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Abstract The interaction between the brain and the gut
as a pathological mechanism of functional gastrointestinal
disorders has been recently recognized in the pathophysi-
ology of the irritable bowel syndrome. Communication
between central nervous system and enteric nervous system
is two-directional: the brain can influence the function of
the enteric nervous system and the gut can influence the
brain via vagal and sympathetic afferents. In patients with
irritable bowel syndrome, symptoms may be caused by
alterations either primarily in the central nervous system
(top-down model), or in the gut (bottom-up model), or in a
combination of both. The brain—gut axis may be stimulated
by various stressors either directed to the central nervous
system (exteroreceptive stress) or to the gut (interoceptive
stress). Particularly, clinical evidence suggest that in
complex and multifactorial diseases such as irritable bowel
syndrome, psychological disorders represent significant
factors in the pathogenesis and course of the syndrome.
Neuroimaging techniques have shown functional differ-
ences between central process in healthy subjects and
patients with irritable bowel syndrome. Moreover, a high
prevalence of psychological/psychiatric disorders have
been reported in IBS patients compared to controls. Several
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data also suggest an alteration of neuro-endocrine and
autonomic output to the periphery in these patients. This
review will examine and discuss the complex interplay of
neuro-endocrine—-immune pathways, closely associated
with neuropsychiatric disorders.
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Abbreviations

HPA Hypothalamic—pituitary—adrenal axis

HANS Hypothalamic—autonomic nervous system axis
IBS Irritable bowel syndrome

PVN Paraventricular nucleus

ACC Anterior cingulated cortex
CNS Central nervous system
PTSD  Post-traumatic stress disorder
EMS Emotional motor system

GC Glucocorticoid
CRH Corticotropin-releasing hormone
NY Neuropeptide Y

ACTH Adrenocorticotropic hormone
MR Mineralocorticoid receptor
GR Glucocorticoid receptor
D-IBS Diarrhea-predominant IBS

EC Enterochromaffin cell

C-IBS  Constipation-predominant IBS
Introduction

Studies on the interaction between central nervous system
and gastrointestinal system have clarified the pathophysi-
ology of complex neurobiological response of body to
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stress, highlighting the importance of the hypothalamic—
pituitary—adrenal (HPA) (Fig. 1) and hypothalamic—-auto-
nomic nervous system (HANS) axes (Fig. 2). The physio-
logical response to stress in healthy subjects is limited to
the time of exposure to a stressful event. On the contrary,
the effect of adaptation in genetically predisposed subjects
can lead both to the exacerbation of the disease process
already in progress and to the onset of new diseases [1-3].

There is clinical evidence that in a complex and multi-
factorial disease such as irritable bowel syndrome (IBS),
psychological disorders represent significant factors in the
pathogenesis and course of the syndrome [1]. Recently, in
the pathophysiology of IBS, the importance of the inter-
action between brain and gut (brain—gut axis) has been
recognized within the so-called “biopsychosocial model”,
in which the stress-related psychological disorders are the
main factors able to modulate motility and visceral per-
ception [4, 5]. The body’s response to stress is generated by
a network of integrative brain structures, in particular
subregions of the hypothalamus (paraventricular nucleus,
PVN), amygdala and periaqueductal gray. These brain
areas receive input from peripheral and cortical structures,
such as medial prefrontal cortex and subregions of the
anterior cingulated cortex (ACC) and insula [1]. In fact, the
polymodal association and the transformation of the per-
cept in awareness depend on the frontal cortex. However,
the connection between perceived inputs and the body’s
responses depends on the kind of emotion which results
from the evaluation process. This phase depends on the
amygdala, which is know to be necessary for the formation
of aversive associations to novel places and events [6].

This review will examine and discuss the complex
interplay between neuro-endocrine—-immune pathways,
closely associated with neuropsychiatric disorders.

