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The Journal of Immunology

Enhanced Nerve-Mast Cell Interaction by a Neuronal Short
Isoform of Cell Adhesion Molecule-1

Man Hagiyama,* Tadahide Furuno,’ Yoichiroh Hosokawa,” Takanori Iino,
Takeshi Ito,* Takao Inoue,§ Mamoru Nakanishi,’u Yoshinori Murakami,*
and Akihiko Ito®

Close apposition of nerve and mast cells is viewed as a functional unit of neuro-immune mechanisms, and it is sustained by trans-
homophilic binding of cell adhesion molecule-1 (CADM1), an Ig superfamily member. Cerebral nerve-mast cell interaction might
be developmentally modulated, because the alternative splicing pattern of four (a-d) types of CADM1 transcripts drastically
changed during development of the mouse cerebrum: developing cerebrums expressed CADM1b and CADMIc exclusively, while
mature cerebrums expressed CADM1d additionally and predominantly. To probe how individual isoforms are involved in nerve—
mast cell interaction, Neuro2a neuroblastoma cells that express CADMI1c endogenously were modified to express additionally
either CADM1b (Neuro2a-CADM1b) or CADM1d (Neuro2a-CADMI1d), and they were cocultured with mouse bone marrow-
derived mast cells (BMMCs) and BMMC-derived cell line IC-2 cells, both of which expressed CADM1c. BMMCs were found to
adhere to Neuro2a-CADMI1d neurites more firmly than to Neuro2a-CADM1b neurites when the adhesive strengths were esti-
mated from the femtosecond laser-induced impulsive forces minimally required for detaching BMMCs. GFP-tagging and cross-
linking experiments revealed that the firmer adhesion site consisted of an assembly of CADM1d cis-homodimers. When Neuro2a
cells were specifically activated by histamine, intracellular Ca>* concentration was increased in 63 and 38% of CADMIc-
expressing IC-2 cells that attached to the CADM1d assembly site and elsewhere, respectively. These results indicate that CADM1d
is a specific neuronal isoform that enhances nerve-mast cell interaction, and they suggest that nerve-mast cell interaction may be

reinforced as the brain grows mature because CADM1d becomes predominant. The Journal of Immunology, 2011, 186: 5983-5992.

ast cells are normally resident in a variety of systemic
M organs and tissues, including intestinal and respiratory

mucosa, skin dermis, dura mater, and cerebrum (1-4).
Their distribution is seemingly at random, but closer observation
reveals that mast cells prefer to locate around vessels and nerves
and some of them are apparently in contact with nerve fibers (5).
Electron microscopically, the most closely proximate areas be-
tween nerve and mast cells are composed of a parallel-aligned
membrane-membrane apposition with a spatial gap of 20 nm or
less (6, 7). These anatomical findings are suggestive of functional
communication between nerve and mast cells that depends on
cell—cell adhesion. Several lines of evidence support this sugges-
tion at molecular levels: 1) neurites in contact with mast cells
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often contain neuropeptides, such as substance P and calcitonin
gene-related peptide, and release these neuropeptides on stimu-
lation (8, 9); and 2) mast cells express cognate receptors for
various kinds of neuropeptides (10-13). Actually, trigeminal sen-
sory nerve stimulation is reported to result in dura mater mast
cell activation, that is, degranulation or secretion of mediators
(14). In contrast, mast cells synthesize and release a variety of
molecules, which can, in turn, influence neuronal activity (15, 16).
For example, tryptase directly activates proteinase-activated re-
ceptors on neurons (17), and TNF-a and nerve growth factor can
cause local nerves to be excited at lower threshold (18, 19). These
nerve—mast cell crosstalks are assumed to play a role in the
pathogenesis of many inflammatory diseases, such as atopic der-
matitis, alopecia, asthma, and irritable bowel syndrome (20-22).

In an attempt to probe molecular mechanisms of nerve-mast
cell interaction, we have been using a coculture system, in which
bone marrow-derived cultured mast cells (BMMCs) and BMMC-
derived cell line IC-2 cells are cultured on neurite networks
sprouting out from superior cervical ganglion (SCG) neurons (23—
25). This coculture is regarded as a reproductive model of ana-
tomical and functional relationship between nerve and mast cells,
because BMMCs or IC-2 cells adhere to SCG neurites, and IC-2
cells can communicate with neurites in a cell-cell adhesion-
dependent manner (25). In 2003, we identified a new mast-cell
adhesion molecule, named cell adhesion molecule-1 (CADM1)
(26), and we subsequently identified that CADMI1 was also ex-
pressed by SCG neurons and it bound homophilically in trans
(25, 27). Based on these characteristics, CADM1 was found to
make a crucial contribution to the adhesion of BMMCs or IC-2
cells to SCG neurites via trans-homophilic binding (25). Addi-
tionally, we revealed that CADM1 binding between SCG neurites
and IC-2 cells resulted in promotion of communication between
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both, and this communication was mediated by SCG-derived sub-
stance P and its cognate receptor neurokinin-1 expressed on IC-2
cells (25).

CADMI is a membrane-spanning glycoprotein composed of
three extracellular Ig-like domains, a single transmembrane region,
and a short carboxyl-terminal intracellular tail with a protein 4.1
interaction sequence and a PDZ type II motif (28-31), and it exerts
its function as an adhesion molecule by locating on the cell
membrane as a cis-dimer (32, 33). As is often the case with Ig
superfamily members, CADMI1 has several isoforms arising from
alternative mRNA splicing, which occurs in the juxtamembranous
extracellular region, that is, downstream of the exon encoding the
third Ig-like loop and upstream of the exon encoding the trans-
membrane region (34). In humans and rodents, four membrane-
spanning isoforms, CADMIla to d (NCBI accession number of
murine CADM1: a, NM_207675; b, NM_207676; ¢, NM_018770;
and d, NM_001025600), are known, which differ in the length of
the juxtamembranous extracellular region (34). Mast cells express
CADMIc exclusively, whereas brain neurons seem to express
various combinations of the four CADMI1 isoforms (26, 27, 35).
As we will report elsewhere that the binding strength differs
considerably among the isoforms that are paired with CADMIc in
trans interaction (36), CADM1 splicing in neurons may be one of
the molecular mechanisms that minutely regulate nerve—mast cell
interaction.

