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The gut as a neurological organ
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Der Gastrointestinaltrakt als neurologisches Organ

Zusammenfassung. Wir bezeichnen den Gastroin-
testinaltrakt als neurologisches Organ, um die spezielle
Rolle des Nervensystems bei der Steuerung der Verdau-
ung hervorzuheben, wird der Magen-Darm-Trakt doch
von funf verschiedenen Neuronensystemen versorgt: in-
trinsische enterale Neurone, vagale und spinale afferente
Neurone sowie parasympathische und sympathische ef-
ferente Neurone. Praktisch jeder Aspekt der Verdauungs-
tatigkeit steht unter neuraler Kontrolle, wobei das ente-
rale Nervensystem (ENS) die wichtigste Rolle spielt. Das
ENS funktioniert wie ein Gehirn im Darm, da es unab-
héngig vom Zentralnervensystem die Verdauungsvor-
gange programmiert und die Tatigkeit der gastrointesti-
nalen Effektorsysteme bedarfsgerecht koordiniert. Zu die-
sem Zweck liefern intrinsische afferente Neurone dem
ENS entsprechende Informationen aus dem Lumen,
wahrend extrinsische afferente Neurone das Zentralner-
vensystem Uber den Funktionszustand des Gastroin-
testinaltrakts informieren und damit zur Energie- und Flis-
sigkeitshomd&ostase des Koérpers beitragen, jedoch auch
die Wahrnehmung gastrointestinaler Funktionsstérungen
und Schmerzen vermitteln. Die meisten funktionellen Ma-
gen- und Darmerkrankungen hangen mit einer Dysfunk-
tion des ENS und anderer gastrointestinaler Neuronen-
systeme zusammen. Aus diesem Grund stellen enterale
und extrinsische afferente Neurone des Gastrointestinal-
trakts einen besonders wichtigen Angriffspunkt fir die me-
dikamentése Behandlung von Magen- und Darmkrank-
heiten und fur die damit verbundenen Beschwerden und
Schmerzen dar.

Schliisselwérter: Enterales Nervensystem, auto-
nome efferente Innervation des Gastrointestinaltrakts, ex-
trinsische afferente Innervation des Gastrointestinal-
trakts, neurale Steuerung der gastrointestinalen Motorik
und Sekretion, gastrointestinaler Schmerz, funktionelle
Magen- und Darmerkrankungen.

Summary. We refer to the gut as a neurological or-
gan to emphasize the particular importance of the ner-
vous system in the regulation of digestive functions, given
that the gastrointestinal tract is innervated by five differ-
ent classes of neurons: intrinsic enteric neurons, vagal af-
ferents, spinal afferents, parasympathetic efferents and
sympathetic efferents. Virtually each aspect of digestive

activity is under the regulatory influence of neurons,
among which the enteric nervous system (ENS) plays the
most important part. The ENS acts like a brain in the gut
that functions independently of the central nervous sys-
tem, contains programmes for a variety of gastrointesti-
nal behaviours and governs the activity of all gastroin-
testinal effector systems according to need. Intrinsic sen-
sory neurons supply the ENS with the kind of information
that this system requires for its autonomic control of di-
gestion, whereas extrinsic afferents notify the brain about
any data that are relevant to energy and fluid homeosta-
sis and the sensation of discomfort and pain. Many dis-
eases of the gut, particularly the functional bowel disor-
ders, seem to be related to dysfunction of the ENS and
other components of the gastrointestinal innervation. The
ENS and extrinsic afferents are hence prime targets for
the therapeutic management of gut diseases and for the
relief of the pain and discomfort associated with these dis-
orders.

Key words: Enteric nervous system, autonomic ef-
ferent innervation of the gut, extrinsic sensory innervation
of the gut, neural control of gastrointestinal motility and
secretion, visceral pain, functional bowel disorders.

Introduction

The physiological role of the gastrointestinal (GI)
tract is to assimilate food and thus to maintain body en-
ergy, fluid and electrolyte homeostasis. Conflicting with
this absorptive function through a permeable epithelium
is the need to defend a huge area of mucosa against toxic,
antigenic and pathogenic food contaminants and the mi-
croflora in the GI lumen. To meet with these challenges,
effective digestion not only depends on metabolic and en-
docrine regulation but also requires immune and neural
control mechanisms. Indeed, the alimentary canal is not
only equipped with the most extensive immune system in
the body [1, 2] but can also boast of the largest collection
of neurons that is present outside the central nervous sys-
tem (CNS). Thus, the GI tract is supplied by 5 different
divisions of the nervous system (enteric neurons, vagal af-
ferents, spinal afferents, parasympathetic efferents and
sympathetic efferents), which are interconnected with each
other and with the GI effector tissues (Fig. 1). Virtually
each aspect of digestive activity is in part or totally gov-
erned by neurons. Premier in this respect is the enteric ner-
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Fig. 1. Schematic diagram showing the multiple innervation of
the gastrointestinal (GI) tract by intrinsic enteric neurons orig-
inating in the myenteric plexus (MP) and submucosal plexus
(SMP), extrinsic sensory neurons originating from the nodose
ganglia (NG; vagal afferents) and dorsal root ganglia (DRG;
spinal afferents), and autonomic efferent neurons of the
parasympathetic nervous system (vagus and pelvic nerves) and
sympathetic nervous system (splanchnic nerves). Only a mi-
nority of the various classes of enteric neurons is shown; these
neurons supply all gastrointestinal effector systems including
the longitudinal muscle (LM), circular muscle (CM), mucosa
and vasculature

vous system (ENS) which lies within the wall of the ali-
mentary canal and acts like a little brain that can function
independently of the CNS. The ENS issues programmes
to coordinate digestion by regulating the activity of the GI
effector cells and edits any input which the gut receives
from the CNS via autonomic efferents.

Recognition of this abundant regulatory network of
neurons and its pathophysiological relevance for the di-
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gestive system has led to the establishment of neurogas-
troenterology [3, 4] as a subspecialty within the field of
gastroenterology. Starting off with the basic organization
and functional characteristics of the GI innervation, the
current overview highlights some of the most important
implications of the ENS and its allied nervous systems in
health and disease. It is obvious from such a functional
view of the gut that the GI innervation represents a key
for understanding many bowel diseases and an important
target for the development of novel and effective thera-
pies in gastroenterology.

