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HIGHLIGHTS:
•

Irritable bowel syndrome (IBS) and inflammatory bowel disease (IBD) are major forms of
chronic visceral pain (CVP), which affect over 15% of the global population.

•

In order to identify new therapies, it is important to understand the underlying causes of
CVP.

•

Inflammation or infection of the gut triggers changes in the sensory pathways that
transmit nociceptive information from the periphery to the CNS.

•

Such changes include altered expression and function of a variety of ion channels and
receptors, which underlies neuronal hyper-excitability.

•

Neuronal hyper-excitability enhances peripheral drive from the viscera, providing an
underlying basis for enhanced nociceptive signalling during CVP.
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α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
Calcitonin gene-related peptide (CGRP)
Cannabinoid receptor (CB)
Central nervous system (CNS)
Chronic visceral pain (CVP)
Chronic visceral hypersensitivity (CVH)
constipation-predominant IBS (IBS-C)
δ-theraphotoxin-Hm1a (Hm1a)
diarrhoea-predominant IBS (IBS-D)
Enteric nervous system (ENS)
Gamma-aminobutyric acid (GABA)
Guanylate cyclase-C (GC-C)
G protein-coupled receptor (GPCR)
Irritable bowel syndrome (IBS)
Inflammatory bowel disease (IBD)
Metabotropic glutamate (mGlu) receptors
N-methyl-D-aspartate (NMDA)
Positron emission tomography (PET)
Protease-activated receptors (PARs)
Substance P (SP), neurokinin A (NKA), and neurokinin B (NKB)
Tachykinin receptor 1 (NK1R)
Tachykinin receptor 2 (NK2R)
Tachykinin receptor 3 (NK3R)
Tetrodotoxin (TTX)
Transient receptor potential (TRP)
Transient receptor potential ankyrin repeat (TRPA)
Transient receptor potential (TRP) canonical (TRPC)
Transient receptor potential (TRP) melastatin (TRPM)
Transient receptor potential (TRP) mucolipin (TRPML)
Transient receptor potential (TRP) polycystin (TRPP)
Transient receptor potential (TRP) vanilloid (TRPV)
Voltage-gated calcium (CaV) channels
Voltage-gated potassium (KV) channels
Voltage-gated sodium (NaV) channels
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ABSTRACT
Irritable bowel syndrome and inflammatory bowel disease are major forms of chronic
visceral pain, which affect over 15% of the global population. In order to identify new therapies,
it is important to understand the underlying causes of chronic visceral pain. This review
provides recent evidence demonstrating that inflammation or infection of the gastrointestinal
tract triggers specific changes in the neuronal excitability of sensory pathways responsible for
the transmission of nociceptive information from the periphery to the central nervous system.
Specific changes in the expression and function of a variety of ion channels and receptors have
been documented in inflammatory and chronic visceral pain conditions relevant to Irritable
bowel syndrome and inflammatory bowel disease. An increase in pro-nociceptive mechanisms
enhances peripheral drive from the viscera and provides an underlying basis for enhanced
nociceptive signalling during chronic visceral pain states. Recent evidence also highlights
increases in anti-nociceptive mechanisms in models of chronic visceral pain, which present
novel targets for pharmacological treatment of this condition.

1: CLINICAL RELEVANCE OF CHRONIC VISCERAL PAIN
Pain is an unpleasant sensory and emotional experience that normally serves as an
alarm mechanism. This allows the body to protect itself against actual or potential tissue
damage, by allowing withdrawal from and avoidance of noxious stimuli. In chronic pain, this
alarm signal fails to reset following subsidence of the threat or healing of the damaged tissue.
Accordingly, chronic pain is a maladaptive, relapsing and remitting condition characterised by
nociceptor sensitisation, allodynia (pain response to stimuli that do not normally cause pain)
and hyperalgesia (an enhanced pain response) in the absence of overt tissue damage (Brierley
and Linden, 2014; Costigan et al., 2009). Chronic visceral pain (CVP) derives from our internal
organs and is a common and debilitating symptom for patients with gastrointestinal disorders,
such as irritable bowel syndrome (IBS) and inflammatory bowel disease (IBD).