Neuropsychiatric disorders

The presence of psychological and/or psychiatric disorders
leads to an exacerbation of symptoms and a greater demand
for medical aid [7]. Lydiard et al. [8] confirm a mutual
interaction between IBS and psychiatric disorders. In a
recent study, Thijssen et al. [9] showed that in a total of
268 patients, anxiety and depression disorders were present
in 30 and 22 % of IBS patients, respectively. A multicentre
study also showed high prevalence of physical and sexual
abuse among patients with IBS (31.6 %) compared to
patients with organic digestive diseases (14.0 %) and to
control subjects (7.6 %). Many of these patients had benefit
from psychotherapy [10]. Patients with IBS reported an
increase of symptoms severity in association with acute
psychosocial stress. Complete or partial remission followed
the resolution of psychosocial stress [11]. Chronic and
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Fig. 1 The two-directional HPA axis communication in IBS patho-
physiology: The top-down and the bottom-up model. Chronic
exteroceptive stress on the cortex can cause an abnormal activation
of brain areas (particularly amygdala, hippocampus, locus coeruleus)
and a decreased HPA response, resulting in reduced cortisol release.
This favors an increased immune response toward luminal antigens
and consequent low grade inflammation (top-down model). In turn,
this low grade inflammation, associated with the release of interleu-
kins and TNF-o, may cause the activation of cerebral circuits by
afferent fibers. Similarly, infections can cause increased permeability
with subsequent immune activation and release of interleukins and
TNF-o, that activate afferent cerebral circuits (bottom-up model).
HPA hypothalamic—pituitary—adrenal axis, LC locus coeruleus, CRH
corticotropin-releasing hormone, ACTH adrenocorticotropic hor-
mone, ENS enteric nervous system

severe stress may result in long-term changes in areas of
the brain that cause symptoms associated with IBS, such as
pain and visceral hypersensitivity. In animal models,
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Fig. 2 The two-directional HANS axis communication in IBS
pathophysiology: the top-down and the bottom-up model. Exterocep-
tive stress on the cortex can cause the activation of the HANS axis, in
this case represented by hypothalamus and sympathetic efferents,
thereby inducing the release of NY. This peptide may activate mast
cells, resulting in low grade inflammation associated with the release
of IL-1, IL-6, TNF-o. In turn, inflammation stimulates the local
release of neurokinins, SP, CGRP, 5-HT (top-down model). Similarly,
interoceptive stress factors such as infections may activate ascending
pathways. Nerve terminations are largely located in the medial
portions of the thalamus with direct connection to the hypothalamus
(bottom-up model). Raphe nuclei may inhibit or facilitate nociceptive
signal. PVN paraventricular nucleus, CRH corticotropin-releasing
hormone, HANS hypothalamic—autonomic nervous system axis,
NY neuropeptide Y, ENS enteric nervous system, SP substance P,
CGRP calcitonin gene related peptide, 5-HT serotonin

maternal separation causes alterations of the intestinal
barrier function, altered balance in enteric microflora,
exaggerated stress response and visceral hypersensitivity,
such as in IBS [12]. Such results suggest that the presence
of physical or sexual abuse and psychological disorders can
lead to a chronic state of amplification of symptoms, which
originates either at the level of the central nervous system
(CNS) (hypervigilance on physical perception) or at the

visceral level (hypersensitivity and hypermotility). In fact,
IBS patients have a high prevalence of post-traumatic
stress disorders (PTSD) and a higher psychiatric comor-
bidity than patients with no history of trauma. Irwin et al.
[13], studying 50 consecutive IBS patients, showed that
54 % reported psychiatric diagnosis at some time in their
lives, 44 % a trauma history, 36 % PTSD. The role of
psychological factors, emotional state and modulation of
CNS in the pathophysiology of IBS has been confirmed by
the fact that symptoms are improved by psychotherapy,
hypnosis, hypnotherapy and drugs active at central level
such as anxiolytics, selective serotonin reuptake inhibitors
and tricyclic anti-depressants [14—17].

