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Review article
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Summary — The epithelium of the gastrointestinal tract is continuously exposed to the external envi-
ronment containing food antigens, microbes and other pathogens. Immunologic and nonimmunologic
mechanisms contribute to the neutralization and elimination of these foreign antigens. The immune sys-
tem of the intestine is the most extensive in the organism and involves diffuse populations of immune
cells, lymphoid aggregates and intraepithelial lymphocytes. On the other hand, the functions of the diges-
tive tract contibute to the overall host defense (mucus secretion, gastric acid secretion, water and
electrolyte secretion and peristaltism). These functions are regulated by intrinsic and extrinsic ner-
vous systems. It is currently recognized that the physiological and pathological responses of the intes-
tine require an integrate neuroimmune network. Such neuroimmune regulation is based on anatomi-
cal and biochemical supports. Indeed, there are membrane-to-membrane contacts between axonal
varicosities and the immune cells. Specific receptors for neurotransmitters such as substance P,
vasoactive intestinal polypeptide and somatostatin have been identified in many immune cells. Nerve
profile change has been described under pathological conditions such as parasitic infections and
acute phase of inflammation. In addition to supporting the growth and survival of several populations
of nerves the classical nerve growth factor (NGF) has been shown to affect an immune cell population
by inducing mast cell hyperplasia. Furthermore the NGF can induce mast ceil degranulation, acting
directly on mast cell membrane NGF receptors or indirectly by NGF-mediated release of substance P
by peripheral extrinsic or intrinsic nerves. Moreover, non-immune cells such as epithelial and smooth
muscle cells can produce immunologic messengers under pathological conditions such as infectious
diseases or inflammation. Besides the local regulation of gut functions, neuroimmune control can be
exerted at extra-intestinal sites. During physiological and pathological conditions, gastrointestinal
secretions and motor events are strongly regulated by the central nervous system. Moreover, infectious
agents can induce cytokine and particularly interleukin-1 release by the brain astrocytes and microgliai
cells which have been shown to play a pivotal role in fever induction and modifications of the gas-
trointestinal functions. Visceral afferent fibers play a pivotal role in ‘cross-communication’ between
central sites and immune response. Recent studies evoke, more specifically, the role of vagus as a key
modulatory participant in the close relationship between the extraintestinal nerves and the immune sys-
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tem. Future work in this field will clarify the role of the different participants in the intimate communication
between the gastrointestinal tract, immune system and central nervous system.

neuroimmunology / digestive tract / cytokine / mast cell / vagus

Résumé — Neuro-immunologie intégrée du tractus digestif. L 'épithélium digestif est une barriére
naturelle vis-a-vis d’agents étrangers introduits par voie orale, tels qu'antigénes d’origine alimentaire,
xénobiotiques ou microorganismes. Le systeme digestif possede deux mécanismes de défense vis-a-
vis de ces agents : un mécanisme d’origine immunitaire et un autre non immunitaire. Le tractus diges-
tif est l'organe immunocompétent le plus developpé de I'organisme. Il possede des éléments immunitaires
individualisés ou des cellules immunocompétentes dispersées au niveau de la muqueuse et de la
sous-muqueuse. Par ailleurs, il exerce ses fonctions de défense grace a des mécanismes non immu-
nitaires tels que sécrétion acide gastrique, sécrétion de mucus, sécrétion hydroélectrolytique intesti-
nale et péristaltisme. En outre, ces fonctions sont régulées par les systémes nerveux intrinséque et extrin-
séque. A I'heure actuelle 'étude des fonctions digestives tient compte des relations étroites entre
systéme immunitaire et systéme nerveux. Ces relations sont supportées par des bases anatomiques
et biochimiques. Des récepteurs a de nombreux neuromédiateurs (substance P, polypeptide intestinal
vasoactif, somatostatine...) ont été identifies au niveau des cellules immunocompétentes. Le profil
anatomique des terminaisons nerveuses est modifié dans des conditions pathologiques telles que
les parasitoses ou phase aigue de l'inflammation. Ces modifications sont régulées principalement
par le facteur de croissance des nerfs qui par aifleurs a une influence sur les populations cellulaires immu-
nocompétentes. En effet le facteur de croissance des nerfs induit une hyperplasie mastocytaire et
peut aussi dégranuler les mastocytes soit en agissant directement sur les récepteurs présents sur la
membrane soit indirectement en provoquant une libération de substance P par l'innervation intrin-
seque ou extrinséque. Par ailleurs, dans des conditions pathologiques, les cellules épithéliales et/ou
musculaires lisses peuvent exprimer des messages de nature immunitaire. A coté du contréle neuro-
immunitaire local des fonctions digestives, il existe également une interaction entre systéeme nerveux
et immunitaire au niveau de sites extra-intestinaux. Le contréle des fonctions digestives par le systéme
nerveux central est bien établi. De plus des agents infectieux provoquent la liberation de cytokines et
en particulier d’interleukine-1 par les astrocytes et les cellules gliales au niveau du cerveau. Ces cyto-
kines sont responsables de l'induction de la fiévre et des modifications des fonctions digestives. Parmi
les acteurs intervenant dans la communication neuro-immunitaire, les afférences viscérales jouent
un role important. Des travaux récents attribuent un réle clé aux nerfs vagues comme agents privilé-
giés de la communication complexe et étroite entre les systémes immunitaires et nerveux. De futurs
travaux permettront d’élucider le réle des différents participants a ces relations multifactorielles entre
les systémes digestif, nerveux et immunitaire.