IBS and IBD are major clinical problems affecting up to 15% of the global population
(Chey et al., 2015; Enck et al., 2016). Consequently, CVP is an important public health issue,
which places a large economic burden on healthcare resources (Camilleri and Williams, 2000;
Chey et al., 2015; Sandler et al., 2000). In the early 2000’s, the economic impact of IBS and IBD
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were estimated in the USA alone to exceed $25 billion and $6 billion per annum respectively.
Since then the incidence rates of IBS and IBD, and their associated costs have steadily increased
over time (Enck et al., 2016; Kaplan, 2015). Despite such a burden, treatments for IBS and IBD
are generally lacking. IBS and IBD patients report reduced quality of life and have additional
clinical symptoms, including stool irregularities, as well as somatic, visceral and psychiatric comorbidities, including referred pain and higher levels of anxiety and depression than healthy
people (Camilleri, 2001; Camilleri and Williams, 2000; Chey et al., 2015; Enck et al., 2016;
Grundy and Brierley, 2017).

In IBD, which is a chronic, relapsing inflammatory disorder of the gastrointestinal tract,
a disturbed mucosal epithelial barrier, combined with the release of inflammatory mediators,
sensitises peripheral nerve endings within the gut wall, resulting in disturbed visceral sensory
perception and abdominal pain. In contrast, CVP in IBS occurs in the absence of overt colon
pathology (Enck et al., 2016). Whilst the aetiology of IBS is multi-factorial and additional risk
factors may be required for development (Chey et al., 2015; Spiller and Garsed, 2009), there is
a strong correlation between a prior exposure of the patient to gut infection and symptom
occurrence. This includes a preceding bout of gastroenteritis induced by pathogens such as
Escherichia coli, Salmonella, Campylobacter and Giardia lamblia (Spiller and Garsed, 2009).
Notably, the duration and severity of the initial illness is one of the strongest associated risk
factors for the development of IBS symptoms (Marshall et al., 2010). Such bouts of acute
gastroenteritis can trigger IBS symptoms in patients that persist for at least 8 years after the
initial infection (Marshall et al., 2010). Biopsy and blood samples from IBS patients, in addition
to mechanistic pre-clinical studies, are now shedding light on the potential reasons why
persistent symptoms occur in the absence of overt pathology to the intestinal mucosa
(Bashashati et al., 2018; Brierley and Linden, 2014; Hughes et al., 2013b). These studies suggest
that infection or inflammation of the intestine releases mediators that sensitise afferents
leading to inflammation-induced visceral hypersensitivity. In post-inflammatory states this
hypersensitivity persists, resulting in chronic visceral hypersensitivity (CVH), or the long-term
enhanced perception of stimuli originating from our internal organs (Brierley and Linden, 2014;
Grundy and Brierley, 2017). It is this CVH of sensory pathways innervating the colon that leads
to the development and maintenance of chronic abdominal pain in patients with IBS in the
absence of overt intestinal pathology (Azpiroz et al., 2007; Lembo et al., 1994; Ritchie, 1973).
5

In this article, we’ll first briefly outline how sensory information at the level of the
colorectum is encoded and conveyed to the central nervous system (CNS). For an in-depth
discussion on the neuroanatomy, we refer the readers to some of the excellent reviews on this
topic (Brookes et al., 2013; Sengupta, 2009; Vermeulen et al., 2014). In the remaining sections,
we will discuss how different membrane receptors and ion channels contribute to colorectal
hypersensitivity in animal models relevant to IBS and IBD and finish by discussing antinociceptive mechanisms, which may provide additional novel candidates for therapeutic
targeting.

2: NEUROANATOMY OF THE GASTROINTESTINAL TRACT
2.1 Intrinsic innervation
The enteric nervous system (ENS) contains over 108 neurons and acts autonomously to
generate basic motor and secretory patterns independent of the CNS. Accordingly, it is often
referred to as the ‘little brain’ in the gut. Arranged into web-like plexuses (the
myenteric/Auerbach’s plexus and the submucosal/Meissner’s plexus) its main roles are to
regulate gastrointestinal motility and control secretion, absorption and blood supply (Furness
et al., 2013; Lomax et al., 2005). The involvement of the ENS in pain signalling is unclear, but
most likely lies in the release of neurotransmitters, such as substance P, calcitonin gene-related
peptide (CGRP) and serotonin that in turn can activate and sensitise adjacent sensory nerves
to cause aberrant intestinal contractility. In support of such a mechanism, mediators released
from mucosal biopsies from IBS patients, but not healthy controls can activate human and
guinea-pig submucosal neurons. The sensitisation of these neurons correlates with the degree
of visceral hypersensitivity experienced by IBS patients (Buhner et al., 2014; Buhner et al.,
2012; Buhner et al., 2011; Buhner et al., 2009).