In the present study, we examined how the CADMI1 splicing
pattern changes during the mouse cerebral development and in vitro
maturation of hippocampal neurons, and we found that cerebral
neurons expressed a developmental stage-specific combination of
CADMIla to d. To generate model cells for developing and ma-
ture neurons concerning the combination of CADMI isoforms,
Neuro2a mouse neuroblastoma cells that endogenously express
CADM ¢ were modified to additionally express either CADM1b or
d, respectively. In cocultures of mast cells on neurite networks of
these Neuro2a cells, we examined nerve-mast cell adhesion and
communication by loading a femtosecond laser-induced impulsive
force on neurite-attendant mast cells and by monitoring intra-
cellular Ca>* concentration ([Ca>*];) changes in mast cells after
adding a nerve stimulant, respectively. These results revealed
distinct functions and molecular characters of individual isoforms,
and they identified a unique feature of CADMId, the shortest
isoform, that predominates in mature brains.

Materials and Methods
Mice, cells, and Abs

C57BL/6 and ICR mice were purchased from Japan SLC (Hamamatsu,
Japan). CADM1 knockout mice were generated and maintained in our
laboratory (37). BMMCs from C57BL/6 (BMMCs-wild-type [WT]) and
CADMI1 knockout mice (BMMCs-CADM1 /") were established as de-
scribed previously (26, 38). Neuroblastoma cell lines C-1300 and NB-1
were purchased from Riken Bioresource Center (Tsukuba, Japan), and
Neuro2a and P19 cells were from the American Type Culture Collection
(Rockville, MD). IC-2 cells were maintained as described previously (25).
An IC-2 subclone expressing CADMI1c was established previously (39). A
rabbit polyclonal Ab against the C terminus of CADM1, named RP6, was
generated in our laboratory (25). Monoclonal anti—B-actin Ab was pur-
chased from Sigma-Aldrich (St. Louis, MO).

RT-PCR analysis

The procedures for RNA extraction and RT-PCR analyses and details of the
primers used were described previously (35).

Western blot analysis

Cells and mouse tissues were lysed in a buffer containing 50 mM Tris-HCl
(pH 8.0), 150 mM NaCl, 1% Triton X-100, and protease inhibitor mixture
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(Sigma-Aldrich). The following procedures were the same as described
previously (26, 40). After stripping, the blots were probed with the anti—3-
actin Ab.

Plasmid construction and transfection

A mammalian expression vector pCX4-bsr containing the full-length
CADMIc cDNA was constructed previously (26). To obtain full-length
cDNAs for CADM1b and CADMI1d, the following oligonucleotides were
synthesized: CADM1b-sense and antisense, 5'-ATACGACACCACGGC-
GACGACAGAACCAGCAGTTCACGATTC-3" and 5'-TCGAGAATCG-
TGAACTGCTGGTTCTGTCGTCGCCGTGGTGTCGT-3'; and CADM1d—
sense and antisense, 5'-ATACGATTC-3’ and 5'-TCGAGAATCGT-3'. The
sense and antisense oligonucleotides were annealed and inserted into the full-
length CADM1c-containing pBluescript vector (26) via the Accl and Xhol
sites. The resulting cDNA inserts were excised by EcoRI digestion and
inserted directionally into a pCX4-bsr vector via the EcoRI site.

For expression of GFP-tagged CADMI1 isoforms, the pEGFP-N1 vector
(Clontech Laboratories, Mountain View, CA) was modified to carry an Ascl
site at the HindIII site of the multiple cloning region, and the pCX4-bsr
vectors containing the full-length CADM1 cDNAs were used as templates
in PCR together with a pair of primers (5'-GGCGCGCCATGGC-
GAGTGCTGTGCTGCCGA-3' and 5'-CCCACCGGTGCGATGAAGTA-
CTCTTTCTTTTCT-3'). The PCR-amplified cDNA fragments were in-
serted into the modified pPEGFP-N1 vector via the Ascl and Agel sites.
CADMI1d was also expressed as a red fluorescent protein (RFP)-tagged
form by using the pDsRed2-N1 vector (Clontech Laboratories). The
pCX4-bsr-CADMI1d construct was used as a template in PCR together with
a pair of primers (5'-ACGCGTCGACGGCAGGTGCCCGACATGGC-3'
and 5'-CCCACCGGTGCGATGAAGTACTCTTTCTTTTCT-3'), and the
PCR-amplified cDNA fragment was inserted into the pDsRed2-N1 vector
via the Sall and Agel sites. All the expression vector constructs were con-
firmed by sequencing to have the expected sequences. The pSilencer 3.1-H1
neo vector (Ambion/Applied Biosystems, Foster, CA) was previously
modified to express small interfering RNA targeting mouse CADM1 (41).

Using Nucleofector with solution V (Lonza, Basel, Switzerland), Neuro2a
cells were transfected in some cases stably with the pCX4-bsr or pSilencer
3.1-H1 neo vector constructs, and in other cases transiently with the pCX4-
bsr, pEGFP-N1, or pDsRed2-N1 constructs. Stable clones were selected by
resistance against blasticidin or G-418 for a month. Transient transfectants
were cultured under the conditions described below.

Crosslinking

Neuro2a cells, either intact or transfected with the pCX4-bsr constructs,
were cultured for 2 d as described above. The resulting neurite networks
were washed twice with PBS and were incubated in PBS containing 2 mM
3,3’-dithiobis(sulfosuccinimidyl propionate) (DTSSP; Pierce, Rockford,
IL). After incubation at room temperature for 30 min, Tris-buffered so-
Iution (1.0 M) was added to the PBS at a final concentration of 20 mM to
stop crosslink reaction, and the cultures were incubated for 15 min. After
two rinses with PBS, the cells were lysed in a buffer containing 50 mM
Tris-HCI (pH 8.0), 150 mM NaCl, and 1% Triton X-100. The cell lysates
obtained were mixed with 4X sample buffer (0.2 M Tris-HCI [pH 6.8], 2%
SDS, 20% glycerol, 0.2% bromophenol blue) at a ratio of 3:1 and then
boiled at 95°C for 10 min before being subjected to Western blot analyses.