neuro-immunologie / tractus digestif / cytokine / mastocyte / nerfs vagues
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INTRODUCTION

The epithelial lining of the mammalian gas-
trointestinal tract is continuously exposed
to the external environment containing food
antigens, microbes and various pathogens.
Two types of mechanism permit the neu-
tralization and elimination of the foreign anti-
gens, one immunologic and the other non-
immunologic.

The immune system of the intestine is of
major importance in the organism and con-
sists of defined lymphoid aggregates, a dif-
fuse population of immune effector cells and
a population of intraepithelial lymphocytes
(Stead et al, 1987). The lymphoid aggre-
gates contain mainly differentiated B lym-
phocytes (plasma cells) secreting IgA and a
smaller number of T cells. The lamina pro-
pria contains B lymphocytes, helper/inducer
(CD4+) and suppressot/cytotoxic (CD8+) T
cells, macrophages, eosinophils and mast
cells. The intraepithelial compartment con-
sists of mainly T cells of the suppressor/cyto-
toxic phenotype (Elson, 1988). The degra-
dation and elimination of the noxious agents
is facilitated by several mechanisms: gastric
acid and proteolytic enzymes, increased
secretion of water, electrolytes and
mucopolysaccharides, and stimulation of
peristaltism. These events depend upon the
activity of approximately 108 gastrointestinal
neurons, a number comparable to that found
in the spinal cord. These neurons contain
classic neurotransmitters such as acetyl-
choline or norepinephrine but aiso about 20
other identified neuropeptides. Moreover,
up to five messenger molecules have been
identified in a single neuron.

In most studies, immune and neuronal
systems have been investigated separately,
but it is clear that the intestinal response to
external and internal environmental changes
requires an integrated neuroimmune net-
work. Such a neuroimmune regulation is
based on anatomical and biochemical sup-
ports. There are membrane-to-membrane
contacts between axonal varicosities and
the various immune cells. Specific recep-
tors for neurotransmitters such as substance
P (SP), vasoactive intestinal polypeptide
(VIP) and somatostatin have been identi-
fied on many immune cells. Moreover, there
is now evidence that nonimmune cells such
as epithelial or smooth muscle cells can pro-
duce immunologic messengers under patho-
logical conditions. However, direct mea-
surement of the immune influence on the
physiological behaviour of nerves, and par-
ticularly enteric nerves, remains difficult in
complex mammalian organisms. Because
of this difficulty, alternative experimental
models have been used. The mollusk
Aplysia californica has been employed as
a model for studying immune-nerve inter-
actions (Clathworthy et al, 1992; Walters et
al, 1991). Immune responses in mollusks
are carried out by hemocytes that have
some features in common with the immune
cells of mammals (Lo Verde et al, 1982;
Stefano et al, 1989) Moreover, the
hemolymph of mollusks contains cytokines
such as interleukin-1 (IL-1) and tumor necro-
sis factor (TNF). The responses of mollusk
immunocytes to mammalian IL-1 and TNF
are similar to the responses of human gran-
ulocytes to these cytokines (Hughes et al,
1990). Common neuro—immune interactions
between mammals and mollusks may also
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exist. Indeed enhanced excitation of neu-
rons in Aplysia has been observed when
the axons interacted with stimulated
immunocytes (Wood, 1991).

Besides the local regulation of gut func-
tions, neuroimmune control can be exerted
at extraintestinal sites. Under physiological
conditions, gastrointestinal secretions and
motor events are strongly regulated by the
central nervous system. During pathologi-
cal conditions, the neuroimmune regulation
of digestive functions can occur at the level
of the central nervous system. One example
of this regulation are the changes in gas-
trointestinal motility and secretion that are
induced at the central level by immune cell
mediators such as IL-1.