2.2 Extrinsic sensory innervation
The extrinsic nervous system, through vagal and spinal afferent signalling, allows the
CNS to consciously or unconsciously perceive our gastrointestinal environment. The basic
anatomy of extrinsic sensory afferent innervation of the colorectum is shown in Figure 1. These
extrinsic sensory afferents also allow modulation of gastrointestinal motility and coordination
6

of gut reflexes through efferent pathways. Vagal afferents extend from the oesophagus down
to the proximal colon and part of the transverse colon (Berthoud and Neuhuber, 2000). Their
cell bodies reside within the nodose and jugular ganglia, from which they project centrally to
the nucleus of the solitary tract in the brain stem (Berthoud and Neuhuber, 2000). In contrast,
the cell bodies of spinal splanchnic and pelvic afferents are located in the dorsal root ganglia
(DRG). The central axons of spinal afferents terminate within the dorsal horn of the thoracic,
lumbar and sacral spinal cord, where they synapse onto second order neurons. The
predominant function of vagal afferents is the conduction of sensory information within the
physiological range (Grundy, 2002). By contrast, spinal afferents are specifically equipped to
convey information on physiological events, as well as higher-threshold sensations, such as
pain, discomfort, bloating and urgency. This occurs through specialised functional subclasses
of sensory afferents that respond to either i) low-intensity stimuli to the mucosal surface, ii)
low levels of distension or stretch to the intestine, or iii) high levels of distension or stretch to
the intestine (Brierley et al., 2009; Brierley et al., 2004; Brierley et al., 2008; Hughes et al.,
2009). Many of these subclasses have subsequently been discovered in human intestinal tissue
(Hockley et al., 2016; Jiang et al., 2011; McGuire et al., 2018; Peiris et al., 2011; Yu et al., 2016).
Studies in animals reveal that nerve endings terminate within different layers of the colon wall,
including the mucosa, muscle layers, enteric ganglia and blood vessels in the submucosa,
serosa and mesentery (Brookes et al., 2013; Spencer et al., 2016a; Spencer et al., 2016b;
Zagorodnyuk et al., 2010). Sensitisation of these nerve endings, which, as discussed below,
express a large array of receptors and ion channels, is a major contributor to visceral
hypersensitivity in CVP states (Brierley, 2016; Brierley and Linden, 2014; Grundy, 2002).
Furthermore, sprouting of the central projections of these colonic afferent neurons occurs
within the dorsal horn of the spinal cord. This is associated with secondary increased activation
of dorsal horn neurons in animal models of CVP, suggesting that neuroanatomical remodelling
at the level of the spinal cord also contributes to central sensitisation and facilitation of CVP
(Benson et al., 2014; Harrington et al., 2012; Xia et al., 2011). There is also evidence that crossorgan sensitisation can occur via the existence of dichotomising afferents, which are a subpopulation of DRG neurons that have a single cell soma, but axons that project to multiple
visceral organs (Christianson et al., 2007; Grundy and Brierley, 2017; Winnard et al., 2006). This
may also contribute to the relatively poor localization of visceral pain compared to that of
cutaneous pain.
7

2.3 Central visceral pain pathways
Sensory information is relayed to the CNS via ascending spinal pathways, which include
the spinoreticular, spinomesencephalic, spinohypothalamic and spinothalamic tracts, as well
as the dorsal funiculus, all of which play an important role in the conscious or unconscious
processing of visceral perceptions (Almeida et al., 2004; Anand et al., 2007). The thalamus plays
a principal role in central processing of pain (Mayer et al., 2009). From here, the signal is
conveyed to different brain regions involved in somatosensory perception. This includes the
somatosensory cortices (SI and SII) as well as areas that regulate the cognitive, affective and
motivational dimensions of pain perception, such as the dorsal anterior cingulate cortex, the
amygdala, the nucleus accumbens, the ventral striatum and the prefrontal cortex.
Interestingly, structural abnormalities have been reported in brain regions involved in central
pain processing in IBS patients, such as reduced cortical thickness of the dorsolateral prefrontal
cortex and increased thickness of the anterior insulate cortex, which correlated with
maladaptive coping and IBS duration respectively (Blankstein et al., 2010; Mayer et al., 2015).
Furthermore, functional imaging studies have indicated altered brain activity in these regions
in IBS patients (Mayer et al., 2015; Tillisch et al., 2011).

