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Review

Molecular Basis of Neuroimmune Interaction in an In Vitro
Coculture Approach

Mamoru Nakanishi®? and Tadahide Furuno'

A team of researchers from Nagoya, Tokyo and Hamilton developed a unique technique for studying neuro-
immune interaction with confocal laser scanning fluorescence microscopy several years ago. It relies on guiding
immune and nerve cell interaction by creating an adhesive environment using an in vitro coculture dish. With their
technique, they are able to study details of the mechanism of how nerve cells communicate with immune cells (mast
cells and T lymphocytes) and vice versa. They showed that nerve-mast cell communication could occur in the
absence of an intermediary transducing cell and that the neuropeptide substance P, operating via NK-1 receptors,
was a soluble factor of this communication. In addition, recently, they showed that ATP which was released from
activated mast cells mediated the activation of nerve cells. Further, with their technique, Nagoya’s group was able
to study details of the molecular mechanism of nerve-mast cell interaction. N-cadherin and CADM1 (cell adhesion
molecule 1) appeared to mediate attachment and promoted the communication between mast cells and nerves
predominantly. It would lead to new therapeutic modalities for diseases based on neuroimmune interaction such as
neurogenic inflammation, intestinal bowel diseases, asthma, and autoimmune disorders. Cellular & Molecular

Immunology. 2008;5(4):249-259.
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Introduction

During last two decades, there has been exponential increase
in data illustrating that the nervous and immune systems are
not disparate entities (1-9). The nervous system including the
brain and the peripheral neurons can stimulate or inhibit
activities of the innate and adaptive immune systems through
the hormonal and neuronal pathway. In turn, the immune
system can influence nervous system activity through the
release of immune mediators and cytokines.

Sympathetic nerve fibers innervate the vasculature and
parenchyma of primary and secondary lymphoid organs, and
other lymphoid tissues (10, 11). Immunohistochemical studies
demonstrated a close association of sympathetic nerve
terminals with macrophages and lymphocytes. Activation of
central nervous system (CNS) by injection of immune stimuli
such as lipopolysaccharide (LPS) or proinflammatory cytokines
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(IL-1B, IL-6, or TNF) results in a rapid increase in both firing
rate of the sympathetic nerve innervation of spleen and the
release of noradrenaline within spleen. The neuronal
mediators released from nerve terminal binds to receptors on
immune cells. Sympathetic neurons can stimulate B cells and
helper T (Thl) cells through activation of B-adrenergic
receptors and support a Th2 cell immune response (12, 13).
Noradrenaline seems to inhibit the activity of cells in innate
immunity such as macrophages, neutrophils or natural killer
(NK) cells through [3,-adrenergic receptors but stimulate it in
adaptive immunity involved with B cells and T cells.

Then, the nervous system can also modulate inflam-
matory response and allergic reaction. The CNS regulates
systemic inflammatory responses to endotoxin through
humoral pathways (14-16). The vagus nerve, which
innervates liver, lung, spleen, kidneys, and gut, has been
involved with this regulation, and activation of afferent vagus
nerves by endotoxin or cytokines stimulates anti-inflam-
matory responses through hypothalamus-pituitary-adrenal
(HPA) axis (17-19). Tracey’s group showed that direct
electric stimulation of the efferent vagus nerve inhibited the
synthesis of TNF in liver, spleen, and heart, and then
attenuated concentration of TNF in serum during endo-
toxaemia. Efferent activity in vagus nerve leads to release
acetylcholine in some organs (20, 21). Acetylcholine
interacts with nicotinic acetylcholine receptors on tissue
macrophages and inhibits the release of proinflammatory
cytokines (22, 23). On the other hand, stimulation of capsaicin-
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sensitive sensory neurons induces neurogenic inflammation
by production of inflammatory symptoms such as vasodilation,
plasma extravasation, and hypersensitivity (24). The
experimental evidence supports that neuropeptides substance
P and calcitonin gene-related peptide (CGRP) triggers neuro-
genic inflammation by interacting with the neurokinin-1
(NK-1) receptor and the CGRP1 receptor, respectively, on
endothelial cells, mast cells, immune cells and arterioles
(25-32). Destruction of capsaicin-sensitive nerve fibers with
neonatal capsaicin depletes the content of these neuro-
peptides and attenuates neurogenic inflammation.