Hippocampal neuron culture

The method for isolation and culture of hippocampal neurons was essen-
tially similar to that described previously (42). Briefly, the hippocampi were
isolated from ICR mouse embryos at the age of gestational day 16 and
were treated with 0.8% DNase I and 0.5% trypsin (type II-S; Sigma-
Aldrich) in HBSS on ice for 13 min. Then, the hippocampal tissues
were triturated passing them 10-15 times through a Pasteur pipette and
once through a cell strainer (pore size, 70 wm; Falcon; BD Biosciences,
Franklin Lakes, NJ). The resulting cell suspension was pelleted down by
centrifugation and was resuspended in Eagle’s MEM containing 15 mM
HEPES, 2% B27 supplement (Life Technologies, Rockville, MD), 5%
FCS, and 0.5 mM L-glutamine and then plated onto poly-L-lysine—coated
glass-bottomed dishes (MatTek, Ashland, MA). After 2 d, cytosine-B-D-
arabinofuranoside (Ara-C), an inhibitor of DNA replication, was added to
reach a final concentration of 10 wM. Thereafter, the cultures were left in
CO; incubator before subjected to RT-PCR or immunofluorescence anal-
yses. The procedure for immunofluorescence was the same as described
previously. Briefly, cultured cells were fixed with methanol, incubated with
rabbit anti-CADM1 C-terminal peptide Ab, and visualized with Cy2-
conjugated anti-rabbit IgG Ab (Jackson ImmunoResearch Laboratories,
West Grove, PA).
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Establishment of neurite culture and coculture with mast cells

Primary culture of SCG neurons was established following a published
protocol (7, 43). Briefly, SCG neurons were plated at a density of 0.5—
1.0 X 10* neurons/dish onto coverslip-like-bottomed culture dishes of a
35-mm diameter (p-Dishes; ibidi, Munich, Germany) coated with Matrigel
(BD Biosciences) as described previously (35), and they were grown in
glial conditioned medium (MB-X9501; Sumitomo Bakelite, Tokyo, Japan)
containing 50 ng/ml nerve growth factor (Upstate Biotechnology, Lake
Placid, NY) and 5.0 pM Ara-C (Sigma-Aldrich). Neuro2a cells were
plated onto Matrigel-coated p-Dishes at a density of 8.0 X 10* cells/dish
and were grown in MB-X9501 medium containing 40 ng/ml brain-derived
neurotrophic factor (Upstate Biotechnology) and all-frans retinoic acid
(2.0 pg/ml; Sigma-Aldrich). In some experiments, prior to plating, Neuro-
2a cells were transfected with the pPEGFP-N1 or pDsRed2-N1 constructs as
described above.

After SCG neurons and Neuro2a cells were allowed to extend neurites for
5 and 2 d, respectively, the resulting neurite cultures were washed three
times and then overlaid with MB-X9501 medium containing 1.0 X 10*
BMMCs or IC-2 cells. After 3 h of coculture, the dishes were washed with
warmed (37°C) o-MEM to remove nonadherent BMMCs and IC-2 cells
and were then subjected to femtosecond laser irradiation assays. To ex-
amine nerve-mast cell communication, Neuro2a-IC-2 cell cocultures were
continued for 2 d in the presence of IL-3 (3 ng/ml). In some experiments,
Neuro2a neurite cultures were labeled with FM4-64 styryl dye (Molecular
Probes, Eugene, OR) according to the manufacturer’s instructions. FM
dyes are taken up into, and released from, active nerve terminals in re-
sponse to synaptic stimulation, and thus they allow direct visualization of
synaptic boutons at nerve endings and bouton-like punctate structures
dotting along neurites, both of which are active in exo- and endocytosis of
synaptic vesicles (44). Briefly, FM4-64 solution (solvent, water) was added
to the neurite cultures at a concentration of 5 wg/ml. After 20 min in-
cubation at 37°C in 5% CO,, the cultures were gently washed with warmed
(37°C) a-MEM and then filled with MB-X9501 medium. Fluorescent
images of live cells were captured through a confocal laser scanning mi-
croscope (A1; Nikon, Tokyo, Japan) equipped with a CO, chamber unit for
cell culture.

Femtosecond laser irradiation assay

An inverted microscope (IX71; Olympus, Tokyo, Japan) was equipped with
a CO, chamber unit for cell culture, a CCD camera with a video recorder,
and a laser beam path from a femtosecond laser generator. This apparatus
is our original, and it was described in detail elsewhere (36). In the present
study, nerve—-mast cell adhesion was quantified using this apparatus as
follows. Nerve-mast cell cocultures were established in p-Dishes and
placed in the CO, chamber unit on an electric stage of the microscope.
First, we focused femtosecond laser shots at a position a few 10 wm apart
from neurite-attendant BMMCs-WT and adjusted the laser pulse energy so
that single laser shots resulted in detachment of some BMMCs-WT but not
others. Next, we repeated laser shots at the adjusted pulse energy as fol-
lows (see Supplemental Fig. 1). The focal point of the first shot was po-
sitioned 100 wm far from a mast cell to be targeted, and the second shot
was focused ~5-10 wm nearer the target. The following shots were re-
peated in a similar manner until the mast cell detached. All the processes
were video recorded, and the distance between the last shot focal point and
the target mast cell (Linax to detach) Was measured. Approximately 100 mast
cells were selected randomly as a target and were individually examined
for their Lmax to detach-

Cellular activation and [Ca*™ |; measurement

As described previously, the calcium fluorophore Fluo-8-AM (ABD Bio-
quest, Sunnyvale, CA) was used to assess Ca®* mobilization as an indicator
(25, 41). Briefly, after 2-d-long coculture of nerve and mast cells, both
cells were incubated in culture medium containing 1 M Fluo-8-AM for
30 min, followed by three rinses in HEPES buffer (10 mM HEPES [pH
7.2], 140 mM NaCl, 5 mM KCl, 0.6 mM MgCl,, 1 mM CaCl,, 0.1%
glucose, 0.1% BSA, and 0.01% sulfinpyrazone). The coculture dishes were
filled with HEPES buffer and placed in a CO, chamber unit on a stage of
a confocal laser scanning microscope (LSM510; Carl Zeiss, OberKochen,
Germany). Fluorescent images for Fluo-8 were taken every 5 s using ex-
citation and emission wavelengths of 488 and >505 nm, respectively.
Differential interference contrast (DIC) images were also taken. At 15 s
after the initiation of image capture, histamine (Sigma-Aldrich; stock so-
lution, 10 mM in HEPES buffer) was added to the dishes at a concentration
of 1 mM. Captured fluorescence images were analyzed with the Scenic Pro
M7 computer analysis system (Siemens, Munich, Germany) as described
previously. Neurite-attendant mast cells were considered to be responding
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to Neuro2a cell activation when they met the following four conditions: 1)
Fluo-8 fluorescence intensity increased in Neuro2a cells immediately after
the histamine addition (within <10 s); 2) subsequently, fluorescence in-
tensity increased in neurite-attendant mast cells by >25 arbitrary units
(>50% of the baseline); 3) there was a 10 s or longer time lag between the
two onsets of the intensity increases; and 4) the intensity increase in
Neuro2a cells lasts >20 s. At least 12 coculture dishes were prepared per
experimental group, and data were obtained from >50 neurite-mast cell
units. All results were reproduced twice by independent experiments.