In addition to ascending pathways, afferent sensory input from the spinal cord can be
regulated in a ‘top-down’ fashion by several supraspinal regions. The periaqueductal gray,
located in the midbrain, is probably the most important regulatory pathway in this regard,
receiving input from the anterior cingulate cortex and the amygdala (Anand et al., 2007;
Schweinhardt and Bushnell, 2010). This can result in either inhibition or facilitation of
transmission, depending on the mediators involved. Dysfunction of descending inhibitory
control and enhanced descending facilitatory influences have both been linked to visceral
hypersensitivity in chronic pain states (Gebhart, 2004; Piche et al., 2011; Ringel et al., 2008;
Urban et al., 1999; Wilder-Smith et al., 2004).

It has been suggested that the changes in neuronal signalling of sensory information
from the gut to the CNS are, at least partially, due to alterations in the expression and function
of ion channels and receptors on neuronal cell bodies or nerve terminals of extrinsic sensory
afferents. These changes result in neuronal hyperexcitability, which may result in tonic or
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enhanced impulse input from the periphery to the CNS (Gracely et al., 1992). Therefore,
identifying such changes in sensory afferents during CVP is crucial for determining the
underlying basis of abnormal signalling and ultimately for finding specific treatments for IBS
and IBD.

3. PRO-NOCICEPTIVE MECHANISMS
A summary of key pro-nociceptive mechanisms within extrinsic sensory afferent
neurons innervating the colorectum is shown in Figure 2.

3.1: Voltage-gated sodium channels
Voltage-gated sodium (NaV) channels are essential for the propagation of action
potentials and regulation of cell excitability. Na V channels are composed of a pore-forming α
subunit and can associate with auxiliary β subunits via covalent or non-covalent interactions
(Catterall, 2014). There are nine mammalian sodium channels, NaV1.1–NaV1.9, which
collectively mediate fast, slow and persistent sodium currents. The β subunits regulate kinetic
properties and voltage-dependence of NaV channel activation and inactivation, and can also
affect NaV expression levels (Catterall, 2011, 2014; Erickson et al., 2018).
Intrarectal administration of lidocaine, which inhibits fast sodium currents, reduces
rectal sensitivity and abdominal pain in IBS patients, suggesting that localised Na V channel
inhibition may be a therapeutic strategy for alleviation of IBS pain (Verne et al., 2005). The
particular NaV isoforms that effectively mediate this effect are unknown; however, upregulation of NaV1.7 expression in rectal sensory fibres from biopsies of patients with rectal
hypersensitivity has been reported and may be an important isoform in pathological pain
signalling (Yiangou et al., 2007). In contrast, the simultaneous activation of all NaV channels
during ciguatoxin poisoning causes abdominal pain in humans and induces pain behaviours in
mice (Inserra et al., 2017). Co-administration of a NaV1.8-selective antagonist with ciguatoxin
significantly reduced visceral pain responses in mice, an effect which was greater than coadministration of ciguatoxin and tetrodotoxin (TTX; which blocks NaV1.1–NaV1.4, NaV1.6 and
NaV1.7), suggesting that NaV1.8 has a predominant role in visceral pain signalling (Erickson et
al., 2018; Inserra et al., 2017; Jami et al., 2018). Correspondingly, NaV1.8 has been suggested
to play a role in pathological pain signalling from the viscera in cases of colitis, as well as bladder
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hypersensitivity and pancreatitis (Beyak et al., 2004; Chen et al., 2012; Gebhart et al., 2002;
King et al., 2009; La and Gebhart, 2011; Yoshimura et al., 2001).