Neuroimaging techniques have shown functional dif-
ferences between central processes in healthy subjects and
patients with functional gastrointestinal disorders. Silver-
man et al. [18] were the first to compare healthy subjects
with patients with IBS using positron emission tomogra-
phy. They found activation in the left prefrontal cortex and
a lack of correlation between the activation of the ACC and
the intensity of perceived stimuli using rectal distension by
balloon. This suggests that alterations in central mecha-
nisms may result in a decreased inhibition through
descending pain ways which may cause hyperalgesia in
patients with IBS. On the contrary, Drossman et al. [19],
using functional magnetic resonance imaging, found a
correlation between the clinical symptoms of patient with
IBS, hers psychological state and the activation of the
ACC. The ACC activation correlated with anxiety, stress-
ful life events, maladaptive coping and history of abuse [5].
In IBS patients, but not in controls, Mertz et al. [20]
showed that pain led to greater activation of the ACC than
nonpainful stimuli. The ACC, the pain’s critical center, is
part of the emotional limbic system; it mediates both
positive and negative emotions, it integrates autonomic
functions including the stress response of “flight or fight”,
and endocrine response and it is involved in memory of
emotional experiences. Other studies have shown deacti-
vation in the right hemisphere, within the posterior part of
the insular cortex, the amygdala and the striatum (putamen)
in patients with IBS compared to controls [21, 22]. These
data suggest an up-regulation of afferent sensitivity to pain.
The complexity of these pathophysiological mechanisms is
linked to the role of these regions, that are abnormally
activated.

As discussed previously, the integrative brain structures
(PVN, amygdala and periaqueductal gray) provide outputs
to the central, pituitary and pontomedullary nuclei, which
mediate the neuroendocrine and autonomic output to the
periphery, respectively [1]. This central stress circuit,
called emotional motor system (EMS), is under feedback
control through projections from the brainstem nuclei,
particularly serotonergic (raphe nucleus) and noradrenergic
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(locus coeruleus) and through circulating glucocorticoids,
which exert an inhibitory control through the glucocorti-
coid (GC) receptor, located in the cerebral cortex and
hippocampus [23]. The outputs of the EMS, which is
activated in response to various kind of stress, include the
response of the ascending via aminergica (serotonergic,
noradrenergic and dopaminergic), the endogenous modu-
lation of pain, the autonomic nervous system, and the HPA
axis [1].

Corticotropin-releasing hormone: the key hormone
in stress

The amygdala, which is part of the limbic system, regulates
the release of hypothalamic corticotropin-releasing hor-
mone (CRH) [24], the key hormone in the body’s response
to stress. In contrast to the action of CRH, neuropeptide Y
(NY), located in the amygdala, in the hippocampus, and in
some areas of the septum and locus coeruleus, has an anti-
stress effect [25].

Although most of the neurons producing CRH are found
in PVN, other CRH secreting neurons are located in the
cingulate and prefrontal cortex, and in the insula which
have multiple connections with the amygdala.

In the pituitary gland, CRH stimulates the cleavage of
the precursor peptide proopiomelanocortin and the pro-
duction of adrenocorticotropic hormone (ACTH) and beta-
endorphin, secreted into the systemic circulation.

Adrenocorticotropic hormone then reaches the adrenal
gland, stimulating the production of cortisol, which exerts a
negative feedback on the hypothalamus, pituitary gland and
especially on the hippocampus. The amygdala plays an
essential role in the regulation of cortisol secretion induced
by psychological stimuli.

The large number of nerve fibers that connect the
amygdala with the hippocampus, mainly towards the latter,
suggests that it acts in response to signals from the
amygdala [6].

Corticotropin-releasing hormone neurons of the PVN
project to brainstem and, in particular, to paragigantocel-
lular nucleus and to locus coeruleus. The major contingent
of CRH nerve fibers also project from the PVN to the
intermediolateral cell column of the spinal cord, where all
the preganglionic sympathetic fibers and the nucleus of the
solitary tract organize the sympathetic cardiovascular
reflexes.

For this reason, the functions of the structures innervated
by the sympathetic nervous system are affected by the
activity of CRH neurons that originate from the PVN.