Behavior of cytoplasmic granules

Because cytoplasmic granules of mast cells contain histamine and serotonin
abundantly, they are easily stained with a weakly basic, cell-permeable
fluorescence compound, quinacrine (45). As described above, Neuro2a
and IC-2 cells were cocultured for 2 d and incubated in culture medium
containing 3 wM quinacrine dihydrochloride (Wako Pure Chemicals,
Osaka, Japan) for 15 min. The dishes were washed with HEPES buffer
three times and then filled with the buffer. The cocultures were added with
histamine or solvent (HEPES buffer) and were observed using LSM510
as described above. Multiple cytoplasmic granules of IC-2 cells were
visualized by green fluorescence. After the histamine addition, some of
the granules became undetectable. When >10% of cytoplasmic granules
contained in one IC-2 cell became undetectable within 3 min after the
addition of histamine of solvent, we judged that “disappearance of mast
cell granules after nerve activation” occurred in the IC-2 cell.

Statistical analysis

The Student ¢ test was performed for analyzing Lyjax to detach, and the X2 test
was performed for analyzing the proportions of responders using the
StatView software (Abacus Concepts, Cary, NC) on a Macintosh computer.
A p value <0.01 was considered to be significant. Details of the regression
analysis of Liax to detach are described in Supplemental Table 1.

Results
Developmental regulation of CADM1 isoform splicing in
cerebral neurons

We designed a pair of PCR primers so as to encompass the CADM1
extracellular juxtamembrane region, in which alternative splicing
occurs, and examined the CADM1 mRNA expression in the mouse
cerebrum at various ages by RT-PCR analyses using the primers
(Fig. 1A). The PCR products were detected as multiple ladders
on agarose gels (Fig. 1B). When compared with molecular size
markers for known isoforms, the cerebrum was found to contain
four transcripts encoding CADMI1 isoforms (a—d), and the in-
dividual transcripts appeared to be quantitatively regulated in a
developmental stage-specific manner. It was noticeable that the
CADMI splicing pattern drastically changed between postnatal
day (P) 7 and 14; before P14, the major isoforms were CADM1b
and CADMIc, but after P14, it switched to CADM1d, which was
nearly undetectable before P14. CADMIla was detected at all
examined time points, and its expression level was relatively low
and constant. Mouse hippocampal neurons were isolated from
a fetal brain at embryonic day (E) 16 and were cultured for 2 wk
in the presence of neuron culture supplements. Neurite networks
emerged in a week and grew increasingly more elaborate through
the next week (Supplemental Fig. 2). RT-PCR analyses revealed
that the cultured hippocampal neurons expressed four CADM1
isoforms (a—d) and their splicing pattern drastically changed dur-
ing the culture period in a similar fashion as observed in mouse
cerebrums aged from E18 through P14 (Fig. 1C). Here again,
CADMI1d was not detectable until elaborate neurite networks
emerged in the culture.

Different patterns of distribution and dimerization of individual
CADM1 isoforms on Neuro2a neurites

We screened for CADM1 mRNA expression in several neuronal
cell lines, including Neuro2a neuroblastoma cells, and found that
all examined cells had one main CADM1 isoform and that Neuro-
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FIGURE 1. Changes in the expression of CADMI1 isoforms during the
mouse brain development and hippocampal neurite network formation. As
illustrated in A, a set of forward (F) and reverse (R) primers was designed
so as to encompass the alternative splice region. Total RNAs were
extracted from mouse cerebrums at various ages (B) and E16 hippocampal
neurons cultured for indicated days (C), and they were amplified by RT-
PCR using the primer set, and then the products were electrophoresed on
3% agarose gels. Equal input of total RNA per lane was verified by am-
plification of G3PDH mRNA. Isof, cDNA fragments for CADM1 isoforms
(a—d); M, 100-bp ladder size marker.

14 (day)

2a cells expressed CADMIc exclusively (Supplemental Fig. 3).
Using Neuro2a cells, we examined how individual CADM1
isoforms were distributed on neurites. Neuro2a cells were tran-
siently transfected with the plasmid vector expressing CADM1b,
CADMlIc, or CADM1d that was fused with GFP at its C terminus
(CADM1b-GFP, CADMIc-GFP, or CADM1d-GFP) and were
observed under an epifluorescence microscope. As shown in Fig.
2A, CADMI1b-GFP and CADMI1c-GFP were distributed nearly
homogeneously along Neuro2a neurites, whereas CADM1d-GFP
showed a punctate distribution. When neuritic regions with syn-
aptic activity were visualized by short-term application of FM4-
64 styryl dye, CADMI1d appeared to accumulate sometimes in
bouton-like punctate structures, some of which were recognized
structurally as neuritic varicosities (Fig. 2A, arrowheads).

Non—-GFP-tagged forms of CADM1b and CADM1d were tran-
siently expressed in Neuro2a cells and were treated with or with-
out a NHS-ester crosslinker, DTSSP. Cell lysates were pre-
pared from the transfectants and original Neuro2a cells and were
subjected to Western blot analyses using a CADM1 Ab. Cross-
linking treatment resulted in emergence of multiple bands ranging
in electrophoretic mobility from 135 to 185 kDa, which were
considered CADM1 isoform dimers because the band sizes were
nearly double those of the isoform monomers (Fig. 2B). Judging
from the mobility size, when either CADM1b or CADMI1d was
coexpressed with CADMIc in Nuero2a cells, each of the isoforms
appeared to form cis-homodimers exclusively, except that small
amounts of cis-heterodimers were formed between CADMI1c and
CADMI1d. These results suggested that CADM1d clustered along
Neuro2a neurites, and each of the clustering foci consisted of an
assembly of CADM1d cis-homodimers.