More recently, functional studies of colonic afferents in mice have revealed that NaV1.1
plays a crucial role in the signalling of mechanical hypersensitivity (Osteen et al., 2016).
Application of the highly selective Na V1.1-agonist, δ-theraphotoxin-Hm1a (Hm1a), enhanced
mechanically evoked firing in a subpopulation of high-threshold colonic nociceptors, which was
blocked by incubation with the Na V1.1/NaV1.3 antagonist ICA-121431 (Osteen et al., 2016).
Furthermore, Hm1a also induced hyper-excitability of isolated colon-innervating DRG neurons
from healthy control mice (Osteen et al., 2016). Importantly, colon-innervating DRG neurons
isolated from mice with chronic visceral hypersensitivity (CVH) showed significantly enhanced
responsiveness to Hm1a compared to healthy control mice, suggesting that Na V1.1 may be
essential for the development and maintenance of CVP (Osteen et al., 2016). Accordingly,
antagonism of NaV1.1 may be a future target for the treatment of CVP.

More recent studies show a key role for Na V1.3 in non-neuronal tissues, specifically
within enterochromaffin cells located within the intestinal epithelium (Bellono et al., 2017;
Strege et al., 2017). Voltage-gated sodium currents generated by NaV1.3 likely allow
enterochromaffin cells to respond to the detection of mechanical and chemical stimuli within
the lumen of the intestine (Bellono et al., 2017; Strege et al., 2017).

3.2: Voltage-gated potassium channels
Voltage-gated potassium (KV) channels are divided into twelve subfamilies and play
important roles in repolarising the membrane following action potential firing, regulation of
the refractory period, and resting membrane potential. The precise roles of KV isoforms in pain
signalling is not well understood, and is further complicated by heteromultimerisation of
subunits (Wulff et al., 2009); however, the study of specific potassium-type currents has been
able to identify roles of certain KV families in visceral pain signalling.

A-type potassium current (IA) density is downregulated in IB4-positive coloninnervating neurons from rats with colonic hypersensitivity, and in rodent sensory neurons
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during inflammatory colonic hyperalgesia, functional dyspepsia or pancreatitis (Ibeakanma et
al., 2009; Li and Chen, 2014; Qian et al., 2009; Xu et al., 2006). Delayed rectifier potassium
current (IK) is downregulated alongside IA in several visceral pain models, and in colonic
neurons from rats with stress-induced visceral hypersensitivity (Luo et al., 2011). However, in
the case of post-infectious colonic hypersensitivity, IK density suppression can recover,
whereas the reduction in IA density is maintained (Ibeakanma et al., 2009). In contrast, in the
case of a rat model of pancreatitis, I A density was reduced without accompanying changes in I K
density (Xu et al., 2006). While the specific isoforms responsible for the suppression of these
potassium currents remain to be investigated, it has been reported that both K V4.3 (IA) and
KV1.2 (IK) expression were reduced in colonic neurons from rats with colonic hypersensitivity
(Luo et al., 2011; Qian et al., 2009). Administration of retigabine, which activates K V7.2–KV7.5
of the KV7 family, was effective in reducing capsaicin-induced colonic pain in rats (Hirano et al.,
2007) and bradykinin-induced visceral nociceptive firing in mice (Peiris et al., 2017). Inhibition
of KV7 using XE991 potentiated the visceral afferent firing, further supporting a role of K V7
channels in visceral signalling (Peiris et al., 2017). Involvement of other potassium channels,
such as the mechanosensitive two-pore domain K+ (K2P) channels have also been implicated
in pain (Mathie and Veale, 2015). This has been inferred for colonic hypersensitivity by the
altered expression profile of K2P channels within colon-innervating DRG neurons in mice with
colitis (La and Gebhart, 2011). However, the precise functional contribution of K2P channels in
colonic hypersensitivity remains to be investigated.

