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Neuropeptides, Inflammation, and Motility

EMERAN A. MAYER, MD, HELEN RAYBOULD, PhD, and CHRISTIAN KOELBEL, MD

Neurogenic inflammation is a reaction which includes vasodilation, plasma extravasation,
and smooth muscle contraction elicited by activation of and release of mediators from
unmyelinated afferent nerve endings. Further release of inflammatory mediators follows
activation of axon collaterals associated with these afferent nerve endings as axon
reflexes. Substance P, somatostatin, vasoactive intestinal polypeptide, and calcitonin
gene-related peptide are candidate mediators. Recent evidence suggests that several of
these peptides may be colocalized either with one or more other peptides or with
acetylcholine or noradrenalin. Communicating pathways exist between nerves within the
mucosa and the muscle layers. Both long and short visceral reflexes occur. Inflammatory,
mechanical, or chemical stimuli reaching the mucosa may release peptides from periph-
eral nerve endings. Thus neurogenic inflammation may be an important factor in

inflammatory bowel disease.

KEY WORDS: substance P; primary afferent nerves; capsaicin.

A growing number of neuropeptides are being
described in the enteric nervous system, the extrin-
sic innervation of the gastrointestinal tract, and
regions of the central nervous system that regulate
autonomic function (1-6). The concept of
neuropeptides as mediators of ‘‘neurogenic inflam-
mation’> has been discussed in the context of
polyarthritis and of inflammation of the eye, skin,
and the respiratory tract (7-12), whereas the impli-
cation of neuropeptides in inflammatory changes in
the gastrointestinal tract has received little attention
(11, 13). The term neurogenic inflammation de-
scribes the reaction that includes vasodilatation,
plasma extravasation, and smooth muscle contrac-
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tion elicited by activation of and release of media-
tors from unmyelinated afferent (sensory) nerve
endings (9, 14, 15). Antidromic activation of axon
collaterals associated with these afferent nerve end-
ings results in further release of inflammatory me-
diators. These ‘‘axon reflexes’” may also produce
changes in blood flow and smooth muscle contrac-
tion within the viscera (13, 16, 17). As will be
discussed below, considerable evidence suggests
that several neuropeptides, including substance P,
somatostatin, vasoactive intestinal polypeptide,
and calcitonin gene-related peptide may play a role
in mediating this response. The following review
will discuss current evidence supporting the hy-
pothesis that neuropeptides play a role in the
coregulation of motility and inflammatory mucosal
lesions of the gastrointestinal tract.

INTESTINAL MOTILITY AND MUCOSAL
INFLAMMATION—CLINICAL EXAMPLES

Altered motility patterns of the stomach, small
intestine, and colon have been described in associ-
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TABLE 1. INFLAMMATION AND GASTROINTESTINAL
DysSMoOTILITY

Hypermotility
Infectious diarrhea (ref 20, 26)
Gastric stress ulcerations (ref 19, 22)
Hypomotility
Intestinal pseudoobstruction (ref 25, 27)
Reflux esophagitis (ref 23, 31)
Ulcerative colitis (ref 18, 21, 24, 28-30)

ation with inflammatory and ulcerating conditions
of the overlying mucosa (18-29). Depending on the
pathologic condition, both hyper- and hypomotile
patterns have been reported (Table 1).

One of the most common, yet little understood,
examples is the development of localized or gener-
alized ileus in association with inflammatory intra-
abdominal lesions such as pancreatitis, cholecystitis,
or postoperatively. In ulcerative colitis, several inves-
tigators have described a colonic motility pattern of
decreased phasic contractions associated with occa-
sional high-amplitude contractions of prolonged dura-
tion (18, 24, 26, 29, 30). These latter contractions
resulted in rapid propulsion of colonic contents, so-
called mass movements. The response of the sigmoid
colon to eating (gastrocolonic response) was signifi-
cantly altered in patients with ulcerative colitis (28).
Even though the electrical control activity of the
sigmoid colon was intact, the mechanical response
was almost abolished. In contrast, others described a
hypermotile pattern and increased tonus changes of
the distal colon from patients with ulcerative colitis in
response to opioids (21). In toxic megacolon, a com-
plete loss of phasic and tonic activity of colonic
muscle is observed.