Further, the involvement of sensory neurons in not only
neurogenic inflammation but also the mediation of
nociception and pain has been established. Many inflam-
matory agents can stimulate the primary spinal afferent
neurons. Especially, trypsin and mast cell tryptase cleave
proteinase-activated receptor (PAR) 2 on the primary spinal
afferent neurons and stimulate release of these neuropeptides
(33). Moreover, mast cells containing tryptase are in close
proximity to nerve fibers containing substance P and CGRP
(34-36). Accordingly, Bunnett’s group proposed that
IgE-mediated mast cell activation results in the release of
tryptase from intracellular secretory granules, and the
tryptase activates PAR2 on sensory neurons to stimulate the
release of substance P and CGRP (33). These neuropeptides
induce the further activation of mast cells as well as
inflammatory response such as arteriolar vasodilation and
increased blood flow.

As described above, mutual association between nerves
and immune cells has been observed in normal and
pathological conditions. Their association is widely accepted
but their precise molecular basis has not been clear yet. Here,
we have been able to elucidate the molecular basis of
communication between nerves and mast cells by molecular
imaging of CADMI1 and N-cadherin. We will review in this
paper, focusing the current experiments for the molecular
basis of neuroimmune interaction in an in vitro coculture
approach by our group.

Coculture system

Immunohistochemical studies show that there is the
innervation of both primary and secondary lymphoid organs
with sympathetic nerve fibers (10, 11, 37-39), and that mast
cells are also often found in the proximity of nerve fibers
containing neuropeptides in a variety of tissues including
skin, intestine, and dura mater (34, 40-42). Based on electron
microscopic observation, nerve terminals are in direct
apposition to T cells and mast cells. In addition, nerve fibers
and immune cells seem to demonstrate ‘synapse-like’
structure such as thickening of pre-synaptic cellular
membranes and concentration of vesicles containing neuro-
transmitters at their junctions. The synaptic clefts in neuronal
synapse (neuron-neuronal contact zones) and immunological
synapse (antigen-presenting cell-T cell contact zones) are
15-30 nm, while neuroimmune synaptic clefts are only ~6 nm
(43).

To understand the nature of this association and its

function, Blennerhassett and Bienenstock developed a tissue
culture model involving the coculture of isolated nerve cells
with immune cells (44, 45). They studied the early events of
specific and selective association between sympathetic
neurons and rat basophilic leukemia (RBL-2H3) cells (a
model of mucosal mast cells). Using time-lapse microscopy
they found that neurites extended toward RBL cells, and
subsequently made contact with them. They also showed that
60-100% of RBL cells acquired neurite contact within 17 h
of cocultures, but not YB2/0 (a rat plasmacytoma cell line)
cells as a control experiment (45). Transmission electron
microscopy (TEM) showed that there were large dense core
neurosecretory granules within the neurite adjacent to RBL
cell membrane with less than 20 nm, on average, between
apposing membranes. Besides, they found that attached RBL
cells ceased to divide and increased numbers of granules and
the granule contents (serotonin) compared to those of the
cells without contact to the neurites, indicating that
attachment of neurons induced the maturation of RBL cells
(46). They also showed that activation of peritoneal mast
cells had the capacity of altering neuronal physiology by
inducing depolarization and decreasing membrane resistance
(47). We thought that the in vitro coculture model was very
useful to investigate the molecular mechanism of direct
communication between nerves and immune cells because
the possibility that an intermediary cell transduces or
modulates the nerve-immune cell interaction was dismissed.