3.3: Voltage-gated calcium channels
Voltage-gated calcium (CaV) channels mediate depolarisation-induced calcium influx
into neurons and other excitable cells. Ca V channels are composed of a pore-forming α1 subunit
(CaV1, CaV2, and CaV3) and can associate with auxiliary β and α2δ subunits (Zamponi et al.,
2015). CaV channels are an important target for pain management due to their regulatory role
in neurotransmitter release at nociceptive synapses. For example, CaV channels can initiate
numerous signalling events, including gene transcription, neurotransmitter release and
activation of calcium-dependent kinases, such as calcium calmodulin-dependent kinase II
(CaMKII) and protein kinase C (PKC), in addition to modulating the membrane potential
(Catterall, 2011; Clapham, 2007; Simms and Zamponi, 2014). These CaV channels have been
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classified based on their current properties into low voltage-activated (LVA: T-type) channels
that require moderate membrane depolarisation to open, and high voltage-activated (HVA)
channels that require greater depolarisation and are sub-classified into L- (CaV1.1–4), P/Q(CaV2.1), N- (CaV2.2) and R- (CaV2.3) type channels.

CaV2.2 and CaV2.3 are co-expressed in more than 80% of colon-innervating DRG
neurons (Castro et al., 2017b). During colitis, increased mRNA expression of CaV1.2 and CaV2.3,
but not CaV2.2, four days after induction of colitis has been reported (Qian et al., 2013),
whereas in a CVH mouse model, up-regulation of the CaV2.2 exon 37a variant has been
identified in colon-innervating DRG neurons (Castro et al., 2017b). This is particularly
interesting, as exon 37a plays a crucial role in neuropathic and inflammatory pain (Altier et al.,
2007). Correspondingly, blockers of Ca V2.2 have increased inhibitory actions on colonic
afferents in CVP states (Castro et al., 2017b). Increased CaV3.2 expression in a model of
butyrate-induced colonic hypersensitivity has been reported and may contribute to the
maintenance of visceral pain (Marger et al., 2011). Voltage-gated calcium channels also couple
to various G-protein coupled receptors, as detailed below, which means that they can be
inhibited via indirect mechanisms (Castro et al., 2017b).

Gabapentin and pregabalin, both ligands of the α2δ subunit of CaV channels, reduces
visceral hypersensitivity to colorectal distention in IBS patients as well as in animal visceral pain
models (Diop et al., 2002; Feng et al., 2003; Houghton et al., 2007; Lee et al., 2005; Million et
al., 2007; Ravnefjord et al., 2008). These effects are likely due to expression of α2δ subunits in
intestinal smooth muscle, and neurons within the DRG and CNS (Taylor and Garrido, 2008).
Whilst clinical studies show that gabapentin and pregabalin improved symptoms of abdominal
pain, bloating and urgency, the central side effects of these compounds may limit broader
therapeutic applications.

3.4: Transient receptor potential channels: Primary and secondary integrators for CVP
Transient receptor potential (TRP) channels constitute a superfamily of non-selective ion
channels that can be characterised as ankyrin repeat (TRPA), canonical (TRPC), melastatin
(TRPM), mucolipin (TRPML), polycystin (TRPP) or vanilloid (TRPV). Whilst their overall role in
12

gastrointestinal function has been expertly reviewed elsewhere (Balemans et al., 2017), we
highlight the importance of TRPV1, TRPA1, and TRPV4 members in the pathogenesis of visceral
hypersensitivity (Balemans et al., 2017; Blackshaw et al., 2010; Zielinska et al., 2015b).
Importantly, these TRPs contribute directly to visceral hypersensitivity but are also
downstream integrators of signalling pathways resulting from activation of several classes of
receptor (as discussed in detail below).