LOCAL NEUROIMMUNE INTERACTIONS

Immune cells as transducers

Mast cells

Mast cells play a major role among the
immune effector cells involved in neuroim-
mune communication. The gastrointestinal
mucosa contains a large number of mast
cells, which differ from the classical con-
nective tissue mast cells in terms of their
morphological, histochemical and functional
characteristics (Befus et al, 1986a). Mucosal
mast cells are of particular importance in
detecting foreign antigens since they are
located at the interface between the external
environment and the host. They play a role
in anaphylactic reactions via IgE and I1gG
antibodies binding to specific Fc receptors
on their surface (Baird et al, 1987). Histo-
logical studies reveal an intimate association
between mast cells (as well as other
immune cells) and neurons in both the
peripheral and central nervous system (Dim-
itriadou et al, 1990; Stead et al, 1989).
Because of this proximity, mast cells appear
to act as bidirectional information carriers

between the nervous and immune systems.
Indeed, regulatory molecules from both neu-
rons and mast cells (SP, IL-1, IL-2, IL-3, IL-
6, granylocyte-monocyte colony stimulating
factor, leukaemia inhibitory factor and nerve
growth factor) may initiate alterations in neu-
ral plasticity which can affect gastrointestinal
function. Nerve profiles change during the
course of parasitic infections (Nip-
postrongylus brasiliensis infection) and
nerve endings are remodeled due to the
degeneration at the acute phase of inflam-
mation and regeneration during the recovery
stage (Stead, 1992). In addition to support-
ing the growth and survival of several pop-
ulations of nerves, classical nerve growth
factor (NGF) has been shown to cause
intestinal mast cell hyperplasia (Aloe and
Levi-Montalcini, 1977; Marshall et al, 1990).
The plethora of such regulatory molecules,
which must permeate the activated intestinal
mucosa, could be involved in inflammation-
induced nerve modeling, just as the nerve-
derived molecules may affect the different
immune cell populations.

Several studies support the concept that
neurotransmitter receptors on mast cells
cause degranulation leading to the release
of inflammatory mediators (eg, 5-HT, his-
tamine, PAF, eicosanoids and cytokines)
(fig 1). Moreover, neuropeptides such as
SP can induce mast cell degranulation
through a nonreceptor-mediated mecha-
nism. It has been suggested that SP is
attracted to membranes containing anionic
lipids, and there directs its carboxyl terminus
into the hydrophobic compartment of these
membranes, directly activating G proteins
to induce histamine release (Stead et al,
1987). A recent study suggests that degran-
ulation may be due to either a direct pep-
tide effect, in particular that of NGF on mast
cell NGF receptors, or to an indirect effect
involving NGF-mediated SP release from
the peripheral intrinsic or extrinsic sensory
nerves where SP subsequently induces
mast cell degranulation (Dray and Bevan,
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1993). NGF regulates the development and
function of SP neurons and increased levels
of NGF significantly stimulate the produc-
tion of SP in sensory ganglia (Kacchi et al,
1993). Furthermore mast cells generate
NGF (Leon et al, 1994) and a closed mor-
phological association between mast cells
and sensory neurites containing SP/CGRP
(calcitonin gene-related peptide) has been
shown (Theoharides, 1990; Naukkarinen et
al, 1993; Stead et al, 1987). SP, in turn, can
stimulate mast cell degranulation and the
liberated mediators, particularly histamine,

BIOGENIC AMINES
CYTOKINES
ARACHIDONIC ACID
METABOLITES

¥ INFLAMMATION §4

NERVE
GROWTH
FACTOR

NERVE
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Fig 1. Schematic representation of the potential
for increased communication between mast cells
and nerves in the inflammed intestinal mucosa.
Ag: antigen, CT: connective tissue cell, IL: inter-
leukin, Mo: monocyte/macrophage, MC: mast
cell, NGF: nerve growth factor, Sch: Schwann
cell, SP: substance P, T: T lymphocyte, V: vas-
culature (from Stead, 1992).