Different contributions of individual CADM1 isoforms to
nerve—mast cell adhesion: quantification by femtosecond laser

Developmentally regulated changes in the expression of CADM1
isoforms in nerves may influence nerve—mast cell adhesion. We
considered that a femtosecond laser could be a powerful tool to
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FIGURE 2. Distinct patterns of localization and dimerization of in-
dividual CADMI1 isoforms on Neuro2a neurites. A, Subcellular locali-
zation of CADM1 isoforms on Neuro2a neurites. Neuro2a cells were
transiently transfected with the plasmid vector expressing CADM1b-GFP,
CADM1c-GFP, or CADM1d-GFP and were loaded with FM4-64 to vi-
sualize bouton-like punctate structures. Note that CADM1d-GFP signals
cluster along neurites and some of the clustering foci are colocalized with
FM4-64 signals (arrowheads). Scale bar, 10 wm. B, Crosslinking experi-
ments of CADM1b and CADM 1d coexpressed with CADM1c in Neuro2a
cells. Neuro2a cells were transiently transfected with pCX4-bsr vector
expressing CADMI1b or CADMId and were then treated with (+) or
without (—) DTSSP crosslinker. Cell lysates were prepared from Neuro2a
cells treated as indicated, electrophoresed on a 7.5% polyacrylamide gel,
and blotted with anti-CADM1 Ab. After stripping, the blot was reprobed
with anti—f-actin Ab to indicate the protein loading per lane.

CADM1
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estimate the adhesive strength of individual mast cells attached
to neurites, because this laser can induce impulsive force that
propagates from its focal point and reaches as far as 100 wm when
it is focused in aqueous solution (36, 46, 47). To examine this idea,
we cocultured BMMCs-WT on neurite networks sprouting out
from SCG neurons and focused femtosecond laser shots approx-
imately a few 10 wm apart from neurite-attendant BMMCs-WT.
When the single laser shot energy was 850 nJ/pulse, some mast
cells were detached from neurites with leaving the neurites as they
were, but other mast cells were not (Fig. 34). To estimate the
adhesive strength of individual BMMCs-WT to SCG neurites, we
repeatedly focused the laser shots with this energy in the vicinity
of target BMMCs-WT as described in Supplemental Fig. 1, and
we measured the distance between the last laser focal point and
the target (Linax (o detacn)- We examined 100 BMMCs-WT selected
randomly as a target and displayed a histogram of L.y 1o detach i1
Fig. 3B. Similar experiments were performed in the coculture of
SCG neurons and BMMCs-CADM1 ™/~ (Fig. 3C). The mean L.«
1 detach Of BMMCs-CADM1 ™/~ was significantly larger than that
of BMMCs-WT (p < 0.0001). According to our original method
for impulsive force estimation (36), the two Liax 1o detach histo-
grams were converted to histograms given by a function of im-
pulse (Newton X time) (Supplemental Fig. 1). These results not
only reconfirmed the pivotal role for CADMI1 in nerve-mast cell
adhesion, but also indicated the usefulness of femtosecond laser
irradiation to quantify the nerve—mast cell adhesion.

Instead of SCG neurons, Neuro2a cells were cocultured with
BMMCs. Neuro2a cells were allowed to extend neurites for 2 d in
glial conditioned medium containing brain-derived neurotrophic
factor, and BMMCs-WT or BMMCs-CADM1 '~ were plated onto
the neurite networks. After 5 h coculture, Neuro2a-BMMC ad-
hesion strength was quantified by femtosecond laser irradiation.
Here again, the mean Ly.x o detach Of BMMCs-CADM1 ™/~ was
significantly larger than that of BMMCs-WT (p < 0.0001) (Fig.
3D, 3E). In an attempt to generate model cells for cerebral neurons
either developing (before P14) or mature (after P14), we modified
Neuro2a cells to express additionally either CADM1b (Neuro2a-
CADMI1b) or CADM1d (Neuro2a-CADM1d), respectively. Wes-
tern blot analyses of CADMI1 in these sublines revealed a slight
reduction in the endogenous expression level of CADMIc, sug-
gesting possible mechanisms by which the total amount of CADM1
isoforms expressed per cell is controlled not to be excessive
(Fig. 4A). When we established neurite networks from origi-
nal Neuro2a cells and the two subclones, there was no consider-
able difference in the degree of neurite extension among the
three types of cells (data not shown). Cocultures of the two sub-
lines and BMMCs-WT were subjected to femtosecond laser irra-
diation assays. As shown in Fig. 4B—D, the means of L ,.x 1o detach
in the cocultures with Neuro2a-CADM1b and Neuro2a-CADM1d
cells were significantly smaller than the mean in the coculture
with original Neuro2a cells, indicating that additional expression
of either CADMI1b or CADMId resulted in reinforcement of
BMMCs-WT adhesion to Neuro2a neurites. Interestingly, when
we approximated the L.« to detach histograms to a Gaussian dis-
tribution, we found that the histogram of the Neuro2a-CADM1d
coculture could be divided into two Gaussian curves, one with
a median of 10.9 wm and the other 21.2 pm (Fig. 4D, dotted
lines). Notably, the median value of the former curve was mark-
edly smaller than the means in the cocultures with original Neu-
ro2a and Neuro2a-CADM1b cells. We knocked down endogenous
CADMIc in Neuro2a-CADM1d cells (Supplemental Fig. 4) and
cocultured the resultant cells that expressed CADMIc a little
and CADM1d abundantly with BMMCs-WT. The Lix to detach
histogram of this coculture was also bimodal, but the Gaussian
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FIGURE 3. Estimation of the adhesive strengths of individual BMMCs
attaching to SCG neurites by femtosecond laser irradiation. A, BMMCs-
WT were cocultured on SCG neuron neurite networks for 5 h, and a single
femtosecond laser shot (850 nJ/pulse) was focused at a position ~50 pm
apart from neurite-attendant BMMCs. Example photomicrographs are
shown that are selected from video images recorded before and after laser
irradiation. Before irradiation (leff), three BMMCs-WT (numbered 1, 2,
and 3) are observed attaching to a SCG neurite (indicated by arrows).
Immediately after irradiation (rightf), BMMCs-WT nos. 1 and 2 are de-
tached from the neurite, while BMMC-WT no. 3 remains attendant. Note
that the former BMMCs are positioned nearer to the laser focal point
(depicted by X) than the latter. Scale bar, 20 wm. B and C, BMMCs-WT
(B) or BMMCs-CADM1 ™/~ (C) were cocultured on SCG neuron neurite
networks, and Liax to detach Was measured for individual BMMCs. After
a neurite-attendant BMMC was randomly selected as a target, femtosecond
laser shots were repeated as their focal points were made getting gradually
closer to the target BMMC until the target was detached from the neurite.
Liax to detach Was measured for ~100 BMMCs in each group and was
expressed as a histogram (B, C). The mean and SD (wm) were shown
above the histogram. According to the least squares method, probability
density distribution of Lyax to detach Was approximated to a Gaussian curve
(gray). “p < 0.0001 by 7 test when compared with the value of BMMCs-
WT.