The nerve fibers of the “central CRH” system play a key
role in the integration of central adaptive behaviours,
autonomic activity and HPA axis function [26]. The central
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injection of CRH can cause a physical and behavioural
response similar to that observed in conditions of acute
psychological stress [6, 27, 28]. CRH receptor 1 is limited
primarily to the pituitary gland and to specific regions of
the brain, whereas CRH receptor 2 is expressed in
peripheral tissues including the gastrointestinal tract, the
heart, the skeletal muscle, etc. [28, 29].

Corticotropin-releasing hormone is involved in the
central mechanisms by which stress inhibits gastric emp-
tying and stimulates colonic motor function [27]. Inhibition
by CRH antagonists [28] or experimental inactivation of
CRH receptor 1 result in a decreased response to stress [29,
30], suggesting that hypersecretion of CRH in the brain
may contribute to the pathophysiology of stress-related
exacerbation of IBS [27].

Chronic stress and endocrine response

The hippocampus is considered the primary site for regu-
lating the synthesis of glucocorticoids, because it contains
the highest number of receptors for these hormones than
any other organ. There are two types of adrenal steroid
receptors: mineralocorticoid receptor (MR) and glucocor-
ticoid receptor (GR). GRs, specific for glucocorticoids,
have low affinity, while MRs have high affinity for both
glucocorticoids and mineralocorticoids (aldosterone).

During stress, excessive cortisol secretion can be
inhibited by hippocampal stimulation, suggesting that MRs
may modulate of cortisol secretion, while GRs inhibit
cortisol secretion in the presence of stressors stimuli [31].

Studies on HPA axis in patients with diarrhea-predom-
inant IBS (D-IBS) have shown a decrease of plasma cor-
tisol levels, an impaired cortisol response to ACTH and an
increased vagal response to rectal distention [32].

On the contrary, Heitkemper et al. [33] reported higher
levels of urine cortisol in IBS female patients than in
controls.

Decreased levels of cortisol were instead found in
patients with post-traumatic stress disorder (PTSD) [34,
35], implying either a desensitization of the GRs for cor-
tisol or a desensitization of pituitary CRH-receptor. The
diagnosis of PTSD is generally made in patients who have
experienced particularly serious and violent emotional
events such as the experience of battle, natural disasters,
assault, rape and accidents. However, events which are
usually insignificant for most individuals, in others may
lead to PTSD because of the subjective meaning of the
event.

The hypocortisolism first detected in patients with
PTSD, was later found in subjects affected by chronic
stress and in patients with autoimmune diseases, chronic
pain, chronic fatigue syndrome, asthma, allergic diseases
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[35], and fibromyalgia [36]. In some animal models it
appears that repeated exposure to stress may cause a
decrease in the response of the HPA axis, as an expression
of usual stressful event. In fact, the pharmacological
blockade of the MRs/GRs prevents the attenuation of the
HPA response to an usual stressor. The decrease of HPA
response does not appear to be correlated with a reduction
of control function from the CNS that responds to stress. In
this case the inhibition of the MRs/GRs should not prevent
the manifestation of an attenuated response. It is believed
that the MRs are involved in tonic regulation of basal HPA
axis activity [31].

The reported persistence of chronic inflammatory enteric
mucosa after eradication of infection, the increase of
intestinal permeability, enterochromaffin cell (EC) hyper-
plasia [37], are all consistent with an inadequate physio-
logical response to acute bowel inflammation, in particular
in the presence of an inadequate cortisol response (and
probably also with an altered sympathetic response).