are able to activate primary sensory termi-
nals to release further SP (Cacabelos,
1991). Evidence is beginning to accumu-
late that the SP from extrinsic or intrinsic
afferent neurons is released at neuroepi-
thelial junctions by neural stimulation (Man-
tyh, 1991). A local feedback cycle involving
NGF, SP and mast cells may therefore be
an important neuroimmune link during
pathophysiological conditions, such as neu-
rogenic inflammation (Mantyh, 1991; Nadel,
1991) (fig 2). Indeed mast cell numbers have
been reported to be elevated in tissues from
patients with inflammatory bowel diseases
(IBD) (McAuley and Sommers, 1961; Dvo-
rak et al, 1992; King et al, 1992). In addi-
tion, mast cells isolated from intestine-
tissue specimens from IBD patients had
markedly increased rates of spontaneous
mediator release and synthesis (Eliakim et
al, 1986; Fox et al, 1990). Drugs used in
the treatment of IBD have been shown to
be able to inhibit intestinal mast cell media-
tor release (Fox et al, 1991). However some
authors have failed to find increased mast
cell numbers in IBD tissues (Thompson and
Buchmann, 1979) or have reported a
decrease (Sanderson et al, 1986). This con-
troversy may be due to the heterogeneity
of tissue specimens used, in terms of dif-
fering disease severity or different stages
in the disease process or in the variety of
treatments used by the patients. Recently
it has been reported that chronic colonic
inflammation induced by intrarectal admin-
istration of trinitrobenzene sulfonic acid
(TNB/ethanol) in rats is accompanied by a
regional mast cell hyperplasia or influx to
the area of inflammation (Gelbmann and
Barrett, 1995). In this study, tissue histamine
levels presumed to reflect mast cell popu-
lation levels were increased following the
induction of colitis, following a delayed time
course that became significantly elevated
two weeks after treatment and continued to
increase over four weeks. These findings
suggest that the mast cell hyperplasia or
influx that is reflected by an increase in tis-
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Fig 2. Mast cells and the neuroimmune axis. Mast cells are intimately involved in the ‘cross-commu-
nication’ between the nervous and immune systems and thereby contribute to neurophysiological and
neuropathological processes, for example by affecting the integrity of the blood—brain barrier and par-
ticipating in neuroinflammation (from Purceli and Atterwill, 1995).

sue histamine levels is localized to the area
of ongoing inflammation, and that the stim-
ulus for the mast cell increase is probably a
microenvironmental factor regulating mast
cell proliferation and development such as
stem cell factor (SCF) (Gelbmann and Bar-
rett, 1995).

Neurotransmitters may also trigger
immune responses acting on neuropeptide
receptors located on other immune cells
such as T-cells, B-cells and macrophages,
suggesting that local neural signals in the
lymphoid follicles and lamina propria regu-
late different aspects of the immune
response and thereby alter intestinal function
(Ottaway, 1991; Stead et al, 1987, 1989).
Moreover, several studies on antigen chal-
lenge-induced intestinal anaphylaxis have
revealed the involvement of cholinergic neu-
rons releasing acetylcholine at muscarinic
receptors in the regulation of epithelial secre-

tory responses (Javed et al, 1994; Wang et
al, 1993; Baird et al, 1987).

Other immune cells

Granulocytic leukocytes have been found to
be implicated in the regulation of intestinal
functions. These phagocytes are activated by
bacterial products and release potent chem-
icals such as reactive oxidants, proteases
and arachidonic acid metabolites. These
cells also synthesize and react to various
cytokines. Ongoing activation of phagocytic
cells during chronic diseases may account
for significant intestinal pathology. Bacterial
endotoxins (lipopolysaccharides, LPS) are
a general activator of phagocytes. In Crohn’s
disease, monocytes are primed by LPS to
increase their release of toxic oxygen
metabolites (Baldassano et al, 1993).
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Neutrophils isolated from human blood
can be stimulated to cross monolayers of
the T84 human colonic cell line in response
to gradients of chemotactic bacterial pep-
tides such as FMet-Leu-Phe (Nash et al,
1991). This is associated with a dramatic
decrease in transepithelial resistance and
increased fluxes of inert probes as well as
protein antigens. Treatment with interferon-
v {IFN-v) elicits enhanced neutrophil
transepithelial migration, particularly in the
luminal-to-serosal direction (Colgan et al,
1993). Infiltration and activation of neu-
trophils reflect inflammatory states (Morris et
al, 1989; Krawisz et al, 1984). The quantifi-
cation of the amount of neutrophil infiltra-
tion in the inflammatory areas is assessed
through the measurement of the activity of
an enzyme called myeloperoxidase (MPO)
found in cells of myeloid origin such as neu-
trophils (Bradley et al, 1982). Activated neu-
trophils in the intestinal lumen can evoke
CI” secretion from the epithelium through
the release of a molecule originally termed
a neutrophil-derived secretagogue and later
identified as cAMP (Madara and Stafford,
1989). Neutrophil-induced permeability
changes across the monolayers of the
human Caco-2 epithelial cell line are inhib-
ited by antioxidant compounds or protease
inhibitors (Main et al, 1994). A recent study
reports that during pulmonary inflammation,
primary afferent nerves, through the release
of SP, regulate neutrophil accumulation and
function by facilitating the actions of inflam-
matory agents such as leukotriens B4 and
platelet activating factor on neutrophil adhe-
sion migration and biochemical reactivity
(Mathison et al, 1993).