The enteric nervous system, a brain in the gut
Types of enteric neurons

Functionally most important among the GI innerva-
tion is the intrinsic ENS which consists of a network of
ganglia and connecting nerve strands (Fig. 2), that extends
from the oesophagus to the internal anal sphincter and, in
addition, projects to bile duct, gallbladder and pancreas [5,
6]. The ganglia form two major plexuses (Fig. 1), the
myenteric plexus (Auerbach plexus) which lies between
the longitudinal and circular muscle layer and the submu-
cosal plexus (Meissner plexus) which in humans and large
mammals consists of an external and internal plexus [5,
7]. Although the number of neurons in the individual gan-
glia is small and hardly ever exceeds 100 (Fig. 2), the gan-
glia are so numerous that the total number of enteric neu-
rons in the GI tract is in the order of hundreds of millions
[8]. With this abundance of somata, the gut contains as
many nerve cells as the spinal cord [5].

Enteric neurons can be classified in terms of shape
and morphology, chemical coding (cotransmitter content),
connections, projections and functional properties [4-6, 9-
11]. Thorough analysis of the ENS in the guinea-pig in-
testine has enabled Costa et al. [9] and Furness [10] to dif-
ferentiate more than 15 different types of neurons (Table
1). Among these, the major classes are intrinsic primary
afferent neurons (IPANS), interneurons that connect gan-
glia within and between the plexuses, motor neurons, se-

Fig. 2. Immunocytochemical demonstration of the two major neurochemical codes in the myenteric plexus of the rat stomach.

A Neurons expressing choline acetyltransferase. B Neurons expressing nitric oxide synthase. These two codes are in almost all

neurons mutually exclusive, and arrows indicate somata that contain nitric oxide synthase but not choline acetyltransferase.
Calibration bar: 50 um
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Table 1. Summary of select neuron types in the enteric nervous system of the guinea-pig small intestine

Origin Type Projection Chemical coding
Myenteric Excitatory motor neurons Circular muscle ChAT, TK, ENK, GABA
plexus with short processes
Excitatory motor neurons Circular muscle ChAT, TK, ENK, NFP
with long processes
Inhibitory motor neurons Circular muscle NOS, VIP, ATP, PACAP, ENK,
with short processes NPY, GABA
Inhibitory motor neurons Circular muscle NOS, VIP, ATP, PACAP, DYN,
with long processes GRP, NFP
Excitatory motor neurons Longitudinal muscle ChAT, TK, calretinin
Ascending interneurons Myenteric plexus ganglia ChAT, TK, calretinin
(local motor reflexes)
Descending interneurons Myenteric plexus ganglia ChAT, ATP, NOS, VIP, GRP,
(local motor reflexes) NPY
Descending interneurons Myenteric plexus ganglia ChAT, SOM
(MMC)
Descending interneurons Myenteric plexus ganglia ChAT, 5-HT
(secretory reflexes)
Intrinsic primary afferent Mucosa and muscle ChAT, TK, calbindin
neurons
Intestinofugal neurons Prevertebral sympathetic ganglia ChAT, GRP, VIP, CCK, ENK
Submucosal Noncholinergic secretomotor/ ~ Mucosa and submucosal arterioles ~ VIP, GAL
plexus vasodilator neurons

Cholinergic secretomotor/
vasodilator neurons

Cholinergic secretomotor Mucosa
neurons

Intrinsic primary afferent Mucosa
neurons

Mucosa and submucosal arterioles

ChAT, calretinin, DYN

ChAT, NPY, CCK, SOM, CGRP,
DYN
ChAT, TK, calbindin

Data compiled from Costa et al. [9] and Furness [10]. Chemical codes in bold denote major transmitters. CCK, cholecystokinin;
CGRP, calcitonin gene-related peptide; ChAT, choline acetyltransferase; DYN, dynorphin; ENK, enkephalin; GABA, y-aminobu-
tyric acid; GAL, galanin; GRP, gastrin-releasing peptide; 5-HT, 5-hydroxytryptamine; MMC, migrating motor complex; NFP,
neurofilament protein; NOS, nitric oxide synthase; NPY, neuropeptide Y; PACAP, pituitary adenylate cyclase-activating peptide;
SOM, somatostatin; TK, tachykinins (substance P, neurokinin A); VIP, vasoactive intestinal polypeptide.

cretomotor neurons, and vasodilator neurons. A further
group of enteric neurons which projects to the preverte-
bral sympathetic ganglia (coeliac and mesenteric ganglia)
is referred to as intestinofugal neurons [10, 12, 13].

The neurochemical properties (e.g., coexpression of
distinct transmitters, receptors and ion channels) of enteric
neurons represent an aspect whereby specific classes of
enteric neurons may become amenable to selective ma-
nipulation by novel therapeutics. Acetylcholine,
tachykinins such as substance P (SP) and neurokinin A
(NKA), nitric oxide (NO), adenosine triphosphate (ATP),
vasoactive intestinal polypeptide (VIP), neuropeptide Y
(NPY), opioid peptides and 5-hydroxytryptamine (5-HT)
are among the established transmitters of the ENS (Fig. 2,
Table 1). Excitatory transmission within the ENS can be
placed in two categories [8, 14]: fast transmission through
nicotinic acetylcholine receptors, P2X purinoceptors and
5-HT3 receptors, and slow transmission through mus-
carinic acetylcholine receptors as well as tachykinin NK;
and NKj receptors. Excitatory communication from mo-
tor neurons to intestinal smooth muscle is brought about
by muscarinic M3 acetylcholine and tachykinin NK; and
NK; receptors [15, 16], whereas inhibitory neuromuscu-

lar transmission involves fast junction potentials mediated
by ATP and slow junction potentials mediated by NO and
VIP [17, 18].