It has been suggested that a downregulated cortisol
response to intero- or exteroceptive stress may predispose
IBS patients to chronic inflammatory conditions such as
asthma, rheumatoid arthritis or inflammatory bowel disease
[1]. This stress response is closely related with changes in
brain activity consistent with an increased central release of
norepinephrine, which is typical of patients with PTSD.
The decreased response of the HPA axis may precede the
onset of symptoms in patients with IBS and predisposes to
the development of post-infectious IBS. In fact, more than
40 % of patients with IBS showed increased anxiety dis-
order [38], suggesting a “top-down” model of disease,
where the alteration of central stress circuits in individuals
are prepared and conducted by exteroceptive stress and
may play a key role in the pathophysiology of the disease.
In fact, psychosocial stress can influence the immune
response though CRH-mediated activation of the HPA axis
and some branches of autonomic nervous system. For
example, it has been suggested that a hyporeactivity of
HPA axis associated with an alteration of sympathetic
modulation of immune function, may result in decreased
immune surveillance [3], thus predisposing to post-infec-
tious IBS [39].

Chronic stress and neuronal response

The two branches of the autonomic nervous system are
anatomically and functionally integrated with the brain—gut
axis and are responsible for homeostatic regulation of
gastrointestinal function [40]. IBS and other functional
gastrointestinal disorders are in fact associated with cho-
linergic and adrenergic autonomic dysfunction [40-43].
Increased sympathetic response in patients with IBS may

be due to the increase of CRH expression. In fact, the
projections descending from the pontine nucleus to the
distal colon containing CRH may mediate the increase in
distal colon motor response to stress or food, while the
ascending projections to the locus coeruleus and to pre-
frontal cerebral cortex may be responsible for visceral
hypersensitivity [1].

Heitkemper et al. [42] reported a significant increase in
parasympathetic tone in women with D-IBS compared to
constipation-predominant IBS (C-IBS).

Aggarwal et al. [40] found that cardio-vagal dysfunction
is specifically associated to C-IBS, while D-IBS patients
showed mainly adrenergic dysfunction of the sympathetic
nervous system.

The changes in the frequency of high amplitude prop-
agated contractions in the colon, presumably through
alteration of colonic vagal regulation, may determine the
predominant bowel habit of IBS [1].

The increase of sympathetic tone increases the levels of
perception of gastrointestinal stimuli, without changing the
reflex response [44]. HANS axis is an essential mediator of
visceral response to central influences such as psycholog-
ical stress [41].

Gupta et al. [45] also reported that in IBS patients, pain
intensity and abdominal discomfort evocated by visceral
and cutaneous stimuli are significantly higher than in
controls. These data were similar to those found in other
chronic pain disorders such as fibromyalgia [46], suggest-
ing the presence of abnormalities in central nociceptive
processing also in patients with IBS.

The psychological disorders that are known to be asso-
ciated with functional gastrointestinal symptoms, are also
capable of altering autonomic balance [41].

In fact, anxiety and depression are associated with lower
parasympathetic activity, both in patients with IBS and in
controls [47].

In patients with IBS, particularly those with post-
infectious IBS, an up-regulation of immune function has
been demonstrated. Clinical observations suggest that
enteric infections may precede the development of IBS
[39]; patients with ulcerative colitis in remission often have
symptoms similar to IBS [48], supporting the inflammatory
theory. In patients with D-IBS, an increased number of
mast cells in the terminal ileum, ascending colon and
rectum has also been found [49].

It was suggested that mast cells are involved in neuro-
genic inflammation. There are in fact pathological condi-
tions characterized by the activation of mast cells in the
absence of a clear exposure to allergens, such as chronic
idiopathic urticaria, urticaria induced by heat, cold-induced
urticaria, or cholinergic urticaria. Similarly, asthma epi-
sodes and activation of mast cells in patients with systemic
mastocytosis may be induced by exercise and stress in the
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absence of a known allergen [50]. In addition the degran-
ulation of mast cells is associated with the activation of the
autonomic nervous system (sympathetic branch) and with
the release of neuropeptides, such as NY [51], which can
modulate the activity of mast cells through specific
receptors [52].

In fact, the activation of mast cells, mediated by NY in
response to stress [51], may lead to an increase in intestinal
permeability and visceral sensitivity, changes in mucus
secretion and transport of water and electrolytes. On the
other hand, the activation of sympathetic nervous system
may serve to localize the inflammatory response with a
subsequent selective suppression of Thl responses and a
Th2 shift toward dominance of humoral immunity [53].