Eosinophils have been shown to accu-
mulate in the intestinal mucosa of rats
infected with nematode parasites (Befus et
al, 1986b). This is probably a late conse-
quence of mast cell activation since mast
cell products include chemotactic factors
and/or cytokines (IL-5) for eosinophils (Gor-
don et al, 1990). Similarly to neutrophils,

eosinophils contain stored proteolytic
enzymes and, following activation, can syn-
thesize arachidonic acid metabolites and
cytokines. In addition, the release of
eosinophil cationic protein has been
observed in response to allergens in food
allergic patients (Knutson et al, 1993) and in
response to gliadin in patients with celiac
disease (Lavd et al, 1989). Moreover,
eosinophils have been shown to contribute
to the inflammatory response in neurogenic
inflammation. Human eosinophil granules
contain major basic proteins and synthetic
cationic proteins which can increase airway
responsiveness in vivo (Gundel et al, 1991;
Coyle et al, 1993). It has been shown that
eosinophil-derived cationic proteins can acti-
vate sensory C-fibers in the airways releas-
ing primarily SP, and can patrticipate in the
development of airway hyperresponsive-
ness and plasma extravasation (Coyle et
al, 1994). These proteins may therefore
function as an important link between inflam-
matory cell accumulation and sensory nerve
activation.

Macrophages have been found to be
numerous during various experimentally-
induced inflammatory states. Indeed their
number increased during the acute phase of
experimental colitis induced by intracolonic
administration of 30% ethanol in rats, while
lymphocytes play a pivotal role during the
chronic stage in this model (Palmen et al,
1995), and in a model of orally-induced col-
itis by 3% dextran sulfate sodium (DSS) in
guinea pigs (lwanaga et al, 1994). Their
presence in the inflammatory areas is
closely associated with their phagocytic
properties, as has been shown in a DSS-
induced colitis in mice where morphologi-
cal studies reveal a partial phagocytosis of
DSS by macrophages. Moreover
macrophages are an important source of
inflammatory mediators and cytokines, par-
ticularly IL-1. They have the ability to pre-
sent antigens and the epithelial-
macrophage association is suggested to be
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due to active recruitment by the enterocyte
(Perdue and McKay, 1994). In addition,
macrophages synthesize and release SP
which can up-regutate IL-1 production sug-
gesting autocrine regulation (Pascual and
Bost, 1990). Moreover macrophages pro-
duce nitric oxide (NO) when they are
exposed to LPS or cytokines (IL-1, IFN-y,
TNF-0)). NO is known to increase epithelial
permeability by modulating mast cell activ-
ity (Kanwar et al, 1992). In high concentra-
tions, NO has cytotoxic and/or cytostatic
properties that are important for the elimi-
nation of microorganisms but that may also
injure intestinal cells.

Intestinal epithelial cells, smooth
muscle and immunity

A more recent revelation is that immune cell
products as well as bacterial products may
induce epithelial and smooth muscle cells
to express an ‘activated’ phenotype with an
important position in the mucosal immune
cascade. Furthermore there is increasing
evidence that information transfer between
these cells and immune cells is bidirectional.
Epithelial expression of MHC class Il anti-
gens occurs predominantly on the baso-
lateral epithelial membrane in rodents
(Mayrhofer et al, 1983) and on the apical
and basolateral surface of epithelial cells in
humans (Brandzaeg et al, 1992). MHC anti-
gens on the luminal aspect of enterocytes
are thought to function as receptors for anti-
gens processed during digestion. The
expression of MHC |l antigens by entero-
cytes in healthy humans as well as in germ-
free animals is low. During inflammation,
however, this expression is enhanced (Bland
and Kambarage, 1991; Masson and Per-
due, 1990). In vitro studies support the
hypothesis that epithelial MHC Il expres-
sion is a function of cytokine secretion and
particularly the IFN-y released from T-cells
(MacDonald et al, 1988). However other