Several authors have reported intestinal
dysmotility patterns both in man and in animal
models with inflammatory lesions of the small
bowel. Mucosal inflammatory changes have been
reported in patients with chronic intestinal
pseudoobstruction, and both mucosal changes and
altered motility patterns have been described in the
excluded small bowel of patients after jejunoileal
bypass surgery (25, 27). Enteric parasites, entero-
pathogenic bacteria, and bacterial toxins have all
been implicated as causing abnormal patterns of
gastrointestinal motility (20, 26).

In the stomach, different authors have implicated
altered gastric motility patterns in the pathogenesis
of stress ulcerations (22). Decreased mucosal blood
flow due to high-amplitude contractions was sug-
gested as a possible mechanism.

In the esophagus, decreased peristalsis and a
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decrease in the lower esophageal sphincter pressure
associated with reflux esophagitis have been re-
ported in humans and animal models (23, 31). A role
of prostaglandins as mediators of the dysmotility
has been suggested.

In the great majority of these examples of
dysmotility patterns associated with inflammatory
or ulcerating gastrointestinal lesions, it remains to
be defined if the observed dysmotility is the primary
or secondary event, and which mechanisms and
pathways are involved. The hypermotility pattern
seen in certain forms of infectious diarrhea suggests
a teleological role in producing a more rapid clear-
ance of infectious agents and/or their toxic products
from the intestine. Since such a mechanism would
provide a significant evolutionary survival advan-
tage, mechanisms and pathways providing a com-
munication between nociceptive mucosal stimuli
and propulsive intestinal contractions are likely to
be present in the gastrointestinal tract. In the fol-
lowing, we will focus on the anatomical and func-
tional evidence that inflammatory changes within
the mucosa may affect motility or that both inflam-
matory and motility changes may be produced by
similar mechanisms.

PEPTIDERGIC PATHWAYS BETWEEN
MUCOSA AND MUSCLE—MORPHOLOGICAL
EVIDENCE

Numerous neuropeptides have been identified in
the mucosa and muscle layer of the gastrointestinal
tract of different mammals, including man (5).
Throughout the intestinal mucosa, vasoactive intes-
tinal polypeptide-containing fibers are the most nu-
merous, with lesser numbers containing substance
P, somatostatin, neuropeptide Y, and enkephalin.
More recent evidence suggests that several of these
peptides may be colocalized either with one or more
of the other peptides or with acetylcholine or
noradrenaline (2). The majority of corresponding
nerve cell bodies is located in the submucous
plexus.

Communicating pathways between nerves within
the mucosa and the muscle layers occur in the form
of direct projections of neurons from one layer to
another layer or in the form of reflex pathways with
synapses within the bowel wall, in the spinal cord,
or in the brain stem. A population of neurons
innervating the mucosa have their cell bodies in the
myenteric plexus (2). In the canine colon, certain
submucous ganglion cells have direct projections to
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NEUROGENIC INFLAMMATION

the muscle layer, providing a cholinergic input to
the circular muscle layer, modulating its slow-wave
activity (32).

Certain efferent and afferent nerve fibers inner-
vating the gastrointestinal tract have their cell bod-
ies outside the bowel wall. The cell bodies for these
primary sensory afferents are located either in the
dorsal root ganglia (for spinal afferents) or in the
nodose ganglia (for vagal afferents), whereas the
cell bodies for extrinsic efferent nerves lie in sym-
pathetic ganglia and in the dorsal vagal motor
nucleus in the brain stem. In the gastrointestinal
tract, primary sensory nerves form the perivascular
nerve plexus, some large varicose nerve fibers in
the submucous ganglia, and probably some nerve
fibers within the myenteric plexus (2, 13, 33-35).
The pattern of vascular innervation shows marked
regional differences with a particularly dense inner-
vation around arterioles and capillaries and sparing
of veins (34). Even though substance P accounts for
most of the immunoreactivity in the peripheral
branches of the primary sensory neuron, somato-
statin and calcitonin gene-related peptide are also
present. Primary sensory neurons can provide com-
munications between different parts and elements
of the gastrointestinal tract in several ways.