The Th2 shift and the mast cell activation demonstrate
that the interface between the gut lumen and immune
system is under close control of the autonomic nervous
system.

The top-down and the bottom-up model

Recently, the conceptual model of IBS pathophysiology
increasingly recognizes the interactions between the brain
and gut as a pathological mechanism of functional
gastrointestinal disorders [5]. Communication between
CNS and enteric nervous system in normal conditions is
already two-directional, especially during disturbance of
homeostasis.

In patients with IBS, symptoms may be caused either by
alterations in the CNS (top-down model), or in the
periphery (bottom-up model), or in a combination of both
(Figs. 1, 2). The brain—gut axis may be stimulated by
various stressors either directed to the CNS (exterorecep-
tive stress) or to the gut (interoceptive stress). In addition
intestinal infections may alter the cortical response to
visceral stimuli.

The function of the gastrointestinal tract is modulated by
both the intrinsic and the extrinsic nervous system. The
intrinsic innervation consists of the enteric nervous system
(ENS), including the myenteric and submucosal plexus.
The extrinsic innervation is provided by the autonomic
nervous system (sympathetic and parasympathetic) and is
two-directional: the brain can influence the function of
ENS through the autonomic nervous system, and gut may
influence the brain via the intrinsic primary afferent neu-
rons, whose cell bodies are located in cranial and dorsal
nerve root ganglia [54]. In particular, vagal afferents
mediate non-nociceptive sensations, including local
reflexes such as gastric accommodation and gastro-colic
reflex, while sympathetic afferents mediate nociceptive
sensations. The sympathetic nerve endings are located in
the muscle and serosa of the intestine, where the relaxation
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and stretching can cause muscle activation in pain condi-
tions. In contrast, vagal terminals are located more super-
ficially, primarily in the mucosa and submucosa, where
low-intensity stimuli, such as nutrients, can cause an acti-
vation. The visceral nerve endings are localized in the
dorsal horn of the spinal cord, where all the viscero-
somatic afferents are found [55]. The ENS provides local
reflexes, such as migrating motor complex and peristaltic
reflexes and receives some input from the CNS via the
sympathetic and parasympathetic nervous system [54].

Visceral hypersensitivity, which is a characteristic of
IBS, may be related to bowel dysfunction or distorted
processing, representation and modulation of gut signals in
the brain [55, 56] or to a chronic disorder of serotonin
metabolism, altered serotonin receptor sensitivity, exag-
gerated sensitivity of peripheral afferent nerve fibers, and
spinal hyperalgesia [54, 55, 57, 58].

Some patients with IBS show increased sensitivity or
increased visceral perception of intestinal distension.
Whitehead et al. [59] reported that patients with IBS have
significantly elevated levels of anxiety, interpersonal sen-
sitivity, depression, hostility, and somatization of affect.
However, there were no significant trait differences
between patients with diarrhea and those with constipation.

In other studies, an increased sensitivity to colon and
rectum distension was observed in patients with IBS and
D-IBS compared to healthy subjects [14, 60] while patients
with C-IBS showed conflicting results [61, 62]. However,
significant differences in pain threshold did not emerge
from a comparison between patients with D-IBS and C-IBS
[63].

Intraluminal distension or inflammation promotes the
release of 5-HT from EC of the enteric mucosa. The 5-HT
by interacting with 5-HT receptor, regulates sensory, motor
and secretory functions of the digestive system [57]
through the intrinsic and extrinsic nervous system.

The 5-HT stimulates the 5-HT5; and 5-HT, receptors
located on primary afferent neurons of vagal and
splanchnic fibers, which mediate both sensory and motor
responses [54, 64].

Nociceptive signals project from the viscera to specific
laminae in the spinal cord dorsal horn. The synaptic input
activates a specific second-order neuron from spinal cord to
thalamus. The axons of these cross to the opposite side in
the spinal cord and continue to the thalamus. Third-order
neurons connect the thalamus to the primary somatosen-
sory area of cerebral cortex.

