three independent experiments.

Figure 4. Immunofluorescence microscopical colocalization of nectin-2a. with
Kv4.2 at the boundary between the adjacent somata of the clustered cholinergic
neurons in the MHDbI of the adult MHb. Immunofluorescence microscopy was
performed using the wild-type and nectin-2-deficient mice at P56. (a—c) Nectin-2a
and Kv4.2 in the MHbI of the wild-type mouse. The anti-nectin-20/6 mAb and the
anti-Kv4.2 pAb were used. Arrows, areas where the signals for both nectin-2a and
Kv4.2 with the linear pattern were observed; arrowhead, area where the signal for
Kv4.2, but not nectin-2a, with the linear pattern was observed; and double
arrowheads, areas where the signal for nectin-2a, but not Kv4.2, with the linear
pattern was observed. (d—f) B-Galactosidase and Kv4.2 in the MHbI of the
nectin-2-deficient mouse, in which p-galactosidase was expressed from the

nectin-2 knockin allele. The anti-B-galactosidase mAb and the anti-Kv4.2 pAb
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were used. B-Gal, B-galactosidase. Arrows, areas where the signal for Kv4.2 was
observed at the boundary between the adjacent somata of the
[-galactosidase-positive cholinergic neurons of the nectin-2-deficient mouse. The

results shown in (a—f) are representative of three independent experiments.

Figure 5. Immunoelectron microscopically different localization of nectin-2a
with Kv4.2 at the boundary between the adjacent somata of the clustered
cholinergic neurons in the MHbDI of the adult MHb. Immunoelectron microscopy
was performed using the wild-type mouse at P56. The anti-nectin-20/6 mAb and
the anti-Kv4.2 pAb were used. The anti-nectin-20/0 mAb recognizes the
extracellular region of nectin-2a/0, while the anti-Kv4.2 pAb recognizes the
intracellular region of Kv4.2. (a—) Nectin-2a. (d) Kv4.2. (e) Nectin-20 and Kv4.2.
(a, b, d, ) Immunoelectron microscopy performed using the brain fixed with 4%
PFA. (c) Immunoelectron microscopy performed using the brain fixed with 2%
PFA. Arrows, the immunogold particles for nectin-2a; and arrowheads, the
immunogold particles for Kv4.2. N, nucleus of a neuron; S, somata of neurons;
MS, the membrane specialization; and M, mitochondrion. The results shown in

(a—e) are representative of three independent experiments.

Figure 6. Colocalization of nectin-20. with Necl-2, but not with Necl-1, Necl-3,
and Necl-4, in the adult MHb. Immunofluorescence microscopy was performed
using the wild-type mouse at P56. (a—c) Nectin-2a and Necl-2 in the MHbI and
the MHbCv. The anti-nectin-20/0 mAb and the anti-Necl-2 mAb were used.
Arrows, areas where the signal for Necl-2, but not nectin-2a, with the linear
pattern was observed; and arrowheads, areas where the signals for both Necl-2
and nectin-20 with the linear pattern were observed. (d—f) Nectin-2a and Necl-3
in the MHbCv. The anti-nectin-20/6 mAb and the anti-Necl-3 pAb were used.
Arrow, an area where the signal for Necl-3, but not nectin-2a, with the linear
pattern was observed; and arrowheads, areas where the signal for nectin-2a, but
not Necl-3, with the linear pattern was observed. (g—i) Nectin-2a and Necl-1 in
the MHDI. The anti-nectin-2a/0 mAb and the anti-Necl-1 pAb were used. Arrows,
areas where the signal for nectin-2a, but not Necl-1, with the linear pattern was
observed. (j—1) Nectin-2a and Necl-4 in the MHDbI. The anti-nectin-20/60 mAb and

the anti-Necl-4 pAb were used. Arrows, areas where the signal for nectin-2a, but
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not Necl-4, with the linear pattern was observed. The results shown in (a-1) are

representative of three independent experiments.

Figure 7. Different expression of nectin-2a and ChAT in the MHb of the
developing mouse. Immunofluorescence microscopy was performed using the
nectin-2-heterozygous mice, in which B-galactosidase was expressed from the
nectin-2 knockin allele, at P1, P7, P14, and P28. (a—p) Nectin-2a, ChAT, and
B-galactosidase in the ventral half of the MHb. The anti-nectin-2a/6 mAb, the
anti-ChAT pAb, and the anti-B-galactosidase mAb were used. The signal for
[-galactosidase is depicted in blue in the merged images. (a—d) P1. (e-h) P7. (i-1)
P14. (m—p) P28. B-Gal, B-galactosidase. Arrows, areas where the signals for
nectin-2a and B-galactosidase, but not ChAT, were observed. The results shown in

(a—p) are representative of three independent experiments.

Figure 8. Reduced localization of Kv4.2 at the boundary between the adjacent
somata of the cholinergic neurons in the MHb of the developing nectin-2-deficient
mouse. Immunofluorescence microscopy was performed using the
nectin-2-heterozygous and nectin-2-deficient mice, in which B-galactosidase was
expressed from the nectin-2 knockin allele, at P14 and P28. (a—p) Nectin-2a,
Kv4.2, and B-galactosidase in the primordial regions for the MHbI and the
MHbCv. The anti-nectin-20/0 mAb, the anti-Kv4.2 pAb, and the
anti-f-galactosidase mAb were used. The signal for Kv4.2 is depicted in blue in
the merged images. (a—h) P14. (i-p) P28. B-Gal, B-galactosidase. Arrowheads,
areas where the signal for Kv4.2 was observed at the boundary between the
adjacent somata of the -galactosidase-positive cholinergic neurons. (a—d, i—1) The
MHb of the nectin-2-heterozygous mice. (e-h, m—p) The MHb of the
nectin-2-deficient mice. The results shown in (a—p) are representative of three

independent experiments.

Figure 9. Confirmation by high-resolution immunofluorescence microscopy of
the reduced localization of Kv4.2 at the boundary between the adjacent somata of
the cholinergic neurons in the MHDb of the developing nectin-2-deficient mouse.
(a—h) Localization of Kv4.2 in the primordial regions for the MHbCv, the MHbL,

and the lateral part of the MHbI. High-resolution immunofluorescence
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microscopy was performed using the wild-type and nectin-2-deficient mice at P14.
The anti-nectin-2a/0 mAb and the anti-Kv4.2 pAb were used. DRAQS5 was used
for nuclear counter staining. The signal for DRAQS is depicted in blue in the
merged images. (a—d) The MHD of the wild-type mouse. (e-h) The MHb of the
nectin-2-deficient mouse. (i) The average percentage of cells with the signal for
Kv4.2 at the boundary between the adjacent neuronal somata in the primordial
regions for the MHbCv, the MHbL, and the lateral part of the MHbI (n=6, three
different specimens of each two MHbs of the wild-type mice or two MHbs of the

nectin-2-deficient mice).
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