Depending on the class which they belong to, enteric
neurons supply virtually all layers of the alimentary canal,
notably the lamina propria of the mucosa, the submucosa
with its dense network of blood vessels, the circular mus-
cle layer and the longitudinal muscle sheet (Table 1).
Arranged in multineuron circuits, the ENS is thus in a po-
sition to control all essential features of digestive activity.
In addition, immune function and inflammatory as well as
other pathological processes also are under the influence
of the ENS. The physiological relevance of the ENS for
gut function is highlighted by the functional deficits (Table
2) associated with developmental defects in the ENS, such
as in infantile hypertrophic pyloric stenosis, total GI agan-
glionosis and megacolon (Hirschsprung's disease), or de-
generation of enteric neurons, such as in achalasia and in-
testinal pseudo-obstruction [3, 19, 20]. There are multiple
genes and growth factors that are essential for the normal
migration of neural crest cells to the GI tract and their sub-
sequent differentiation into enteric nerve and glial cells
[21]. Hirschsprung's disease is related to defects in sev-
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Table 2. Summary of select diseases/disorders that affect the gastrointestinal tract and are related to defects in its innervation

Disease/disorder Defective system

Type of defect

Achalasia

Congenital oesophageal stenosis

Infantile hypertrophic pyloric
stenosis

Intestinal pseudo-obstruction

Hirschsprung’s disease (megacolon)

Neuronal intestinal dysplasia

Myenteric plexus (oesophagus)

Myenteric plexus (oesophagus)
Myenteric plexus (pylorus)

Myenteric plexus (small bowel)
Myenteric and submucosal plexus (colon, rectum)
Myenteric and submucosal plexus,

Degeneration of NOS and VIP
neurons

Lack of NOS neurons

Lack of NOS-positive circular
muscle motor neurons

Degeneration of neurons

Congenital aganglionosis

Multiple abnormalities

extrinsic autonomic innervation (whole GI tract)

Short small bowel syndrome
Myotonic dystrophy

Chagas disease
Paraneoplastic syndrome
bowel)
Intestinal hypoperistalsis syndrome  Myenteric plexus (bowel)
Sipple’s syndrome
bowel)

Diverticular disease
Idiopathic (functional) constipation

Functional bowel diseases
(stomach, colon)
Inflammatory bowel disease
colon)
Diabetic neuropathy
(stomach, bowel)

Myenteric plexus (small bowel)
Myenteric and submucosal plexus (whole GI tract)

Myenteric and submucosal plexus (whole GI tract)
Myenteric plexus (oesophagus, stomach, small
Myenteric and submucosal plexus (oesophagus,
Enteric nerve fibres (colon)

Myenteric and submucosal plexus (colon)
Extrinsic sensory and autonomic innervation
Myenteric and submucosal plexus (small bowel,

Myenteric plexus and extrinsic innervation

Congenital hypoganglionosis

Degeneration of neurons containing
SP and ENK

Degeneration of neurons

Degeneration of neurons

Congenital hyperganglionosis
Hyperganglionosis

Abnormalities of circular muscle
motor neurons

Abnormalities in cell number and

chemical codes

Functional abnormalities

Abnormalities in cell number and
chemical codes
Abnormalities

Data compiled from Goyal and Hirano [3] and Giaroni et al. [19]. ENK, enkephalin; GI, gastrointestinal; NOS, nitric oxide syn-

thase; SP, substance P; VIP, vasoactive intestinal polypeptide.

eral genes [3, 21], a full list of which can be found in the
OMIM database at http://www.ncbi.nlm.nih.gov/omim.

Enteric nerve circuits

In order to programme and control digestive func-
tions, the ENS is arranged in circuits that typically are
composed of IPANs, a variable number of interneurons
and output neurons to the effector tissues (motor, secreto-
motor and vasodilator neurons). These nerve circuits ex-
hibit several unique characteristics one of which is their
polarization. Bayliss and Starling [22] were the first to rec-
ognize that localized distension elicits contraction of the
circular muscle orally to the site of the stimulus and re-
laxation anally to it, and it is now emerging that secretory
reflex circuits are organized in a similar directional man-
ner [23]. The basis for these polarized reflexes is that the
underlying nerve circuits are made of distinct circumfer-
ential, ascending and descending pathways that involve ei-
ther excitatory or inhibitory output neurons.

Nerve circuits controlling GI motility
Patterns of GI motor activity

GI motor activity serves the storage, mixing and
propulsion of ingested food, which is achieved by appro-
priate motor patterns that are governed both by muscular

control mechanisms and the ENS. Stationary mixing of the
luminal contents is brought about by pendular movements
of the longitudinal muscle and segmental contractions of
the circular muscle. The rhythmicity which characterizes
these nonpropulsive movements derives from a syncytial
network of pacemaker cells, the interstitial cells of Cajal,
which have an oscillating membrane potential that is trans-
mitted electrically to the adjacent smooth muscle layers
[24, 25]. Through these slow waves, the excitability of the
electrically coupled smooth muscle cells undergoes pha-
sic variations and their contractile activity is synchronized.
This aspect of smooth muscle regulation is also relevant
to the spatiotemporal regulation of the propulsive motil-
ity pattern of peristalsis [24, 25]. Importantly, the inter-
stitial cells of Cajal are innervated by excitatory and in-
hibitory motor neurons and are thus important transduc-
ers of the ENS output to the musculature [24, 25].

Accommodation represents a mechanism whereby the
gastric fundus actively relaxes in response to food intake
and the stomach can store food. This receptive relaxation
involves vagal and enteric reflexes that converge on a fi-
nal inhibitory motor neuron of the ENS that acts by re-
leasing NO [26-28]. Accommodation, however, also oc-
curs in the intestine in which filling-induced distension ac-
tivates circumferential and descending inhibitory reflex
pathways [29].
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Peristaltic propulsion of the luminal contents is the
most complex motor pattern of the intestine, whose spa-
tiotemporal coordination [30] depends on several enteric
motor reflexes. Distortion of the mucosal villi and/or dis-
tension of the gut wall by a bolus of chyme triggers a con-
traction of the circular muscle orally, and relaxation abo-
rally, to the site of stimulus [31, 32]. The wavelike prop-
agation of these motor events results from successive ac-
tivation of mechanosensitive enteric neurons as the bolus
moves down the gut, this process being assisted by de-
scending excitation within the ENS [3, 30, 33]. The ma-
jor pathways involved in these reflexes are: ascending ex-
citatory pathways with IPANs, interneurons and excita-
tory motor neurons; descending inhibitory pathways that
consist of IPANs with long anal projections and inhibitory
motor neurons; descending excitatory pathways with
IPANSs and excitatory motor neurons; and circumferential
pathways involving IPANs and excitatory as well as in-
hibitory motor neurons.