The bulbo-spinal tract, triggered by nociception, carries
descending projections from the periaqueductal gray matter
and raphe neurons in the dorsal horn neurons, which inhibit
or facilitate nociceptive signal. The descending bulbo-
spinal pathways use serotonin, noradrenergic and opioid
transmitters.
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Several gastrointestinal tachykinins are involved in
gastrointestinal function and have been implicated in the
modulation of visceral pain sensitivity.

In the gastrointestinal tract, substance P (SP) and neu-
rokinin A (NKA), two neuropeptides belonging to the
family of tachykinins, are expressed both in intrinsic neu-
rons and extrinsic primary afferent nerve fibers originating
from dorsal root ganglia [65]. Tachykinins bind and acti-
vate three different types of tachykinin receptors (NKI,
NK2 and NK3). SP and NKA mediate or comediate slow
synaptic transmission and modulate neural excitability via
stimulation of NK3 and NKI1 receptors. The imbalance of
tachykinins could play an important role in the gastroin-
testinal dismotility associated with stress and pain [66, 67].

Anexperimental study of Leng et al. [68] demonstrated that
cold restriction stress following transient intestinal infection
triggered the down regulation of acetylcholine and up-regu-
lation of substance P in the ileum of wild-type controls.

Stead et al. [69], studying the microanatomical rela-
tionship between mast cells and enteric nerves in the
intestine of normal and nematode infected rats intestine,
found that 77 % of mast cells in close proximity to sub-
epithelial nerves contain SP and/or calcitonin-gene-related
peptide (CGRP). CGRP is also found in spinal afferent
neurons and intrinsic enteric neurons, with excitatory and
inhibitory effect on smooth muscle [70].

Neurokinin A, SP, and CGRP are normally expressed at
high levels in spinal cord, whereas SP and 5-HT are nor-
mally expressed in dorsal raphe nuclei [71].

The mucosal mast cells are important elements in the
pathogenesis of IBS [72] (Fig. 1). Barbara et al. [73]
identified and quantified immunohistochemically colonic
mucosal mast cells in comparison to controls. They dem-
onstrated that mast cells in close proximity to nerves sig-
nificantly correlated with the severity and frequency of
abdominal pain/discomfort. The degranulation of mast
cells occurs not only in response to allergens, but also to
stress, following the release of NY from sympathetic ter-
minals [51]. Mucosal mast cells can increase mucosal
permeability, thus modifying the microbiota with sub-
sequent immune activation of the mucosa. Low grade
inflammation-immune activation has been suggested to be
one of the most important mechanisms of brain—gut inter-
action [74]. This effect has been attributed to the influence
of interleukins (IL-1/, TNF-« and IL-6) in the development
of motor dysfunction, visceral pain and psychological
disorders, mediated by the CNS [75, 76].

The strong connection between CNS and ENS is also
confirmed by the fact that some neuropeptides and recep-
tors are present both in the CNS and in ENS.

Psychosocial stressors activate the circuits of stress
within the EMS and in the peripheral output, through the
endocrine response (cortisol, serotonin) and autonomic

response (noradrenaline, adrenaline, NY) by moving the
mucosal immune system towards a TH2 response
(increased activation of mast cells) [53]. The autonomic
response may also directly or indirectly modulate gastro-
intestinal permeability and therefore the access of luminal
factors (antigens, bacteria) to the immune system [3, 77].
Luminal factors (interoceptive stressors) modulate the
gastrointestinal immune function and cytokines from the
gut may modulate the response of the EMS [1, 77].

In conclusion, both exteroceptive stress such as psy-
chosocial stress, and interoceptive stress (Figs. 1, 2) such
as gastrointestinal infections, may affect the EMS, which
mediates the neuroendocrine and autonomic output to the
body, respectively [1, 78]. In fact, alterations at any level of
the neural system can alter motility, secretion, immune
function, perception and emotional response to visceral
stimuli in the gastrointestinal tract.
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