studies have reported that in athymic rats,
intestinal enterocytes can express MHC |l
antigens. This suggests that the release of
IFN-y or other non-T-cell-derived cytokines
or factors by intraepithelial leukocytes can
evoke this epithelial response (Mayrhofer
et al, 1983). The physiological meaning of
such responses is that orally-ingested anti-
gens usually do not stimulate the inflam-
matory process; rather they result in a down-
regulation of systemic responses generating
‘oral tolerance’. Increased MHC Il expres-
sion during inflammation may be part of an
adaptive response to limit inflammation fol-
lowing capture and presentation of luminal
antigens that have penetrated the gut via
damaged areas. Futhermore epithelial cells
can also express intracellular adhesion
molecules such as intracellular adhesion
molecule-1 (ICAM -1), and lymphocyte func-
tion-associated antigen-3 (CD58) has been
described on HT-29 and CaCo-2 epithelial
cells (Kvale et al, 1992). The expression of
these molecules was induced by cytokines,
primarily I[FN-y, IL-1, TNF-o. and IL-6. How-
ever the expression of these molecules has
not yet been observed in situ. Nevertheless
these data suggest that activated epithelial
cells may, in this manner, attract
macrophages and polynuclear granulocytes
to a site of inflammation.

Several in vitro studies have provided
evidence that the epithelium itself is a source
of cytokines. Immunostaining has revealed
the presence of IL-6 in human enterocytes
(Hyams et al, 1993; Mayer et al, 1992). Rat
IEC-6 epithelial cells can synthesize IL-6
when stimulated by IL-1f, TGF (McGee et
al, 1993a), TNF-o. and cholera toxin (McGee
et al, 1993b). Epithelial cells can also syn-
thesize and release IL-8 when stimulated
by IFN-y, TNF-o, IL-6 and after culture with
Escherichia coliLPS (Eckman et al, 1993).
Appreciable amounts of TNF-o. mRNA have
been localized in Paneth cells (Keshav et
al, 1990). IL-8 attracts neutrophils into the
site of inflammation and induces histamine
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release by human basophils (Krieger et al,
1992). In addition an IL-6 receptor has been
described on human epithelium (Shirota et
al, 1990) and functional IL-2 receptors have
been found on rat IEC-6 epithelial cells
(Ciacci et al, 1992). The synthesis and
release of these cytokines, however,
requires the confirmation of their relevance
in vivo.

Intestinal smooth muscle is also able to
express ICAM-1 and MHC Il antigens
(Hogaboam et al, 1994; Dzwonkowksi et al,
1991). This expression is induced by intra-
luminal antigens and cytokines (particularly
IFN-y). These proteins can be recognized
by TcR receptors localized on T helper-cells
inducing T-cell activation and clone expan-
sion. Moreover longitudinal intestinal smooth
muscle cells can express cytokines. In
healthy rats, IL-1B stimulation of longitudinal
muscle cells evoked a time- and concen-
tration-dependent increase in the expres-
sion of IL-6 mRNA, and this was accompa-
nied by the secretion of IL-6 protein into the
medium (Khan et al, 1995). Bortolami et al
(1993) provided direct evidence for the pres-
ence of IL-1 receptors on smooth muscle
cells. IL-6 exerts effects on vascular muscles
through prostaglandin synthesis by the mus-
cle cells (Ohkawa et al, 1994) and on enteric
nerves by potentiating the action of IL-15 in
suppressing the release of noradrenaline
from the myenteric nerves (Rihl et al, 1995).

EXTRAINTESTINAL NEUROIMMUNE
INTERACTIONS

Interesting results from research in psy-
choneurcimmunology have revealed that
lymphoid tissues are innervated by the
extrinsic nervous system (Felten and Fel-
ten, 1991) and that lymphocytes not only
express cell surface receptors for hormones,
neuropeptides and neurotransmitters (Carr,
1992; Weigent et al, 1994) but can them-
selves synthesize and secrete a variety of

classic hormones (Blalock, 1992). Moreover
centrally- or peripherally-produced cytokines
and particularly IL-1, can signal receptors
in the central nervous system (CNS) that
participate in the activation of the hypotha-
lamic-pituitary-adrenal axis (Besedovsky et
al, 1977; Hughes and Chin, 1994) and con-
trol digestive immunity.

A striking example highlighting the impor-
tance of the CNS regulation of immunity is a
model of conditioned antigen-evoked immu-
nity. In this model, an immune response is
generated by applying a stimulus to animals
that have been conditioned by pairing the
stimulus with an antigen administration able
to elicit an immune response unconditionally.
The immune response obtained in this
model involves conditioned histamine or
protease Il release from the mast cells of
rodents sensitized to the antigen used (Rus-
sel et al, 1984; Dark et al, 1987; MacQueen
et al, 1989).