While accommodation, pendular movements, seg-
mental contractions and propulsive peristalsis serve the di-
gestion of food in the postprandial period, the migrating
motor complex is a motor pattern typical of the interdi-
gestive state [34]. Following clearance of the chyme from
the small intestine, the motor activity of the stomach and
small intestine changes to a cyclic pattern that consists of
3 successive periods: rest (phase I), irregular activity
(phase II) and propulsive peristalsis through the whole
small intestine (phase III). This sequence of interdigestive
motor phases is regulated both by GI hormones such as
motilin and the nervous system [34, 35]. Particularly the
migrating motor complex of phase III is under the control
of the ENS with its peristaltic motor circuitry, and its prop-
agation through the whole small bowel is thought to be fa-
cilitated by particular descending interneurons in the
myenteric plexus (Table 1) that contain choline acetyl-
transferase and somatostatin [10].

Sensory neurons of enteric nerve circuits controlling
GI motility

The motor pattern of peristalsis is triggered by IPANs
that originate either in the Auerbach or Meissner plexus,
have a Dogiel type Il morphology with multiple axons and
exhibit action potentials followed by a distinct phase of
after-hyperpolarization [6, 8]. Through their mucosal
chemosensors, mucosal mechanosensors and muscular
tension receptors, IPANs monitor the luminal environment
and motor status of the gut and thereby enable the ENS to
regulate digestion according to need. By synapsing with
each other, they form self-reinforcing networks that issue
outputs to interneurons and effector neurons [8]. In the
guinea-pig and rat small intestine, communication be-
tween the IPANs themselves and their target neurons is
mediated by acetylcholine acting via nicotinic receptors
and the tachykinins SP and NKA acting via NK; and NKj3
receptors [8, 10, 11, 36-38]. Other enteric neurotransmit-
ters can also influence the sensory gain of the IPAN net-
work, a mode of action whereby pituitary adenylate cy-
clase-activating peptide appears to stimulate intestinal
peristalsis [39].

The sensory repertoire of IPANs is extended by their
responsiveness to mediators released from immune and
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enteroendocrine cells, which act like taste buds” of the
gut and serve as interface between the GI lumen and IPAN
terminals in the lamina propria [6, 40]. The enterochro-
maffin (EC) cells are the major source of 5-HT in the body,
contributing more than 80% to the total amine content [41].
They release 5-HT in response to certain constituents of
food, mechanical distortion of the mucosal villi, bacterial
products such as cholera toxin, cytostatic drugs such as
cisplatin and mucosal injury [41-47]. 5-HT, in turn, stim-
ulates IPANs of the submucosal plexus predominantly via
5-HTip and 5-HT4 receptors [43, 44, 48] and IPANs of the
myenteric plexus preferentially via 5-HT3 receptors [49].
Accordingly, 5-HT released from EC cells seems to be in-
volved in the initiation of peristalsis through mucosal stim-
uli [43, 48] but does not contribute to peristalsis triggered
by muscle stretch [49, 50].

Enteric motor neurons

The enteric output neurons can be broadly differenti-
ated into those containing choline acetyltransferase
(cholinergic neurons ) or NO synthase (nitrergic neurons)
(Fig. 2). Coexpression of additional markers yields target-
specific subcodes of enteric effector neurons (Table 1), al-
though these subcodes vary with region and species [9-11,
23, 51-53]. Being the effector of intestinal peristalsis with
its aborally moving pattern of contraction and relaxation,
the circular muscle is under the control of both excitatory
and inhibitory motor neurons of the ENS. The excitatory
motor neurons in the guinea-pig small intestine receive in-
puts from ascending and descending interneurons, have a
Dogiel type I shape, and use acetylcholine and tachykinins
as excitatory transmitters [10, 16]. Muscle contraction is
brought about via muscarinic acetylcholine receptors on
interstitial cells of Cajal and muscle fibres, tachykinin NK;
receptors on interstitial cells and tachykinin NK, recep-
tors on the muscle [10, 16, 24, 25, 54]. Under physiolog-
ical conditions transmission via muscarinic receptors pre-
vails, whereas tachykinins represent a backup system that
maintains peristalsis once cholinergic transmission has
been compromised [55].

Accommodation and descending inhibitory reflexes
depend on the activity of inhibitory motor neurons that
also have a Dogiel type I morphology and receive fast
synaptic inputs via nicotinic acetylcholine receptors from
local IPANs and noncholinergic inputs from IPANs with
long descending projections [9, 10, 36]. The transmitters
of inhibitory motor neurons comprise NO, ATP, VIP and
carbon monoxide [9, 10], which either act directly on the
muscle or indirectly via interstital cells of Cajal [24, 25].
Being tonically active, inhibitory motor neurons control
the excitability of the smooth muscle and determine when
the omnipresent slow waves initiate contractions [4]. Ac-
cordingly, the absence or loss of inhibitory motor neuron
activity results in tonic contracture of the muscle, which
is a critical factor in the motor disturbances of achalasia,
infantile hypertrophic pyloric stenosis and Hirschsprung's
disease [3, 19]. The role of inhibitory motor neurons is
further highlighted by the finding that blockade of in-
hibitory motor transmission impairs GI accommodation
and disrupts intestinal peristalsis [26, 28, 56-58].
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Enteric nerve circuits controlling GI secretion

There is increasing awareness that the ENS is an im-
portant factor in the regulation of GI secretion of ions, mu-
cus, enzymes, hormones and fluid [10, 59, 60]. In the stom-
ach, the release of acid from the parietal cells and of
pepsinogen from the chief cells is controlled by choliner-
gic secretomotor neurons which integrate signals from mu-
cosal IPANs as well as input from vagal efferents [10, 60].
In the intestine, electrolyte and fluid secretion is governed
by cholinergic and noncholinergic secretomotor neurons
that originate both from the myenteric and submucosal
plexus and project to the mucosa [9-11]. There are two
types of cholinergic secretomotor neurons in the guinea-
pig intestine, one type containing NPY and the other ex-
pressing calretinin, and a single class of noncholinergic
secretomotor neurons immunoreactive for VIP [10].

The control of GI secretion by the ENS depends on
nerve circuits that involve mucosal IPANs, interneurons,
and secretomotor neurons [9-11, 23]. These pathways are,
in addition, modulated by sympathetic efferents which,
when activated, inhibit enteric secretory reflexes [4, 10,
61]. As in motor regulation, 5-HT released from EC cells
in response to chemical or mechanical stimulation of the
mucosa can excite [IPANs through interaction with distinct
5-HT receptors and thereby elicit secretory processes [6,
42, 44, 59, 62]. The enteric nerve circuits regulating in-
testinal secretion involve transmission via tachykinin NK;,
NK, and NKj receptors, nicotinic and muscarinic acetyl-
choline receptors as well as VIP receptors [59, 63-67].
Apart from activating secretory reflexes within the ENS,
IPANs may evoke secretion via release of acetylcholine
and tachykinins from their mucosal processes onto the ep-
ithelium [10, 59, 64].