Nerve-mast cell communication

The nerve-mast cell relationship has served as a prototypic
association and has provided substantial evidence for
bidirectional communication between nerves and immune
cells (48). A variety of molecules synthesized by and released
from mast cells can influence neuronal activity (49, 50).
Tryptase directly activates PARs expressing on sensory
neurons (23). Products of arachidonic acid metabolism, such
as cysteinyl leukotrienes and prostaglandins, influence the
local environment involving nerves (51). Cytokines including
TNF-a and growth factors, such as NGF, cause changes in
local nerves so as to lower their threshold to activation and
promote nerve fiber elongation (52-55). Because nerves
release the neuropeptides such as substance P and CGRP on
stimulation and mast cells express receptors for many
neuropeptides (56-59), nerve activation, in turn, results in
mast cell activation, i.e., degranulation or secretion of
mediators (60). Thus, it is very important to understand the
molecular mechanism in direct nerve-mast cell communica-
tion. Their direct functional interplay has been also examined
using in vitro coculture and confocal microscopy.

Direct activation of mast cells by substance P released from
nerves

After the coculture of RBL cells with superior cervical
ganglia (SCG) neurites for a few days, RBL cells attached to
SCG neurites. Addition of scorpion venom or bradykinin,
which resulted in dose-dependent SCG neurite activation but
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Figure 1. Nerve-induced mast cell activation. (Upper) Representa-
tive differential interference contrast (DIC) image and sequential
Ca®" images after the addition of bradykinin (time = 0) in the
SCG-RBL coculture. Bar = 25 um. (Lower) Time-courses of Fluo-3
fluorescence intensity changes in RBLs and in SCG neurites. An
arrow indicates the time point of bradykinin addition.

not RBL cell activation, to the coculture dishes induced the
increase in Ca*" concentration in SCG neurites (Figure 1)
(61). The neurite activation was invariably followed by
activation of RBL cells in contact with neurites. The number
of responding RBL cells increased in accordance with
increasing concentration of scorpion venom or bradykinin.
RBL cells which did not attach to neurites in the coculture
dishes did not responsed directly to scorpion venom or
bradykinin. Since it was reported that substance P in isolated
SCG neurons in culture showed a 25-fold increase within 48
h in vitro (62) and that SCG were actually positive for
substance P-like immunoreactivity, the substance P was
examined as a neurite-derived mediator responsible for the
RBL activation. Inclusion of a neutralizing anti-substance P
antibody and an NK-1 receptor antagonist CP99, 994-01, in
the SCG-RBL cocultures did not affect the neurite activation
evoked by bradykinin, but significantly and dose-
dependently inhibited the subsequent RBL cell activation. As
for control, the experiments of treatment with an isotype-
matched irrelevant antibody and an NK-2 receptor antagonist
SR48, 968 were done, but they did not affect either
bradykinin-induced neurite activity or the subsequent Ca*"
mobilization in RBL cells in cocultures. In addition, bone
marrow-derived mast cells (BMMCs), which are thought to
be mucosal mast cell couterparts, were cocultured with SCG
neurites. BMMCs were shown to express NK-1 receptors in
the presence of cytokines IL-4 and SCF, and this expression
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of NK-1 receptors was demonstrated to be of functional
relevance and lead to an increase in the sensitivity to
substance P (56, 63, 64). When BMMCs expressing NK-1
receptors in variable level were cocultured with SCG,
BMMCs were found to respond in association with activated
nerve fibers according to the level of NK-1 receptor
expression (65). When NK-1 receptors were not expressed on
BMMCs, the response was negligible though the majority of
cells were c-kit positive. These data illustrate that nerve-
to-mast cell activation can occur in the absence of an
intermediary transducing cell and that substance P, operating
via NK-1 receptors, is an important mediator of this
response.