VISCEROVISCERAL REFLEXES—
FUNCTIONAL EVIDENCE

Viscerovisceral reflex pathways participate in
reflex changes in motility, secretion, and blood flow
in response to physiological stimuli. There are long
and short reflex arcs with afferent pathways located
in the spinal nerves and in the vagus. Long reflexes
have synapses within the central nervous system
and mediate reflex changes in response to such
noxious stimuli as excessive pressure on the
mesentery or intraperitoneal injection of bradykinin
(2, 16, 31). Short reflex arcs involve axon collaterals
that make synaptic contact with post ganglionic
inhibitory sympathetic nerves (13, 16, 37). One
reflex thought to be mediated in this way is the
decrease in gastric motility in response to acid in
the jejunum (13). '

Functional and morphological evidence has
shown that the gastrointestinal tract is innervated
by spinal and vagal capsaicin-sensitive afferent fi-
bers (13, 14, 16, 19, 33, 35, 38-41). Capsaicin is a
neurotoxin that is highly specific for nonmyelinated
afferent nerve fibers (38). Thus, the inhibition of
gastric and intestinal motility in rats in response to
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surgical trauma and intraperitoneal injection of
bradykinin was significantly reduced following neo-
natal capsaicin treatment, suggesting the involve-
ment of primary sensory nerves (16, 42). Capsaicin-
sensitive afferents have been implicated in gastric
mucosal protection against ulcerogenic factors,
such as indomethacin, cysteamine, and acid (17,
43),

Antidromic stimulation of afferent nerve fibers
can have excitatory effects on intestinal motility.
Stimulation of sensory nerves by capsaicin (applied
either from the mucosal or serosal side) or heating
has been shown to contract gastric, ileal, and co-
lonic smooth muscle by release of substance P,
which in turn stimulates cholinergic myenteric
nerves (13, 36). In the rat duodenum, capsaicin
produces afferent stimulation via release of
calcitonin gene-related peptide (33, 44).

In summary, sensory afferent nerves participate
in the regulation of gastrointestinal motility in re-
sponse to mucosal irritation via short and long
viscerovisceral reflexes and possibly via intramural
axon reflexes. Experimental evidence suggests that
the resulting motility response can be either inhib:
itory or excitatory.

NEUROGENIC INFLAMMATION—EVIDENCE
FROM TISSUES OTHER THAN THE
GASTROINTESTINAL TRACT

It has been suggested that peptidergic, primary
sensory nerves around blood vessels fulfill several
different functions. Besides being carriers of sen-
sory information and local regulators of tissue
perfusion, they appear to mediate the process of
neurogenic inflammation (8, 19, 34, 35). It has been
known for a long time that sensory neurons of the
skin are involved in local reactions to noxious
stimuli of a mechanical, physical, or chemical na-
ture (7, 9, 15). These local reactions consist of
hyperemia, plasma extravasation, and smooth mus-
cle contraction, and they appear to be mediated by
sensory nerves via axoaxonic reflexes. The putative
role of substance P as the mediator of this
neurogenic inflammation induced by various
nociceptive stimuli has been postulated from stud-
ies in many different tissues including the dental
pulp, skin, eye, joints, respiratory.tract and certain
parts of the gastrointestinal tract (9). The assump-
tion that substance P is one of the primary media-
tors of neurogenic inflammation is based on the
following observations (15): Substance P is associ-
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TABLE 2. INTERACTION BETWEEN SUBSTANCE P AND OTHER MEDIATORS OF
NEUROGENIC INFLAMMATION*

Organ Mediator Modulation of SP effect
Bronchial tree Prostaglandins Inhibit airway edema and
bronchoconstriction
Eye Prostaglandins Induce release of SP from sensory
Histamine nerves
Skin Histamine Released by SP from mast cells
Nasal mucosa VIP Cause neurogenic inflammation
Acetylcholine
Hind paw Somatostatin Inhibit neurogenic inflammation
[D-Met?, Pro’]
enkephalinamide
Skin CGRP Potentiate SP effect

*Modified from F Lembeck, 1982 (ref 9).

ated with those sensory nerve fibers which are
involved in antidromic vasodilation. Substance P is
released from the peripheral terminals of these
sensory neurons during antidromic stimulation. Lo-
cal mechanical, chemical, and physical irritants
cause a release of substance P, resulting in
neurogenic inflammation. Arterial administration or
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Fig 1. Plasma extravasation in the guinea pig gastrointestinal tract in response to antidromic nerve
stimulation or intravenous capsaicin. Plasma extravasation was quantified by measuring Evans blue
tissue content with or without excitation of sensory afferents. Tissue extravasation was only observed
in the esophagus and in the anal mucosa, not in the stomach, duodenum, or rectum. Modified from