The presence of specific saturable and
high affinity binding sites for cytokines and
particularly IL-13 has been demonstrated in
the CNS of normal rat brains (Katsuura et
al, 1988). Autoradiographic studies revealed
a high receptor density in astrocytes rich in
IL-1 immunoreactivity present in the hip-
pocampus, cerebral cortex, olfactory bulb,
hypothalamus and choroid plexus in rodents
(Farrar et al, 1987). There is also evidence
that distinct receptor subtypes for IL-1 exist.
The structure of IL-1 receptor in the brain
has been shown to be similar to the IL-1 type
| receptor described on T cells and fibro-
blasts (Farrar et al, 1987). In contrast, little is
known of the intracellular mechanisms of IL-
1 action in the brain. Growing evidence indi-
cates that the activation of IL-1 receptors in
the brain can be modulated by the IL-1
receptor antagonist, IL-1ra (Arend, 1991).
This IL-1 receptor antagonist recognizes the
80-kDa IL-1 type | receptors with a higher
affinity than for the 60-kDa IL-1 type Il recep-
tors characterized on B cells/macrophages
(Arend, 1991; Dinarello and Thompson,
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1991) and is expressed in the brain at a loca-
tion corresponding to the presence of IL-1
immunoreactivity and IL-1 receptors (Licinio
et al, 1991). Moreover recent findings sug-
gest that infectious agents or cytokines such
as IL-1p, administered peripherally, increase
a immediate-early c-fos gene protein product
(Fos-LI) and IL-1 mRNA (Wan et al, 1994;
Laye et al, 1994 } in the brain and particularly
in the the medullary nucleus tractus solitar-
ius (NTS), the predominant termination area
of visceral vagal afferents (Ritter et al, 1992).
Subdiaphragmatic vagotomy blocks this
effect, reinforcing the hypothesis of a close
communication between peripheral and cen-
tral neural elements and the immune sys-
tem.

More recent studies reveal the role of the
CNS in the control of mast cell-mediated
reactions. Indeed, cholinergic vagal affer-
ents are involved in the disturbances
induced by antigen challenges and trigger a
stimulated intestinal motility, since capsaicin,
a toxin that induces the degeneration of C
and AJ afferent fibers (Fargeas et al, 1993a;
Castex et al, 1994), attenuates this motor
effect when applied perivagally. The vagal
implication could be expressed through a
signal transmission to the CNS. This hypoth-
esis is supported by immunohistochemical
studies, which monitor the expression of the
immediate early c-fos gene in order to map
postsynaptic activation in the intact nervous
system. Following antigen challenge c-fos
expression has been obtained in the PVN at
the forebrain level, the LPB at the postmes-
encephalic junction and the NTS at the
medulla oblongata level. This ¢-fos expres-
sion was associated with intestinal ana-
phylaxis-induced alterations of intestinal
motility, and the destruction of vagal affer-
ences simultaneously reduced brain c-fos
expression and intestinal motility disorders
(Castex et al, 1995).

This close relationship between extra-
intestinal nerves and immune response is
also observed during infection diseases.

Endotoxins, which are lipopolysaccharides
(LPS) present in the outer membrane of
Gram-negative bacteria, play a pivotal role
in inducing host responses to infection.
Among these responses, fever appears to
be the most significant. Additionally, LPS
administered intravenously to experimen-
tal animals induces the inhibition of
forestomach and abomasal contractions in
sheep and intestinal motor disturbances in
rats and rabbits (Duranton and Bueno, 1984;
Pons et al, 1989; Fioramonti et al, 1984).
Moreover microbial pathogens evoke
cytokine release (Dinarello and Thompson,
1991). IL-1 released by the brain astrocytes
and microglial cells after LPS injection
seems to have a pivotal role in the endo-
toxin-induced fever (Rothwell, 1991; Kluger,
1991) and the modifications of the gas-
trointestinal functions (Taché and Saperas,
1993; Fargeas et al, 1993b).

In sheep, fever and gastroduodenal
hypomotility induced by peripheral LPS
administration involves central IL-1 release,
since central but not peripheral administra-
tion of recombinant human IL-1B induces
effects similar to those of LPS in a dose-
dependent manner and IL-1ra, an antagonist
of the IL-1 receptor, is able to block the LPS-
induced effects by acting at the central level
(Plaza et al, 1996). These effects obtained
in sheep are mediated by prostaglandins
and probably PGE2, but not corticotropin
release factor (CRF). In LPS-induced fever,
message transmission between IL-1 and
PGs occurs in specific blood-brain barrier
areas such as the organum vasculosum of
the lamina terminalis (OVLT) (Watkins et
al, 1995a).