Substance P has been shown to cause mast cell
degranulation when used at high doses, whereas the exposure
to picomolar concentrations of substance P primes the mast
cell, lowering the threshold for degranulaiton to the second
stimulus (56, 66). To study whether degranulation in mast
cells attached to neurites was induced by neurite activation,
we first observed the surface structures of mast cells by an
atomic force microscope (AFM) and a scanning electron
microscope (SEM). AFM and SEM showed that resting RBL
cells in cocultures before stimulation had a spherical and
nearly smooth cell body. When SCG were stimulated with
bradykinin, RBL cells were spread and flat, and many pores
whose diameters were 0.8-1.0 um derived from exocytosis of
intracellular granules existed on the cell surface of RBL cells
attached to neurites (67). These drastic morphological
changes of the cell surface on RBL cells also occurred after
stimulation with antigen (68). In addition, the membrane
ruffling and the intracellular granule movement in activated
RBL cells were analyzed by a membrane protein CD63.
CD63 is located on the basophilic granule membranes in
basophils, mast cells, and platelets, and is also on the plasma
membranes (69). On activation of mast cells, the increase in
surface expression of CD63 was detected (70). To analyze
the movement of intracellular granules and the membrane
ruffling on degranulation, we prepared a plasmid of chimera
protein of CD63 and green fluorescent protein (GFP) and
transferred it into RBL cells (71). In cocultures of RBL cells
expressing CD63-GFP with SCG, membrane ruffling was
observed on RBL pseudopodial extensions in contact with
the activated neurites, but not on noncontacting pseudopodia
(72). These morphological changes of RBL cells including
cell spread, membrane ruffling, and granule movements were
suppressed in the pretreatment of RBL cells with NK-1
receptor antagonist. These results indicate that nerve-derived
substance P induces mnot only Ca® response but also
degranulation to mast cells attached with neurites.

Direct activation of neurites by ATP released from mast cells
On the other hand, to investigate the signal from mast cells to
nerves, the RBL cells were stimulated with anti-IgE
antibodies or antigen in cocultures. Our data illustrated that
SCG neurites were activated in response to RBL activation
after a lag time (Figure 2) (61, 73). In coculture dishes,
anti-IgE antibody- or antigen-induced RBL activation was
invariably followed by SCG neurite activation. The
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Figure 2. Mast cell-induced neurite activation. (Upper) Represen-
tative DIC image and sequential Ca®" images after the addition of
antigen (time = 0) in the SCG-RBL coculture. Arrowheads indicate
the neurite which is strongly activated. Bar = 50 pum. (Lower)
Time-courses of Fluo-3 fluorescence intensity changes in RBLs and
in SCG neurites. The fluorescence intensity in the SCG neurite was
shown in expanded scale. An arrow indicates the time point of
antigen addition.

activation of RBL cells affected calcium signals of neurites
over quite a long distance (> 150 um) from the site attached
to RBL cells. The lag times from RBL activation to SCG
neurite response varied, and it mostly took several minutes (<
4 min) to induce Ca’" response in SCG neurites after RBL
stimulation. We surmised that this was consistent with the
increased amounts, and variety of mediators, that were
released upon mast cell activation/degranulation, as compared
with the lower concentrations of mediators that would be
released at neuronal synapses or varicosities. We have
recently shown that ATP released from activated mast cells is
one of important mediators to activate nerves because
pyridoxalphosphate-6-azophenyl-2’,4’-disulfonic acid (PPADS),
a purinergic receptor antagonist or apyrase, an ATP
hydrolyzing enzyme, reduced the Ca®" signals in neurites
(74). Also we found that the supernatant of RBL cells

activated with antigen for 30 min (ATP concentration; ~32
nM) induced a rapid Ca*" response in SCG neurites but not
that of resting cells (ATP concentration; ~0.88 nM). The
pretreatment of activated RBL supernatant with PPADS or
apyrase significantly suppressed the responding rate of SCG
neurites. Thus, in terms of bidirectional communication, our
data using coculture system and confocal microscopic
analysis precisely show that neurite or mast cell activation
can result in activation of the reciprocal cell type in the
absence of any modulating or trasnducing effects of an
intermediary cell.