curve with a smaller median apparently dominated over the other
with a larger median (Fig. 4F). Additionally, we prepared two types
of cocultures: 1) Neuro2a cells with CADMIc knocked down and
BMMCs-WT, and 2) Neuro2a-CADMI1d cells with BMMCs-
CADMI "~ The Linux 1o detach histograms of both cocultures were
unimodal, and the medians were equivalent to those of Neuro2a-
BMMCs-CADM1 ™/~ cocultures (Supplemental Fig. 4). These
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FIGURE 4. Differential effects of CADM1b and CADM1d on BMMC
adhesion to Neuro2a neurites. A, Western blot analyses of CADMI in
original Neuro2a and its two subclones, Neuro2a-CADM1b and Neuro2a-
CADMId. Cell lysates were electrophoresed on a 10% SDS-PAGE gel and
were blotted with anti-CADMI1 Ab. After stripping, the blot was reprobed
with anti—(-actin Ab to indicate the protein loading per lane. B—-H, Histo-
grams of Liax to detach Of BMMCs-WT in various cocultures. BMMCs-WT
were cocultured with Neuro2a (B, F—-H), Neuro2a-CADM1b (C), Neuro2a-
CADMI1d (D), or Neuro2a-CADM1d cells with CADMIc¢ knocked down
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results suggested that CADMI1d had a much larger potential
to strengthen BMMCs-WT adhesion to Neuro2a neurites than
CADMIb.

Enhanced nerve—mast cell adhesion and communication at the
CADM 1d assembly site on Neuro2a neurites

We speculated that the bimodality of the mast cell adhesion
strength to Neuro2a-CADMI1d neurites might be attributable to
CADMId clustering along neurites. To visualize the CADM1d
assembly on neurites, Neuro2a cells were transiently transfected
with ¢cDNA encoding CADM1d-GFP, and they were allowed to
sprout out neurites. After 2 d, BMMCs-WT were cocultured on the
neurite networks for 5 h and were then estimated for their adhesive
strengths by the femtosecond laser assay. In this assay, neurite-
attendant BMMCs-WT were divided into two groups: those pres-
ent on the CADM1d assembly site and those present elsewhere.
As summarized by histograms in Fig. 4F and 4G, the former and
latter groups had significantly different means of Ly.x (o detachs that
is, 11.8 £ 7.3 and 25.5 * 8.1 wm, respectively. The latter mean
was nearly double the former. Notably, a similar relationship was
seen between the two medians (10.9 and 21.2 pwm) of the two
Gaussian curves, into which the bimodal L. (o detach histogram
of the Neuro2a-CADM1d coculture was divided by approximation
(compare Fig. 4D, 4F, and 4G). As shown by comparison between
the two histograms of Neuro2a-CADM1b and Neuro2a-CADMI1b-
GFP cocultures (Fig. 4C, 4H), GFP-tagging to CADMI1 isoforms
seemed to result in ~20% larger Li.x 1o detach- These results
suggested that CADMI1d clustering foci on Neuro2a-CADM1d
neurites mediated significantly firmer adhesion of BMMCs-WT
to the neurites than elsewhere.

Next, we examined how CADMI1 isoforms on Neuro2a cells
influence nerve-mast cell communication. For this purpose, we
used IC-2 cells, a BMMC-derived mast cell line that lacks en-
dogenous CADM1, but not BMMCs-WT, because BMMCs-WT
are known to respond poorly to nerve activation, probably due to
their low expression level of neurokin-1 receptor at the steady-
state (12, 23). We previously cocultured IC-2 cells that expressed
CADMIc exogenously (IC-2°“PMI€) or not with SCG neurons,
and we showed that exogenous CADM1c markedly enhanced the
responsiveness of IC-2 cells to SCG neuron activation (48). In the
present study, we cocultured IC-2“PM!€ cells on neurite networks
extending from various types of Neuro2a cells and used histamine
to activate Neuro2a cells specifically, because histamine induced
Ca”* mobilization in Neuro2a cells, but not IC-2“PM!€ cells apart
from neurites, when it was added to the coculture at a concentra-
tion of 1 mM (data not shown). First, we plated [C-2CAPMIC cels
onto neurite cultures of original Neuro2a and Neuro2a-CADM1b
and Neuro2a-CADMI1d cells and cocultured them for 2 d. After all
of the cultured cells were loaded with the Ca?* indicator Fluo-8,
we added histamine to the coculture at a concentration of 1 mM