The best documented centrally-mediated
effects of IL-1 are found in thermogenesis,
anorexia, and elevation of circulating corti-
costerone, insulin, and IL-6. Many of these
responses are mediated through the release
of CRF and/or prostaglandins providing evi-
dence that IL-1 triggers a physiological
response during the immune recognition of
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an infectious agent. However, the iliness
responses induced by LPS and involving
proinflammatory cytokines can occur in the
absence of detectable blood levels of LPS or
cytokines (Kluger, 1991). For example, IL-
1B and LPS are frequently undetectable in
plasma during LPS-induced fever, while anti-
bodies directed against IL-13, administered
systemically, block the fever produced by
even low doses of LPS (Kluger, 1991; Long
et al, 1990). These findings suggest an addi-
tional route of cytokine-to-brain communi-
cation, namely a neural rather than a
humoral route. Indeed there is increasing
evidence that the activation of subdi-
aphragmatic vagal afferences mediates a
wide range of illness responses produced
by intraperitoneal LPS. Moreover the vagus
contains a very large number of sensory
afferent fibers in addition to the more clas-
sically-recognized parasympathetic efferent
fibers (Ritter et al, 1992). Recent studies
have shown that a subdiaphragmatic vago-
tomy blocks the fever (Watkins et al, 1995b),
hypothalamic norepinephrine depletion
(Fleshner et al, 1995), hyperalgesia (Watkins
et al, 1994a), and social- and food-motivated
behavior suppression (Laye et al, 1994;
Bluthe et al, 1994) produced by IL-163, TNF-
o and LPS. The fact that transection of the
splanchnic nerve does not block illness
responses (Watkins et al, 1994b) indicates
that the signals are relayed to the brain via
the vagus, rather than the spinal cord via
the splanchnic nerve. An important role of
visceral afferents has been demonstrated in
other studies using experimentally-induced
gastrointestinal inflammation models. Indeed
systemic capsaicin treatment, which destroys
primary afferent neurons, exacerbates
inflammatory reactions in the stomach and
colon (Pabst et al, 1993; Evangelista and
Meli, 1989; Evangelista and Tramontana,
1993; Leung, 1992; Goso et al, 1993). Sub-
diaphragmatic vagal destruction of afferent
fibers, by local perivagal capsaicin treatment,
exacerbates colonic inflammation (unpub-
lished data), revealing the cytoprotective/anti-

inflammatory role of vagal afferents in this
effect. In addition it has recently been shown
that increases of intestinal water secretion
and MPO, which occur in rats during the
inflammatory diarrhea induced by Clostridium
difficile toxin A, are neurally mediated, involv-
ing more specifically capsaicin-sensitive sen-
sory-afferent neurons (Castagliuolo et al,
1994). In addition, the IL-1B-induced colonic
hypersecretory effects in rats involve pri-
mary afferent fibers (Theodorou et al,
1994a,b; Eutameéne et al, 1995). These find-
ings highlight the important message-carry-
ing role of visceral, and particularly vagal,
afferents in the communication between neu-
ral and immune systems.

Exogenous IL-1B acts on the CNS to
inhibit gastric acid secretion (Saperas et al,
1990), ulcer formation and small-intestinal
motility, and to stimulate colonic motor func-
tions (Fargeas et al, 1993a). IL-1p acts, at
specific hypothalamic sites to inhibit gastric
acid secretion through PGE2 release
(Saperas et al, 1990). In fed rats, the central
administration of IL-1p induces the stimu-
lation of caeco-colonic contractions and the
reappearence of the fasting motor pattern
characterized by the presence of migrating
myoelectric complexes (MMC). The colonic
motor effect involves CRF release, whereas
the intestinal motor event is mediated by
PGs release (Fargeas et al, 1993a).

CONCLUSION

All these data together demonstrate the
complex and intimate relationships between
intestinal and extraintestinal nerves and
immune responses in the digestive tract.
Mast cells play a pivotal role in these rela-
tionships. Besides their close morphologi-
cal association with nerve endings, they
share many of the features of neurons, in
terms of responsiveness to neurotrophism
and neuropeptides. The ‘cross-communi-
cation’ between mast cells and cells of the
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nervous system may be implicated in a
range of diseases which have an inflam-
matory or autoimmune component. Another
key to the digestive neuroimmune interac-
tions is the influence of neuropeptides on
the release of cytokines.

Future work in this field is required to
clarify the roles of the different participants
in this relationship and, more specifically,
the role of the vagus as a key modulatory
axis in the communication between gas-
trointestinal tract, immune system, and cen-
tral nervous system.
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