Adhesion molecules involved in the bidirectional communication
between nerves and mast cells

The nerve-mast cell interaction is involved in both homeostatic
and pathological regulations in their close apposition. The
neurite-mast cell association is found to occur in the
coculture dishes using AFM as shown in Figure 3. The AFM
image shows that the growth cone covers mast cell surface
over approximately 7 um. However, the molecules that
sustain this association were not identified. To investigate the
adhesion molecules involved in the interaction, we first
observed the distribution of cadherins, which are a family of
Ca*'-dependent and homophilic cell adhesion proteins
playing a role in the formation of synaptic plasticity, on the
nerve-mast cell cocultures (75, 76). Immunostaining analysis
showed that both SCG and BMMCs expressed N- and
E-cadherins, and that N- and E-cadherins are present mainly
in the cytoplasm of BMMCs in the absence of SCG neurites
(77, 78). With the association of neurites, however,
N-cadherin was localized on the plasma membrane of
BMMCs, but E-cadherin was not (78). B-catenin, which is a
protein associated with cadherins in the cytoplasm, was also
accumulated at the periphery of the plasma membrane in
BMMCs attached to neurites, while it was distributed in the
cytoplasm without neurites. These suggested that N-cadherin
was involved in the contact formation between nerves and
mast cells.

growth
cone

neurite

Figure 3. AFM images of SCG neurites and mast (RBL) cells in
coculture dishes. (Left) An AFM image of neurites attached to a
pseudopodium and a cell body of mast cell. Bar = 10 pm. (Right)
The enlarged image of square in the right image. A thin neurite with
the growth cone extended over a fiber-like pseudopodium of mast
cell. Association between the growth cone and the mast cell
occurred over ~7 pum.
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Figure 4. Attachment of mast cells to SCG neurites. (A)
Attachment of various types of mast cells (BMMCs) to SCG
neurites. The numbers of attached tg/tg BMMCs from MITF-
deficient mice, which do not express CADM1, were one-third as
large as the number of attached wild type +/+ BMMCs, which
express CADMI. Transfection of a vector containing CADMI1
cDNA (tg/tg BMMC "My improved the poor attachment of tg/tg
BMMCs and showed normal attachment to neurites, but an empty
vector (tg/tg BMMC™") did not affect. (B) Inhibition of
attachment of +/+ BMMC to neurites by the antibody against the
extracellular domain of CADMI1 (anti-CADMI1). Anti-CADM1
antibody inhibited the attachment of +/+ BMMC to neurites in a
dose-dependent manner. In contrast, control chicken IgY did not
influence the attachment of +/+ BMMCs.

In addition, Biederer et al. and Ito et al. have recently
isolated the same adhesion molecule, designated the synaptic
cell adhesion molecule (SynCAM) or spermatogenic
immunoglobulin superfamily (SgIGSF) in different processes
(79, 80). Biederer et al. showed that SynCAM was localized
preferentially on both sides of most synapses in the brain and
functions as a homophilic adhesion molecule that spaned the
synaptic cleft in the nervous system (79). Ito et al. found that
SgIGSF mediated the adhesion of BMMC:s to fibroblasts and
that the expression of SgIGSF in BMMCs was regulated by
the microphthalmia transcriptional factor (MITF) (80).
Though this identified adhesion molecule is also described in
different names such as nectin-like molecule-2 (Necl-2) (81)
and tumor suppressor in lung cancer 1 (TSLC1) (82), its
name has currently approved as cell adhesion molecule 1
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(CADM1) by the HUGO gene nomenclature committee.
Because CADMI1 is strongly considered to be one of the
candidates involved in the attachment and communication
between mast cells and nerves, we examined this possibility
by coculturing SCG neurons and mast cells with or without
CADMI1. CADMI1 was localized intensively at the contact
site between mast cells and neurites. Mast cells lacking
CADMI1 attached poorly to neurites, and ectopic expression
of this adhesion molecule significantly improved their
attachment (Figure 4A). The attachment levels of mast cells
expressing CADM1 were dose-dependently reduced in the
presence of an anti-CADMI blocking antibody (Figure 4B).
These results suggested that CADM1 was the major adhesion
molecule that mediated in vitro attachment between mast
cells and neurites (83).