(E). In F-H, prior to the initiation of coculture, Neuro2a cells were tran-
siently transfected with the plasmid vector expressing either CADM 1d-GFP
(F, G) or CADM1b-GFP (H), and in F and G, neurite-attendant BMMCs-WT
were divided into two groups; those present on the CADM1d assembly site
(F) and those present elsewhere (G). Liax to detach Was measured for ~100
BMMCs in each of the coculture groups, and it was expressed as a histogram.
The mean and SD (m) were shown above the histogram. According to the
least squares method, probability density distribution of Liax (o detach Was
approximated to one Gaussian curve (gray solid line), except for D and E,
where two Gaussian curves were deduced (gray dotted lines) and were
merged into one (bimodal line). “p < 0.0001 by ¢ test when compared with
the values of B; ®p < 0.0001 by ¢ test when compared with the values of F.
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FIGURE 5. [Ca®*]; changes in IC-2““PM!° cells attaching to Neuro2a neurites after specific activation of Neuro2a cells. A—C, Neuro2a and IC-2PM!®
cells were cocultured for 2 d and were then loaded with Fluo-8. In B and C, prior to the initiation of coculture, Neuro2a cells were transiently transfected
with the plasmid vector expressing CADM1d-RFP. After Fluo-8 fluorescence detection was started in a 5-s interval, histamine was added to the coculture at
a concentration of 1 mM. Representative DIC and Fluo-8 fluorescence (green) images at the indicated time points are shown in panels. In B and C, RFP
fluorescence (red) images were also captured (CADM1d) and merged with DIC (merge). B and C show representative results of IC-2“*PM!° cells present on
CADM1d assembly and those present elsewhere, respectively. In the # = 0 panels, several regions of interest (boxed by white lines) are defined in a Neuro2a
cell (N) and some IC-2°APMI€ cells (1, 2, and 3). The fluorescence intensity is displayed in pseudo color, with blue indicating the least fluorescence: the
scale bar is shown at the left of the 7 = 0 panel in A. Traces of fluorescence intensity for each region of interest are shown as line graphs, and the time points
of histamine addition are indicated by dotted lines with arrowheads (right panels). Asterisks and arrowheads in DIC images depict cell bodies of Neuro2a
cells and IC-2CAPM!e cells, respectively. Scale bars, 10 pm.

and then monitored the changes in [Ca®*]; in three types of
Neuro2a cells and IC-24PMI¢ cells by tracing fluo-8 fluores-
cence. A representative result from the coculture with original
Neuro2a cells is shown in Fig. 5A; [Ca®*); increased in Neuro2a
cell bodies and neurites immediately after the histamine addition,
and after a 10 s or longer time lag following the onset of Neuro2a
cell activation, [Ca>"]; increased in some proportion of neurite-
attendant IC-2°“PM'® cells with a duration time >1 min. When
we regarded IC-2°PM!¢ cells with >50% increase from baseline
in [Ca®']; as responders to nerve activation, we found that the
proportion of IC-2°“PM!¢ responders was significantly higher
in Neuro2a-CADMI1d coculture than in original Neuro2a and
Neuro2a-CADM1b cocultures (Table I). Next, Neuro2a cells
were transiently transfected with ¢cDNA encoding RFP-tagged
CADMI1d (Neuro2a-CADM1d-RFP) and were allowed to sprout
out neurites for 2 d, then cocultured with IC-2SAPM!€ cells for 2 d.
By visualizing REP signals, we divided IC-2°“PM!® cells that
were attendant to RFP signal-positive neurites into two groups:
those present on the CADMI1d assembly and those present else-
where (Fig. 5B, 5C). The proportion of IC-2°“PM!¢ responders
was significantly higher in the former group (Table I). Considering
that the proportion in Neuro2a-CADMI1d-RFP coculture was
somewhat lower than that in Neuro2a-CADM1d coculture, RFP-

tagging to CADM1d may result in impaired function of CADM1d.
Because CADM1d appeared to sometimes accumulate in neuritic
varicosities that are labeled with FM4-64 dye (Fig. 2A), it was
suggested that nerve—mast cell interaction might be enhanced at
bouton-like punctate structures independently of CADMI1d. To
examine this possibility, we cocultured IC-2°“PM'® cells on
Neuro2a neurites that were labeled with FM4-64 dye and divided

Table I.  Responsiveness of IC-2°APM¢ cells to Neuro2a cell activation
in cocultures of both cells

Red Fluorescence No. of IC-
Accumulation at  2°APMI€ Cells
IC-26APMIe e

Type of Neuro2a Cells” Adhesion Site  Total Responder p Value

Neuro2a 87 35

Neuro2a-CADM1b 89 36 0.98”

Neuro2a-CADM1d 113 75 <0.001°

Neuro2a-CADM1d-RFP Yes 126 79 0.0040
No 47 18

Neuro2a, FM4-64 labeled Yes 30 11 0.87
No 26 9

“Used for coculture with IC-254PM!< cells,
PBy X test when compared with the value of the Neuro2a coculture.

20T ‘v 1snSny uo 1sans Aq /310 ounurr-mmam//:dny woiy papeorumo(q


http://www.jimmunol.org/

5990

DIC
FIGURE 6. Behavior of cytoplasmic granules of IC-

2CAPMIC colls attaching to Neuro2a neurites after
specific activation of Neuro2a cells. Neuro2a and IC-
2CAPMIC colls were cocultured for 2 d and were then
loaded with quinacrine. After quinacrine, fluorescence
detection was started in a 5-s interval, histamine was
added to the coculture at a concentration of 1 mM
(upper), or solvent alone (HEPES buffer) was added
(lower). Representative DIC and quinacrine fluores-
cence (green) images at the indicated time points are
shown in panels. Arrowheads in DIC images depict
IC-26APMIC colls attaching to neurites. Arrows in
green fluorescence images depict IC-2°APMI¢ cells in
which >10% cytoplasmic granules disappeared when
compared with the images taken before 30 or 60 s.
Original magnification X200.

neurite-attendant IC-2°*PM'¢ cells into two groups: IC-26APM!¢
cells present on FM4-64—labeled sites and those present else-
where. The proportions of IC-2““PM!¢ responders to neurite ac-
tivation were comparable between the two groups (Table I). These
results collectively suggested that the responsiveness of neurite-
attendant IC-2°4PMI¢ cells to nerve activation was enhanced
specifically at CADM1d assembly sites.

To access the functional relevance of [Ca2*]; increase in IC-
2CADMIC responders, we observed the behavior of cytoplasmic
granules of IC-2°PM!¢ cells after Neuro2a activation. We loaded
Neuro2a-IC-2APM!¢ ce]] cocultures with quinacrine and visual-
ized multiple cytoplasmic granules of IC-2¢APMI¢ cells by green
fluorescence. Some of the granules disappeared in 3 min, when
histamine, but not solvent alone, was added to the cocultures (Fig.
6). This event of granule disappearance following histamine ad-
dition was observed more often in IC-2““PM!¢ cells when they
were cocultured with Neuro2a-CADM1d cells than with original
Neuro2a cells (Table II). Neuronal CADM1d not only strength-
ened nerve—mast cell adhesion, but appeared also to promote mast
cell degranulation following nerve activation.