Particularly worth noting is that the secretory diar-
rhoea evoked by cholera toxin depends on enteric nerve
reflexes that are initiated by 5-HT release from EC cells
[42, 63, 67]. This implication of enteric nerve circuits in
distinct forms of infectious diarrhoea exposes novel tar-
gets for antisecretory treatment, which is likewise relevant
to the neurogenic diarrhoea elicited by rotavirus, Clostrid-
ium difficile toxin A and Escherichia coli enterotoxin
[66-68].

Enteric control of GI microcirculation

Cholinergic and noncholinergic neurons originating
from the submucosal plexus in the guinea-pig small in-
testine project not only to the lamina propria of the mu-
cosa but also issue collaterals to submucosal arterioles [9,
10]. Activation of these neurons causes arteriolar dilata-
tion and thereby increases mucosal blood flow [69]. The
parallel innervation of secretory epithelium and mucosal
microvasculature suggests that stimulation of secretomo-
tor/vasodilator neurons provides a mechanism whereby
blood supply and secretory activity are balanced with each
other according to the digestive state [10].

Extrinsic autonomic input to the gut

The extrinsic autonomic innervation of the gut, con-
sisting of the parasympathetic and sympathetic nervous
system (Fig. 1), serves two major functions. On the one
hand, the autonomic efferents participate in the reflex con-
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trol of digestive functions across GI regions that are too
distant to be bridged by the ENS. On the other hand, they
convey messages from the CNS to the gut and thus enable
the organism to balance digestive activity with the body’s
need of energy and fluid. It is important to realize that
these efferent signals are sent primarily to the ENS which
plays a key role in editing and integrating extrinsic infor-
mation into its programmes governing digestion [4, 70].

Parasympathetic vagal efferents

The parasympathetic efferents of the vagus nerves
project exclusively to the enteric ganglia of the oesopha-
gus, stomach and intestine where they form synapses with
ENS neurons. This instance has — in J.N. Langley’s out-
line of the autonomic nervous system — been taken to con-
sider enteric neurons as postganglionic parasympathetic
neurons [5]. Such a conception, though, is no longer ten-
able in view of the independent role of the ENS in the reg-
ulation of digestion [5]. Despite this autonomy of the ENS,
efferent vagal neurons provide a profuse and widespread
input to the myenteric plexus of the oesophagus and stom-
ach, whereas their input to the small intestine is less ex-
tensive [70]. Reflexes involving vagal afferent and vagal
efferent neurons play a prominent role in the upper GI tract
where they help coordinate the motor and secretory re-
sponses to food intake. Although the transmission of ef-
ferent nerve impulses via nicotinic acetylcholine receptors
results in excitation of enteric neurons, the final effector
response depends on the enteric pathways that are stimu-
lated. Thus, vagal motor reflexes can result in muscle con-
traction or inhibition of muscle activity, as is the case with
the receptive relaxation of the gastric fundus [26, 28],
whereas vagal influences on secretion in the gastroduode-
nal region are generally of a stimulant nature [4].

Sympathetic efferents

Enteric ganglia are also the preferential projection tar-
gets of sympathetic efferents in the gut although other GI
layers, notably sphincter muscles and submucosal arteri-
oles, are directly supplied by noradrenergic axons [5, 71].
Originating mostly from prevertebral ganglia, sympathetic
neurons exhibit target-specific differences in their chem-
ical coding. In the guinea-pig intestine, noradrenergic ef-
ferents coexpressing NPY supply predominantly intesti-
nal arterioles, while axons positive for noradrenaline and
somatostatin run preferentially to submucosal ganglia, and
efferents containing noradrenaline but neither of the two
peptides project to the myenteric plexus [5, 72]. While
sympathetic neurons can cause sphincter contraction and
vasoconstriction by a direct action of their transmitters on
smooth muscle, the sympathetic inhibition of digestive ac-
tivity in nonsphincteric regions of the gut results primar-
ily from interruption of excitatory enteric pathways rather
than from stimulation of inhibitory enteric pathways [4,
51

The major effect of sympathetic input to the ENS is
presynaptic inhibition of transmitter release at fast and
slow excitatory junctions, which causes shutdown of ex-
citatory enteric nerve circuits governing motility and se-
cretion [4, 5, 61, 71, 73]. In addition, noradrenaline re-
leased from sympathetic nerve fibres can directly inhibit
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submucosal secretomotor neurons [59]. Since these enteric
neurons also issue projections to submucosal arterioles,
inhibition of their acticity removes any enteric vasodila-
tor tone, which will facilitate vasoconstriction caused by
transmitter release from perivascular sympathetic nerve fi-
bres [4]. A further antivasodilator action of noradrenergic
neurons is reflected by the ability of o,-adrenoceptor stim-
ulation to inhibit mucosal vasodilator reflexes mediated
by extrinsic sensory nerve fibres [74].

The principal sympathetic transmitter noradrenaline
inhibits synaptic transmission within the ENS primarily
via activation of presynaptic o,-adrenoceptors. Depend-
ing on region and species, the other actions of noradrena-
line in the gut involve postsynaptic o-, 0, Bi-, B2- and
Bs-adrenoceptors [71]. ATP and NPY, which are cotrans-
mitters of sympathetic efferents as well as of certain en-
teric neurons, exert multiple actions on gut function. Thus,
ATP causes vasoconstriction and influences GI motor ac-
tivity in a complex manner [14, 75, 76] while NPY inhibits
GI secretion and blocks peristaltic motility through inter-
ference with excitatory enteric motor pathways [77,
78].

Sympathetic reflexes

Sympathetic efferents participate in a number of au-
tonomic reflexes that in general cause inhibition of diges-
tive activity, often in GI regions remote from the site of
stimulation. The afferent arc of these reflexes is consti-
tuted by intestinofugal enteric or extrinsic afferent neu-
rons, and the reflex centre lies either in the prevertebral
sympathetic ganglia or in the spinal cord.