We also studied the involvement of CADMI in the
communication between mast cells and nerves. Our results
showed that there is a significant difference in the proportion
responding to neurite activation between mast cells with and
without CADM1 (83). Only one-quarter of mast cells without
CADMI responded to neurite activation, whereas more than
one-half of mast cells with the adhesion molecule responded.
The responding rate of mast cells with CADMI1 to neurite
activation dose-dependently decreased in the presence of an
anti-CADM1 blocking antibody. In addition, the NK-1
receptor antagonist blocked the responding rate to neurite
activation in mast cells without CADM1 at much lower
concentrations than in mast cells with the adhesion molecule.
Thus CADM1 is likely not only to function as simple glue in
nerve-mast cell interaction, but also to promote the
development of a microenvironment where mast cells have
an enhanced susceptibility to nerve activation.

Molecular mechanism of nerve-mast cell interaction

Mast cells are differentiated in various subsets by environ-
mental factors such as surrounding cells and cytokines from a
common precursor in bone marrow. All types of mast cells,
however, are not activated with substance P. BMMCs
cocultured with fibroblasts for several weeks can respond to
substance P (84, 85), and BMMC:s cultured in the presence of
IL-4 and SCF gain sensitivity to substance P by expression of
functional NK-1 receptors (56). In addition, the attachment of
mast cells to neurons for several days is considered to affect
phenotypical and functional characteristics of them because
the granule contents and FceRI expression were found to
increase in the cells attached to SCG neurites (46, 86). This
transformation of mast cells may occur via c-kit on their
plasma membrane because SCG express SCF.

In the in vitro coculture experiments, it was shown that
substance P from activated neurites induced Ca*" mobilization
and degranulation in mast cells. While, the exposure of
substance P leads to promote the generation of lipid mediators
such as PGD, and LTC,4 and the production of proinflam-
matory cytokines including TNF-o and IL-6 through the
activation of MAP kinase and NF-xB pathways in mast cells
(85, 87). From these results we think the activation of mast
cells with nerve cells may promote the cytokine production
as well as degranulation.
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While most papers support that substance P is an
important mediator in nerve-mast cell interaction, there are
some reports describing that substance P does not induce
mast cell activation (88). As described above, mast cells
possess various functional characteristics according to their
location and species. We showed here that substance P and
ATP are important mediators in nerve-to-mast cell and mast
cell-to-nerve, respectively. However, we consider that
substance P and ATP are not the sole mediators bearing the
bidirectional communication between nerves and mast cells
and that there is a wide diversity of circumstances in their
communication.

Nerve-T cell communication

Strong evidence that the CNS receives messages from the
immune system and vice versa messages from the brain
modulate immune function has been accumulated (89, 90).
Historically, noradrenaline and the sympathetic nervous
system have been known to influence the lymphoid organs
(27-31). Noradrenaline regulates the function of immune
cells that protect the body against pathogen. The presence of
sympathetic nerve fibers and the release of noradrenaline
within lymphoid organs represent a mechanism by which
signals from the CNS influence immune cell function.
Adrenergic and opioidergic receptors have been found on
lymphocytes, granulocytes, monocytes, macrophages, and
NK cells (91-94). The predominant adrenergic receptor
expressed on T and B cells is the ,-adrenergic receptors (90,
95). The B,-adrenergic receptors are differentially expressed
on both resting and anti-CD3-activated murine CD4" T cell
clones, with detectable expression on Thl cells but not on
Th2 cells (96, 97). It was previously reported that following
immunization in vivo, noradrenaline was released from the
sympathetic neurons and was bound to the [,-adrenergic
receptors on lymphocytes (98), which induces the increase in
the intracellular concentration of cAMP and Ca** (99, 100).

Direct activation of Thl cells by noradrenaline released from
nerves

To study whether T cell activation occurs as a direct response
to neuronal activation or requires an intermediary cell, we
used the in vitro coculture approach comprising cultured
mouse SCG and T cell hybridomas (K79; possess properties
of Th1 cells) (101). When T cells were added to the culture
dish where most neurons showed the outgrowth of long
neurites at 48 h after initiation of SCG neurons, they moved
to SCG neurites and contacted with the neurites within 2 h.
Because they did not move and detach from the neurites once
they attached, the contact formation between SCG neurites
and T cells became very stable after 2 h incubation. These
results suggest that some chemotactic factors from SCG
neurites should induce the movements of T cells to the
neurites. Chemokines acting between T cells and neurons
remain to be studied in regard to pathological condition in
CNS such as encephalomyelitis and multiple sclerosis (102).
T cell-specific chemokines including CCL19, CCL21, and

CXCL10 may be candidates for the chemotaxis of T cells to
SCG neurites.