Discussion
In the present study, we showed that four CADMI1 isoforms (a—d)
were expressed in the mouse cerebrum, and their combination and
expression level dramatically changed as the cerebrum grew ma-
ture. Interestingly, when E16 hippocampal neurons were grown
in vitro for 2 wk, they performed RNA splicing on CADMI
transcripts in a fashion similar to the cerebrum from E18 to P14.
These results suggested that individual neurons expressed multiple
CADMI isoforms, and the isoform splicing pattern was critically
regulated at the single neuron level and in a developmental stage-
dependent manner, because 1) cerebral neurons are thought
principally not to proliferate after birth (49), 2) cell proliferation
was inhibited in the hippocampal neuron culture by Ara-C treat-
ment, and 3) CADMI1 is reported to be expressed exclusively by
neurons but not glial cells (50, 51). We found that the splicing
pattern of CADM1 isoforms drastically changed in the cerebrum
between P7 and P14. Because the postnatal second week is known
as the period when neuronal networks develop progressively in the
cerebrum (52), CADMI isoforms are suggested to have in-
dividually specific roles in the network formation. What splicing
factors may regulate the CADMI1 splicing event and how the
CADMI splicing event may be involved in neuronal network
elaboration are now under investigation in our laboratory.

We focused on the finding that developing cerebral neurons
expressed mainly CADM1b and CADMlIc, and that the mature
neurons expressed CADM1d additionally and predominantly, and
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therefore we compared Neuro2a-CADM1b and Neuro2a-CADM1d
cells in the coculture with mast cells. Currently, we established
a noncontact measurement system for intercellular adhesion
strength assisted by femtosecond laser (36). By applying this
system to nerve—mast cell coculture, we successfully estimated the
adhesive strength of individual mast cells to neurites, and we
found that BMMCs-WT adhered to Neuro2a-CADMI1d neurites
significantly firmer than to Neuro2a-CADMI1b neurites. To ad-
dress molecular bases for this phenomenon, we coupled the
femtosecond laser assay with GFP-tagging and crosslinking
experiments and revealed that CADM1d clustered along Neuro2a
neurites, and that each of the clustering foci consisted of an as-
sembly of CADMI1d homodimers and served as a firmer adhe-
sion site for BMMCs-WT. This ability of CADMI1d to streng-
then nerve-mast cell adhesion was likely to result simply from
its dense accumulation at the mast cell contact sites, because
1) BMMCs-WT expressed CADMIc exclusively (26, 27), and
2) heterotypic cell aggregation and femtosecond laser irradia-
tion assays consistently showed that CADM1c-CADMIb and
CADMI1c-CADMI1d bindings in trans had comparable adhesion
strength. Interestingly, Ca>* imaging experiments revealed that the
CADMI1d clustering foci along Neuro2a neurites served for mast
cells as not only a firmer adhesion site but also a more efficient
communication site. This site may be of functional relevance,
because mast cell degranulation appeared to be promoted when
nerve—mast cell contact occurred via this site. In contrast to
CADMI1d, CADMIb did not enhance the efficacy of Neuro2a-
BMMC communication when expressed in Neuro2a cells, al-
though it significantly strengthens the adhesion between both.
Because CADM1d predominates over CADM1b in mature cere-
bral neurons and the reverse is true of developing neurons, nerve—

Table II. Behavior of quinacrine-labeled cytoplasmic granules of
IC-2CAPMI¢ cells after specific activation of Neuro2a cells in cocultures
of both cells

Disappearance
of IC-2CADMIc
Cell Granules
after Neuro2a
Cell Activation”
Type of Neuro2a _—
Cells” Yes No

p Value®
Neuro2a 7 37 0.046
Neuro2a-CADM1d 13 24

“Used for coculture with IC-2°APMI¢ cells (see Fig. 6).

bWhether granule disappearance occurred (Yes) or not (No) was judged according
to the criteria described in Materials and Methods.

“By x° test.
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mast cell interaction is supposed to be reinforced in mature brains,
when compared with developing brains.

Structurally, CADMI1d differs from the other three (a—c) iso-
forms; that is, in the extracellular juxtamembrane region, the
isoforms other than CADM1d have O-glycans probably linked to
the threonine residues, whereas CADMI1d does not have such
structures (34). The presence or absence of O-glycans may be
involved in determining the accessibility of association partner
molecules to each isoform. In fact, it is reported that CADMIla
and CADMIb, but not CADMI1d, are processed by TACE/
ADAM17-like proteases in the extracellular juxtamembrane re-
gion (53). Such membrane-type metalloproteases are supposed to
be associated with CADMIla and CADMIb in their neighbor-
hood, but not with CADM1d. Although the amino acid sequence
of the intracellular domain is identical among the four isoforms,
CADMI1d may have particular association partners different from
those of the other isoforms, due to the lack of O-glycans. A series
of our past studies has consistently shown that nerve-to-mast cell
communication should be mediated by substance P and its re-
ceptor neurokinin-1 (25). Although future studies should reveal
what determines CADMI1d localization along neurites and its
preference for synaptic bouton-like structures, CADM1d cluster-
ing at particular neuritic foci may trigger assemblage of machin-
ery necessary for efficient release of substance P from each focus.

It has long been known that mast cells are resident in the brain,
primarily in thalamic and hippocampal regions (54, 55), but the
function of mast cells in the brain remains controversial. Cur-
rently, Nautiyal et al. (56) demonstrated that brain mast cells are
implicated in the modulation of anxiety-like behavior and pro-
vided evidence for the behavioral importance of neuroimmune
links by using mast cell-deficient Kit™ """ mice. CADM1 may
be implicated in such neuroimmune links by directly mediating
nerve-mast cell interaction, and CADMI1 splicing switch in ce-
rebral neurons can be one of the critical molecular mechanisms
that underlie behavioral modulation, as suggested by the present
study. In the peripheral tissues, nerve—mast cell interaction is
regarded as a key element of neurogenic inflammation, which is
involved in the pathophysiology of various diseases, such as irri-
table bowel syndrome and contact hypersensitivity (20, 21, 57).
Although peripheral nerves, such as SCG and dorsal root ganglia,
appear to express CADMIc exclusively under physiologic con-
ditions (25) (Supplemental Fig. 3), there may be some patholog-
ical conditions in which the CADM1 splicing pattern changes in
peripheral nerves, and as a result, nerve-mast cell interaction is
reinforced, causing exacerbation of neurogenic inflammation.
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