The prevertebral ganglia integrate several inputs
which modify the final output of postganglionic sympa-
thetic efferents to the gut [12, 13]. Besides signals from
preganglionic efferent and intestinofugal enteric neurons,
the coeliac and mesenteric ganglia also receive inputs from
collaterals of spinal afferent neurons [12, 13, 40, 79-81].
Intestinofugal neurons originating from the myenteric
plexus form excitatory cholinergic synapses with the so-
mata of postganglionic sympathetic neurons that project
back to the gut [12, 81, 82]. With this connection, intesti-
nofugal neurons participate in entero-enteric reflexes that
inhibit GI motility orally to the site of stimulation and thus
contribute to the feedback mechanisms whereby distal
parts of the intestine regulate more proximal regions from
which they receive products of digestion [12, 13, 40]. The
physiological significance of the sympathetic nervous sys-
tem in gut function is hence often described in terms of a
sympathetic brake, whose ablation in states of anaphylaxis
and inflammation results in exaggerated motility and se-
cretory diarrhoea [4, 61].

Sympathetic reflexes, being relayed either in the
spinal cord or in the prevertebral ganglia (short-loop re-
flexes), are also relevant to the shutdown of propulsive
motility under conditions of irritation and injury [83].
Adynamic (paralytic) ileus resulting from surgical trauma
seems to develop in two phases. The initial halt of peri-
stalsis is a physiological response that protects the gut from
further damage and is mediated both by extrinsic sympa-
thetic reflexes and a change in the motor programme of
the ENS [83-87]. When trauma is extensive and followed
by pronounced inflammation, motor blockade does not re-
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solve. This second phase, which represents the patholog-
ical stage of ileus, is related not only to the neural pro-
gramme of peristaltic arrest but also to shutdown of mus-
cle excitability by excess quantities of NO that are pro-
duced by the infiltrating monocytes and neutrophils [88].
Prolonged motor stasis leads to bacterial overgrowth,
which after mucosal barrier disruption may result in bac-
terial translocation, systemic inflammation, and multiple
organ dysfunction or failure [89].

Extrinsic sensory innervation of the gut
Vagal and spinal afferents

Unlike other organs, the alimentary canal is supplied
by a multiplicity of sensory neurons which, according to
their origin, can be classified into several groups. Besides
the intrinsic (enteric) sensory neurons, there are two
groups of extrinsic primary afferent neurons that innervate
the gut (Fig. 1). The vagal afferents originate from the
jugular and nodose ganglia while the spinal afferents have
their cell bodies in the dorsal root ganglia. It is important
to realize that 80-90% of the axons in the vagus nerves
are sensory nerve fibres and that hence the vagus nerve is
essentially an afferent nerve [90, 91]. The spinal afferents
reach the GI tract via the splanchnic and pelvic nerves in
which they constitute 10-30% of all nerve fibres [90, 91].
On this route the axons pass through the prevertebral gan-
glia (Fig. 1) where they form, via collaterals, synapses with
the sympathetic ganglion cells [12, 79, 80]. In the GI tract,
the endings of vagal and spinal afferents project to the
serosa, myenteric plexus, muscle, submucosa (particularly
arterioles) and mucosa [40, 90-94], where they respond to
alterations of the chemical environment in the lumen, in-
terstitial space and vasculature and to changes in the me-
chanical properties of the gut wall such as distension, re-
laxation or contraction.

The parallel innervation of the gut by intrinsic and ex-
trinsic afferents suggests that these two classes of sensory
neurons serve two fundamentally different roles in GI
function. Intrinsic sensory neurons supply the ENS with
the kind of information that this brain of the gut requires
for its independent control of digestion, whereas the ex-
trinsic afferents supply the CNS with information that is
relevant to body energy, fluid and electrolyte homeosta-
sis, tissue integrity and the sensation of discomfort and
pain. Congruent with these different roles are neurophar-
macological differences in the expression of transmitters,
receptors and ion channels. For instance, only extrinsic af-
ferents express the vanilloid receptor type 1 (VR1) cation
channel, and the VRI1 ligand capsaicin has been particu-
larly useful in differentiating between the functional im-
plications of extrinsic and intrinsic afferents of the gut
[95].

It has long been held that pain arising from the vis-
cera is mediated exclusively by spinal afferents, whereas
the only task of vagal afferents lies in the physiological
regulation of digestive activity in the upper GI tract
[90-92]. However, there is now growing awareness that
vagal afferents make a distinct contribution to disease-re-
lated alterations in visceral sensation [96, 97]. Vagal af-
ferent neurons respond to a variety of noxious chemicals
[96], mediate nausea and emesis in response to various pe-
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ripheral stimuli [41] and participate in the communication
between the peripheral immune system and the CNS [98,
99]. Thus, the illness responses to infection and inflam-
mation (fever, anorexia, somnolence, decrease in locomo-
tor activity, decrease in social exploration, hyperalgesia)
involve vagal afferents that react to the peripheral gener-
ation of interleukin-1B and other proinflammatory cy-
tokines [98, 99].

These findings corroborate the view that sensory neu-
rons in the vagus nerve contribute to emotional-affective
and other aspects of abdominal nociception [100]. This
concept has been borne out by investigations of the pro-
cessing of a gastric mucosal acid insult in the rat brain.
Vagal afferents signal the insult to the medullary brain-
stem [101] wherefrom the information is passed on to mid-
brain, thalamic, hypothalamic and limbic nuclei [102].
There is, however, no activation of the insular cortex, the
major cerebral representation area of afferent input from
the stomach. Thus, vagal afferent signalling of an acute
acid insult in the gastric mucosa does not give rise to per-
ception of pain but leads to activation of subcortical brain
nuclei that are involved in emotional, behavioural, auto-
nomic and neuroendocrine reactions to a noxious stimu-
lus [102].

GI surveillance systems in concert

The abundance in the sensory innervation of the gut
is very much in place, since the GI mucosa is the largest
external surface as it extends over an area of 200—-300 m?.
This vast plane is exposed not only to nutrients but also
to toxins, antigens and pathogens that may come in with
the ingested food and to potentially harmful secretions
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Fig. 3. Schematic diagram showing the network of gastroin-
testinal (GI) surveillance and neural control systems that ulti-
mately govern the activity of the enteric nervous system and
the GI effector systems. The surveillance systems comprise ep-
ithelial cells, enteroendocrine cells, immune cells as well as in-
trinsic and extrinsic sensory neurons, which interact with each
other and feed their output to the enteric nervous system, either
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(e.g., acid and pepsin in the stomach). In addition, the al-
imentary canal is home to some 10'® bacteria and other
microorganisms which threaten to invade and translocate
the gut wall [103]. To meet with these demands, the gut
is endowed with an elaborate network of surveillance sys-
tems that include, besides sensory neurons, also enteroen-
docrine cells and immune cells (Fig. 3). These sensors act
in concert to instigate the appropriate vascular, secretory
and motor activities that facilitate the uptake of useful con-
tents or dilute and rapidly expel hazardous materials
through diarrhoea and/or emesis.