3.4.1: TRPV1
TRPV1 is highly expressed on extrinsic afferents and on small and medium diameter
neurons in the DRG that give rise to thinly myelinated Aδ-fibres and unmyelinated C-fibres.
This is an important functional distinction, as these fibres represent key classes of nociceptive
afferents, particularly within cutaneous pathways. Within sensory pathways innervating the
colon, C-fibres represent the vast majority of spinal afferents (Brierley et al., 2009; Brierley et
al., 2008; Jones et al., 2005). In line with the expression profile of TRPV1, responses to
colorectal distension are reduced in TRPV1 knock-out (-/-) mice and by TRPV1 receptor
antagonists in animal models of visceral hypersensitivity (De Schepper et al., 2008; Jones et al.,
2005; van den Wijngaard et al., 2009; Vermeulen et al., 2013; Wiskur et al., 2010). In addition,
TRPV1 responses are potentiated by a myriad of endogenous mediators, including histamine,
5-HT, proteases, leukotriene B4, adenosine triphosphate, bradykinin and prostaglandins
(Amadesi et al., 2004; Holzer, 2008; Kajihara et al., 2010; Sugiuar et al., 2004; Szallasi et al.,
2007; Wouters et al., 2016). Therefore, TRPV1 is often regarded as the integrator or
orchestrator of peripheral sensory input, serving as a common target in the modulation of
visceral hypersensitivity. TRPV1 involvement is further corroborated by findings of increased
expression of TRPV1-positive sensory fibres in colonic biopsies of patients with IBS or quiescent
IBD with IBS-like symptoms, which correlated with patient abdominal pain scores (Akbar et al.,
2010; Akbar et al., 2008; Zhou et al., 2016). Recently, it was reported that increased colonic
TRPV1 expression in patients with diarrhoea–predominant IBS (IBS-D) results from decreased
colonic levels of the microRNA miR-199 (Zhou et al., 2016). Moreover, administration of a
lentivirus expressing an miR-199 precursor subsequently reversed visceral nociception in an
animal model of visceral hypersensitivity, indicating the potential of miRNA-based therapy to
modulate downstream targets such as TRPV1 (Zhou et al., 2016). This might provide a viable
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alternative approach as clinical trials with TRPV1 antagonists have been hampered by severe
adverse events such as malignant hyperthermia (Brederson et al., 2013).

3.4.2: TRPA1
TRPA1 is preferentially expressed on a subset of small and medium diameter neurons
of the vagal, splanchnic, and pelvic afferent pathways (Brierley et al., 2009), and therefore
represents a more specific pharmacological target than TRPV1. Preclinical results show that
TRPA1 mRNA expression is up-regulated in biopsies of IBD patients, whilst TRPA1 antagonists
or deletion of TRPA1 effectively reduced visceral nociception in animal models (Brierley et al.,
2009; Cattaruzza et al., 2010; Kun et al., 2014; Mueller-Tribbensee et al., 2015; Vermeulen et
al., 2013). Conversely, TRPA1 agonists induce mechanical hypersensitivity of colonic afferents
(Brierley et al., 2009) and both TNF- and bradykinin induce colonic afferent mechanical
hypersensitivity via a TRPA1-dependent mechanism (Brierley et al., 2009; Hughes et al.,
2013a). In addition to these effects on neurons, TRPA1 can also contribute to the inflammatory
response itself, via neurogenic inflammation, as activation and sensitisation of TRPA1 and
release of substance P induces and maintains colitis in mice (Engel et al., 2011), which
correspondingly re-sensitises nociceptors. TRPA1 is also expressed by intestinal
enterochromaffin cells, where it serves as the primary detector of luminal irritants prior to
direct sub-mucosal damage (Bellono et al., 2017).

3.4.3: TRPV4
TRPV4 is another important sensory integrator present on colonic sensory fibres and
DRG neurons. Mechanosensory responses of colonic high-threshold afferents, but not vagal
gastro-oesophageal afferents, can be enhanced by TRPV4 agonists (5,6-EET) and reduced by
targeted deletion or antagonism of TRPV4 channels in animal models (Brierley et al., 2008; Sipe
et al., 2008). Correspondingly, colonic high-threshold afferents, but not vagal gastrooesophageal afferents from TRPV4-/- mice display deficits in mechanosensory function (Sipe et
al., 2008). TRPV4 expression and responses can be potentiated by pro-nociceptive mediators,
such as histamine and serotonin (5-HT), in addition to protease-activated receptor 2 (PAR2)
modulation (Cenac et al., 2010; Cenac et al., 2007; Cenac et al., 2015; Sipe et al., 2008).
Specifically, pre-exposure of colonic DRG neurons to 5-HT or histamine increases TRPV4
agonist-induced responses and increases TRPV4 expression at the plasma membrane via PKC-,
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PLA(2)-, PLCβ- and MAPKK-dependent mechanisms (Cenac et al., 2010). PAR2-activating
peptides evoke mechanical hypersensitivity of colonic afferents and visceral hyperalgesia in
vivo, which is lost in TRPV4-/- mice (Sipe et al., 2008). Endogenous levels of TRPV4 agonists, such
as 5,6-EET, are increased in colonic biopsies from IBS patients and correlate with their
abdominal pain scores (Cenac et al., 2015). When administered in an animal model,
supernatants from colonic biopsies from IBS patients resulted in further production of
endogenous TRPV4 agonists involving a PAR 2-mediated mechanism, and activation of sensory
neurons and visceral hypersensitivity in vivo that could be inhibited by silencing TRPV4
signalling (Cenac et al., 2015). TRPV4 can also contribute to the inflammatory response itself
by inducing neurogenic inflammation, with neuronal TRPV4 activation stimulating
neuropeptide release from peripheral afferent terminals (Vergnolle et al., 2010). TRPV4 is also
expressed on intestinal epithelial cells, where its activation induces chemokine release and
colitis (D'Aldebert et al., 2011).