Addition of scorpion venom, which resulted in a direct
dose-dependent SCG neurite activation but not T cell
activation, to SCG-T cell cocultures induced the increase in
Ca®" concentration in SCG neurites. This expected neurite
activation was invariably followed by activation of T cells in
contact with neurites, as indicated by Ca®" increase. The
number of responding T cells increased in accordance with
increasing concentration of scorpion venom. The inclusion of
propranolol, a [-adrenergic receptor antagonist, dose-
dependently suppressed the T cell activation after the
increase in Ca’” in SCG neurites, but the treatment with
phentolamine, an o-adrenergic receptor antagonist, and CP-99,
994-01, an NK-1 receptor antagonist, did not. These indicate
that the neurotransmitter noradrenaline released from the
activated sympathetic SCG nerve fibers elicits a direct Ca*"
mobilization in T cells in contact with neurites via
B-adrenergic receptors (Ohshiro, Furuno and Nakanishi, to be
published). Early studies using unfractionated population of
CD4" T cells showed that B,-adrenergic receptor stimulation
inhibited T cell proliferation by decreasing IL-2 expression
and secretion as well as IL-2 receptor expression via a
cAMP-dependent mechanism (103-108). Recent studies
using purified population of T cells proposed that no-
radrenaline differentially regulates naive and effector CD4" T
cell activity (109-111). Thl cells that develop from naive
CD4" T cells, which were activated in the presence of
noradrenaline, produced more IFN-y per cell. The effect of
noradrenaline on Thl cells directly appeared to depend on
the time of stimulation with noradrenaline. When no-
radrenaline was added to Thl cells before and after T cell
receptor stimulation, the production of IFN-y was less and
more, respectively. Noradrenaline did not affect on Th2 cell
activity, as the [3,-adrenergic receptor is absent.

Molecular mechanism of nerve-Thl cell interaction

We found here that noradrenaline released from SCG neurites
induced Ca®" mobilization in Thl cells, while we still have
many subjects to understand the molecular mechanism in
nerve-T cell interaction. The neurite-derived chemokines to
induce chemotaxis for T cells and the adhesion molecules to
be involved in their communication should be identified. In
addition, we have not examined whether the transcriptional
activity and the cytokine production are enhanced in Thl
cells. It is very interesting to study what kinds of cytokines
are produced in neurite-activated Th1 cells for understanding
how nerves regulate immune system. It is also attractive to
investigate how cytokines produced by Thl cells influence
the function of nerves. The molecular mechanisms in nerve-T
cell communication will be demonstrated in the near future.

In vivo relevance

As described above, we have shown that the in vitro
coculture model is a useful method to study the molecular
mechanism in the direct neuroimmune crosstalk. However,
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Figure 5. Schematic representation of molecular mechanism in
communication between nerves and mast cells. SP, substance P;
NK-1R, NK-1 receptor.

because the bidirectional interaction at the neuroimmune
junction is complicate in body, the results obtained from in
vitro cocultures are necessary to be verified by in vivo
relevance.