Lundberg et al, 1984 (ref 40).
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substance P, other compounds appear to be in-
volved in the pathogenesis of neurogenic inflamma-
tion (9, 46, 47) (Table 2). Prostaglandins have been
described as coregulators of the neurogenic inflam-
matory response at least in two other tissues: the
bronchial system and the eye. Substance P afferents
are involved in airway edema and bronchoconstric-
tion induced by vagal stimulation and local irritation
(15). In bronchial smooth muscle, indomethacin
potentiates the contractile response to substance P,
suggesting an antagonistic action of prostaglandins
on neurogenic inflammation. No interaction could
be demonstrated between substance P and leuko-
trienes in the bronchial system. In the rabbit eye,
both prostaglandins and histamine were found to
release substance P from sensory nerve terminals
(14), whereas in the skin, neurogenic inflammation
appears to be partially mediated by substance P-
induced histamine release from mast cells (8). In the
nasal mucosa, neurogenic vasodilation is mediated
not only by substance P but also by the release of
acetylcholine and VIP (15). The release of sub-
stance P from sensory nerve endings is inhibited by
opioids and noradrenaline and enhanced by
naloxone (13). Somatostatin and [D-Met?,Pro’]-
enkephalinamide were found to inhibit neurogenic
vasodilation and plasma extravasation induced by
saphenous nerve stimulation in the rat (48), whereas
calcitonin gene-related peptide was found to poten-
tiate plasma protein extravasation induced by mam-
malian tachykinins in the rat abdominal skin (49).
The latter finding is of particular interest since
calcitonin gene-related peptide appears to be
colocalized with substance P in primary sensory
afferents (2).

NEUROGENIC INFLAMMATION—EVIDENCE
FROM THE GASTROINTESTINAL TRACT

In contrast to other tissues, little is known about
the role and mechanisms of neurogenic inflamma-
tion within the gastrointestinal tract. Noxious stim-
ulation of the gastric mucosa by warming to 45-52
° C was found to stimulate gastric contractions (19).
This stimulation was said to activate axon reflexes
by which substance P is released from sensory
collaterals in the vicinity of myenteric nerve cell
bodies. However, in the gastrointestinal tract of the
guinea pig, the neurogenic inflammatory response
to antidromic stimulation of the splanchnic and
pelvic nerves or the mesenteric ganglion and to
systemic substance P or capsaicin was limited to the
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esophagus, the anal canal, the gallbladder, and bile
ducts (Figure 1). No effect was seen in the stomach,
duodenum, and large and small intestine with sharp
demarcation zones between affected and unaffected
areas (40). It remains unclear if these findings are
species specific, are due to lack of cofactors, or
indicate that neurogenic inflammation does not oc-
cur in the majority of the gastrointestinal tract.

In summary, primary sensory neurons play a dual
role in the local defense mechanisms to injury.
Whereas the central terminals transmit pain sensa-
tion to the central nervous system, the peripheral
terminals may mediate a local inflammatory re-
sponse via the axon reflex. Depending on the tissue
involved and the type of injury, several neuro-
peptides and other compounds seem to mediate this
response.

SUMMARY

Considerable clinical and experimental evidence
suggests the presence of regulatory mechanisms

Dorsal root gangha

=
[

N
v\ Sympathetic gangha

1
Q
\/
N

7

LM
Q MP
M
Capsaicin
Opioids
Adrerergic agent} & SMP
SP antagonist O

Chemical Stimulation
Mechanical Stimulation
Thermal Stimulatior.

Fig 2. Schematic diagram showing reflex pathways between
afferent nerves (left) and efferent sympathetic nerves in the
guinea pig small intestine. LM, longitudinal muscle; MP,
myenteric plexus; CM, circular muscle, SMP, submucous
plexus; M, Mucosa. Modified from Costa et al, 1987 (ref 2)
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linking noxious mucosal events with changes in the
contractile response of the gastrointestinal tract.
Sensory peptidergic neurons could form an impor-
tant component of the circuitry mediating this
nociceptive response (Figure 2). Besides being part
of a variety of intramural, peripheral, and central
reflexes, primary afferent nerves may provide the
circuitry integrating several different gastrointesti-
nal responses. Inflammatory, mechanical, or chem-
ical stimuli reaching the intestinal mucosa may
cause a release of substance P and other peptides
from these peripheral nerve endings, thereby alter-
ing motility of the muscularis mucosae, local blood
flow, and possibly gastrointestinal secretion and
absorption. Further changes in the function of gas-
trointestinal muscie and mucosa could occur as a
result of altered blood flow. A better understanding
of the role and physiology of the sensory branch of
the enteric nervous system could provide important
insights into motility abnormalities and pain syn-
dromes associated with inflammatory conditions of
the gastrointestinal tract.
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