Enteroendocrine and immune cells are strategically
positioned in the GI mucosa to analyze the luminal con-
tents. Messenger molecules released from these cells can
stimulate adjacent sensory nerve fibres which pass on the
information emitted from the mucosal monitors to the ENS
and CNS (Fig. 3). Prominent among the neuroactive mes-
sengers of enteroendocrine cells are 5-HT, cholecys-
tokinin, secretin, corticotrophin-releasing factor and so-
matostatin [40, 47, 104]. The GI immune system includes
the gut-associated lymphoid tissue, resident macrophages,
eosinophils and neutrophils as well as mast cells [1, 2, 40]
and chemokine-secreting epithelial cells [105]. Whenever
there is microbial infection, allergy, gastroenteritis or in-
flammatory bowel disease, the GI immune system is called
into operation and releases a host of mediators. Among
them are cytokines, prostaglandins, leukotrienes,
bradykinin, histamine, and serine proteases, all of which
can either excite extrinsic afferent nerve fibres, in the short
term, or alter their sensitivity, in the long term [40, 96,
104].

Visceral discomfort and pain

The signals that GI sensory neurons convey to the
brain are normally not perceived as a conscious sensation,
because they are processed only in autonomic and neu-
roendocrine circuits that control digestion in accordance
with the body’s need of energy and fluid [4, 106]. This is
physiologically meaningful because there are few possi-
bilities to voluntarily interfere with digestive functions,
notable exceptions being the conscious control of food in-
take and the urge to have a bowel movement [106]. Many
GI afferents, however, have the potential to encode nox-
ious stimuli [96], a property that has a bearing on the dis-
comfort and pain associated with ulcerative and inflam-
matory bowel diseases and functional bowel disorders
(FBDs) such as noncardiac chest pain, functional dyspep-
sia and irritable bowel syndrome [4, 107, 108]. Given that
in most cases we do not have a behavioural repertoire with
which to appropriately react to painful sensations from the
gut, abdominal pain is a pathological entity and not just a
physiological sign of warning.

It is now hypothesized with good reason that, in FBD
patients, events in the GI tract are represented in the brain
in a distorted fashion, be it because there are pathological
alterations in the environment of gut sensors, in the sen-
sory gain of afferent neurons or in the central processing
of afferent information from the GI tract [4, 96, 104,
106-109]. Diagnostically it is obvious that many gut re-
actions to physiological (e.g., food) and pathological (e.g.,
stress) stimuli are exaggerated and out of the normal pro-
portion to stimulus strength [4, 104, 106, 108, 109]. This
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situation is explained by a scenario in which intense stim-
ulation by injury, inflammation or anaphylaxis leads to ac-
cumulation of neuroactive substances in the gut wall and
subsequently to functional, phenotypic and structural al-
terations in the GI innervation [96, 104, 108, 109]. Adap-
tations of this kind, which may extend far beyond the site
of insult and time of original challenge, are thought to un-
derlie the long-lasting GI hypersensitivity typical of FBDs
[96, 104, 109, 110].

Visceral hypersensitivity involves peripheral and cen-
tral mechanisms of sensitization, but the factors underly-
ing GI allodynia (sensation of pain in response to stimu-
lus strengths that normally are innocuous) and hyperalge-
sia (exaggerated sensation of pain in response to noxious
stimulus strengths) are only in part understood [96, 104,
106, 111]. Particularly relevant to visceral pain is that most
extrinsic afferents innervating the gut have the ability to
sensitize [96]. As long as it is reversible, peripheral sen-
sitization of nociceptors typically arises from modulation
of nerve fibre excitability via post-translational changes
such as phosphorylation of receptors, ion channels or as-
sociated regulatory proteins [112]. These processes occur
when, following a mucosal insult, peripheral nociceptor
terminals are exposed to a mixture of immune and in-
flammatory mediators [96, 104].

Persistent modifications of neuronal excitability fol-
lowing a visceral insult appear to be responsible for the
sensory disturbances that remain after the inflammatory
reaction to an insult has subsided [96, 109, 110]. Con-
vincing evidence for such long-term adaptations has come
from the observation that mechanical or chemical irrita-
tion of the colon in newborn rats leads to chronic visceral
hypersensitivity in the adult animals although no pathol-
ogy in the colon is discernible [113]. At the molecular
level, such permanent increases in the sensory gain are re-
lated to changes in the expression of receptors, ion chan-
nels and transmitters and in the phenotype, structure, con-
nectivity and survival of afferent neurons [112]. These per-
sistent alterations in the properties of sensory neurons may
be related to the action of neurotrophic factors which are
produced in the inflamed tissue, taken up by sensory neu-
rons and transported retrogradely to the cell bodies [112,
114].

Local protective function of spinal afferents in the
GI wall

Certain spinal afferent nerve fibres are specialized in
playing an efferent-like role that is brought about by
transmitter release from their terminals in the wall of the
GI tract. By releasing calcitonin gene-related peptide
(CGRP), SP, NKA, NO and ATP from their peripheral
endings, these nerve fibres act on ENS, epithelium and
vasculature and thereby influence the activity of GI ef-
fector systems [59, 69, 115—-118]. The functional changes
include stimulation or inhibition of motility, secretion of
bicarbonate, mucus and fluid, dilatation of arterioles, in-
crease in venular permeability, degranulation of mast cells
and activation of other immune cells.

The efferent-like actions of extrinsic afferents in the
gut serve to alarm protective mechanisms in the face of a
mucosal insult [117]. For instance, irritation of the gas-
troduodenal mucosa by noxious chemicals (e.g., alcohol,
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nonsteroidal antiinflammatory drugs) causes backdiffu-
sion of acid into the lamina propria and leads, via stimu-
lation of spinal afferents, to a prompt increase in mucosal
blood flow [119] and to activation of other defence mech-
anisms [117]. The hyperaemic reaction helps buffering the
intruding acid, prevents the formation of deep erosions and
ulcers [119] and assists in the healing of mucosal lesions
[120]. This protective rise of blood flow is brought about
by a peripheral reflex circuitry that depends on intact path-
ways through the coeliac ganglion and involves both
CGRP and NO as mediators [117, 121-123]. A similar
neural emergency system operates in the human stomach
[124] and in the oesophagus, small intestine and colon of
experimental animals [69, 116, 125, 126].