Our results from the in vitro cocultures suggested that
substance P and NK-1 receptors played an important role in
neurogenic inflammation. In skin, contacts between nerves
and mast cells were increased in number in both lesional and
nonlesional samples of atopic dermatitis and nummular
eczema (112). Exposure of stress also increased significantly
the number of substance P-positive nerve fibers in the skin,
and such nerve fibers contacted mast cells more frequently
(113). Mice lacking NK-1 receptors showed a significant
increase in the number of mast cells and maintenance of a
spatial relationship between mast cells and nerves (114),
while they displayed a significantly reduced hapten-induced
acute cutaneous allergic inflammatory response (115). The
blockade or absence of NK-1 receptors also resulted in a
strong reduction in hapten-induced tracheal hyperreactivity
and colitis (116, 117). Stress-induced extravassation in the
dura mater was absent in W/W" mast cell-deficient mice and
NK-1 receptor-knockout mice (118). Acute restraint stress
resulted dura mater mast cell activation in normal mice but
not in NK-1 receptor-knockout mice (118). Substance P and
NK-1 receptors are also reported to act as important
regulators in the molecular signaling network modulating
inflammatory response in alopecia areata and autoimmune
hair loss (119-121).

In turn, mast cell mediators are reported to activate
neurons. Microiontophoretic application of compound 48/80,
an activator of mast cells, in thalamus caused excitation and
inhibition on thalamic neurons possibly through mast cell
degranulation (122). Moreover, local application of a mast
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cell mediator cocktail that was released from isolated human
intestinal mucosa mast cells stimulated by IgE receptor
crosslinking onto individual ganglia evoked an excitatory
response consisting of action potential discharge in neurons
of guinea-pig and human submucous plexus, and guinea-pig
myenteric plexus (123). Mediators of mucosal mast cells
from inflammatory bowel disease patients also markedly
enhanced the firing of mesenteric nerves (124).

Finally, the adhesion molecule CADM1 was shown to
function in mesentery (125). When BMMCs from CADMI1-
knockout mice were transplanted to mesentery of mast cell-
deficient W/W" mice, they did not degranulate in response to
the mesenteric nerve stimulation whereas trasnfection with
CADMI1 cDNA to CADMI1-deficient BMMC restored those
responses to normal level. Thus, mediators and adhesion
molecules functioning in nerve-mast cell interaction, which
was identified by in vitro coculture approach, were shown to
be relevant in vivo.

Concluding remarks

Considerable evidence existed for a consistent anatomical
association between nerves and immune cells in tissue
throughout the body. The morphological juxtaposition of
nerves and immune cells would, by itself, be of little interest
if it were not for evidence of physiological connectivity. The
tradition of considering the nervous and immune systems as
discrete entities has been replaced with the concept of
neuroimmunity, in which strictly neural or immune functions
are recognized as opposite ends of a biological spectrum. The
neuroimmune system is now widely accepted as an integrated
system sharing messenger molecules, receptors, and adhesion
molecules allowing for bidirectional communication.

As described in this paper, the molecular mechanism in
communication between nerves and immune cells was not
highly peculiar in comparison with other cellular interaction.
For example, neurotransmitters and neuropeptides released
from nerves induced a direct activation of immune cells
through the specific receptors on immune cell surface. These
neuronal mediators, of course, are functioning as intercellular
communication within nervous system. ATP released from
activated mast cells by degranulation resulted in a direct
activation of neurite through the purinergic receptors. ATP,
which is known to be released by various cell types, has
recently gained attention as a mediator of intercellular
communication through the activation of purinergic receptors
(126, 127). CADMI1 played an important role in direct
nerve-mast cell communication. This adhesion molecule is
also known to be involved both in the neural synapse (107,
128) and in the immunological synapse (antigen presenting
cell-T cell contacts) (129-131). Contact region between
nerves and immune cells in which their direct and efficient
communication occurred might be called “neuro-immuno-
logical synapse” as shown in Figure 5 (43).

Thus, we are now studying the molecular mechanism in
interaction between nerve and immune cells using in vitro
coculture approach and confocal imaging system. The
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technique can be applicable to investigate intercellular
communication between other types of cells. The direct
interactions of nerve-osteoblastic cells (132) and nerve-
pancreatic islet cells (133) have been actually demonstrated
using the technique described in this paper. We would add
that our data do not dismiss the likelihood of other cell type
in vivo modulating nerve-immune communication. We hope,
however, that a series of results introduced here can
contribute to understand the initiation and perpetuation of
health states and disordered states such as asthma,
inflammatory bowel diseases, eczema, migraines, atopic
dermatitis, and multiple sclerosis.
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