The gut as a neurological organ:
pathophysiological and therapeutic implications

The rich supply of the GI tract by intrinsic and ex-
trinsic neurons is crucial to normal gut function and rep-
resents a key for understanding and treating many bowel
diseases [3, 4, 19]. Indeed, congenital defects in the de-
velopment of the ENS, degeneration of enteric neurons or
phenotypic/functional abnormalities in the GI innervation
underlie a large number of GI disorders (Table 2). Idio-
pathic loss of inhibitory motor neurons leads to disin-
hibitory motor disease characterized by muscle spasms, as
is the case in achalasia and intestinal pseudo-obstruction
[127]. GI neuropathies may also arise from diabetes, in-
fection (Chagas disease), inflammation (inflammatory de-
generative neuropathy) and autoimmune attack of the ENS
[127]. In addition, several forms of infectious diarrhoea
such as those caused by cholera toxin, rotavirus, Clostri-
dium difficile toxin A and Escherichia coli enterotoxin are
brought about by initiation of secretory reflexes in the ENS
[63, 66-68].

It is important to realize that the emerging view of the
digestive tract as a neurological organ has implications that
extend far beyond gastroenterology. Although the ENS
controls the basic functions of the GI tract independently
of the brain, there are reciprocal interrelationships between
the ENS, the extrinsic sensory innervation, the CNS and
the autonomic nervous system. Neuropathies of enteric,
sensory and/or autonomic neurons are also thought to be
of relevance to FBDs which are defined by chronic or re-
current abdominal symptom patterns without identifiable
organic cause and clinically are related to functional dis-
turbances of GI effector systems, autonomic dysregula-
tion, visceral hypersensitivity and/or psychological alter-
ations [4, 96, 106-108, 111, 128]. Interactions along this
gut-brain-gut axis explain why psychological factors,
stress and other life events impacting primarily on the
brain can have a profound influence on GI function [4,
108, 129]. Conversely, increased signalling from the dis-
ordered gut to the brain may appreciably modify the emo-
tional-affective status of FBD patients without necessar-
ily giving rise to the sensation of pain.

The gut as a neurological organ implies that drugs
used in neurology, psychiatry and anaesthesiology can dis-
turb ENS function, because many of the transmitters and
transmitter receptors present in the brain have also been
localized to the ENS [3, 130]. This is in particular true for
opiates, given that opioid peptides are expressed by en-
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teric neurons and activation of opioid receptors interrupts
excitatory pathways of the ENS involved in peristalsis and
secretion [131]. While this antidiarrhoeal and constipative
effect is a complication in the use of opiates as analgesics,
it can be therapeutically exploited with drugs that, like lop-
eramide, have a peripherally restricted site of action. In-
tensive care medicine has also become aware of the risks
associated with the failing gut, be it the consequence of
vascular hypoperfusion and/or medication with cate-
cholamines and opiates [89]. GI ischaemia and motor sta-
sis lead to bacterial overgrowth, which via mucosal bar-
rier disruption and bacterial translocation may progress to
multiple organ dysfunction or failure [89]. These compli-
cations can be avoided by monitoring gut function and se-
lecting drugs with tolerable side effects on the ENS [132].

The ENS is not only a victim of unwanted drug ef-
fects but also an important target for new therapeutic
strategies to manage FBDs. This is because enteric neu-
rons express several receptors that may be stimulated or
blocked in a selective manner, either because they are ex-
pressed by enteric neurons only and/or because the re-
spective drugs are manufactured such that they cannot en-
ter the brain. There is already a number of drugs in use or
in development that act preferentially via the ENS [130].
Gastroduodenal propulsion in patients with gastroparesis
can be stimulated by the prokinetic 5-HT, receptor ago-
nist cisapride and by motilides which are motilin receptor
agonists derived from erythromycin [35, 133]. Functional
constipation, on the other hand, may be relieved by the en-
terokinetic 5-HT4 receptor agonists prucalopride and
tegaserod [134, 135]. Interestingly enough, brain-derived
neurotrophic factor and neurotrophic factor-3 accelerate
colonic transit and relieve constipation in humans [136].
This observation suggests that neurotrophins can be used
to improve ENS function, a treatment option that holds
particular potential in neurodegenerative disorders of the
ENS.

Stimulation of 5-HT;p/p receptors on nitrergic neu-
rons in the stomach seems to be beneficial in patients with
functional dyspepsia who suffer from impairment of gas-
tric accommodation, probably because of a dysfunction of
nitrergic neurons [137]. Blockade of 5-HTj3 receptors in-
hibits GI motility, and the 5-HT; receptor antagonist alos-
etron has offered symptomatic improvement in patients
with diarrhoea-predominant irritable bowel syndrome
[138]. Activation of endothelin ETg receptors [139] and
cannabinoid CB, receptors [140, 141] inhibits peristalsis
in vitro, but the clinical utility of endothelin ETg or
cannabinoid CB; receptor antagonists in stimulating
propulsive motility has not yet been addressed. Antago-
nists of tachykinin NK;, NK; and NKj3 receptors are ex-
plored for their therapeutic potential to stimulate hypo-
motility, reduce hypermotility and/or reverse hypersensi-
tivity in inflammatory bowel disease and irritable bowel
syndrome [142].

While drugs acting on enteric and autonomic neurons
[4, 67, 128, 130] are useful for correcting functional dis-
turbances in the gut, extrinsic afferent neurons are ana-
lyzed for molecular targets that can be utilized in the ther-
apeutic control of the discomfort and pain associated with
FBDs. Of particular interest are ionotropic chemosensors
of type VR1 (capsaicin receptors), acid-sensing ion chan-
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nels, P2X3 purinoceptor ion channels and tetrodotoxin-re-
sistant sodium channels of type SNS, because they are se-
lectively expressed by extrinsic afferents. Other targets
such as receptors for 5-HT, cholecystokinin, glutamate, y-
aminobutyric acid, tachykinins, CGRP, opioid peptides
and endocannabinoids are also explored. Hitting the first
element in the pain pathway, sensory neuron-targeting
drugs should ideally block the exaggerated signalling of
hypersensitive afferents, which implies that they aim at
molecular targets that are upregulated in painful FBDs.
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