3.5: Protease-activated receptor 2
Protease-activated receptors (PARs) are a family of four GPCRs that are typically activated
by proteolytic cleavage of their N-terminal extracellular domain, releasing a new motif from
the N-terminal tail that binds to the receptor in an agonist-like fashion. However, many
proteases, including cathepsins and trypsin, can cleave PARs at divergent sites resulting in
biased agonism that can lead to unique pathophysiological outcomes (Zhao et al., 2014). Coloninnervating DRG neurons express PAR2 and activation of PAR2 enhances visceral sensory
signalling (Auge et al., 2009). Elevated luminal serine protease activity as well as increased
tryptase release has been reported in colonic samples from IBS patients (Barbara et al., 2004;
Cenac et al., 2007; Tooth et al., 2014). When administered into the colon of healthy mice, these
proteases induced visceral allodynia and hyperalgesia via a PAR 2-dependent mechanism, with
hypersensitivity prevented by a PAR2 antagonist, and absent in PAR2-/- mice (Cenac et al., 2007;
Coelho et al., 2002; Kawabata et al., 2006). That PAR2-mediated effects sensitise afferent nerve
endings at the peripheral level is further corroborated by recent findings demonstrating that
supernatants derived from IBS-D as well as constipation-predominant IBS (IBS-C) biopsies
increased excitability of colonic sensory DRG neurons in mice, again an effect that was absent
in PAR2-/- animals (Valdez-Morales et al., 2013). Also in animal models of IBD, increased luminal
levels of PAR2-agonists, particularly cathepsin-S, have been reported, resulting in increased
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PAR2-mediated activation of spinal nociceptors and visceral hypersensitivity (Cattaruzza et al.,
2011). More recently, in IBS it has been shown that the intestinal epithelium produces and
releases the active protease trypsin-3, which is able to signal to human submucosal enteric
neurons and mouse sensory neurons, and induce visceral hypersensitivity in vivo, all by a PAR2dependent mechanism (Rolland-Fourcade et al., 2017).

3.6: Histamine receptors
Histamine, the main mast cell mediator, is a powerful modulator of sensory afferent activity
in the gut wall, contributing to visceral hypersensitivity in CVP (Barbara et al., 2007; Brunsden
and Grundy, 1999; Buhner et al., 2009; Kajihara et al., 2010; Kreis et al., 1998). IBS biopsy
supernatant-induced excitation of rat jejunal afferents and DRG neurons is reduced by a
histamine H1 receptor (H1R) antagonist, indicating that the pro-nociceptive effect of histamine
is, at least partially, mediated by H1R expressed on sensory afferent nerves (Barbara et al.,
2007). Coupling of H1R to TRPV1 and TRPV4 in turn modulates sensory signalling to the spinal
cord (Cenac et al., 2010; Wouters et al., 2016). In vivo, selective H1R antagonists significantly
reduce visceral hypersensitivity in animal models of IBS and IBD (Deiteren et al., 2014; Goldhill
et al., 1998; Stanisor et al., 2013). Moreover, the clinical potential of specific H1R-targeted
therapy was recently confirmed in a randomised, double-blind, placebo-controlled, singlecentre clinical trial in which ebastine, a selective H1R antagonist, reduced abdominal pain and
improved quality of life in IBS patients (Wouters et al., 2016).

In addition to H1R, histamine H4 receptors (H4R) most likely also participate in the
modulation of visceral sensation as the H4R agonist 4-methylhistamine excites human
submucous plexus neurons, an effect that was inhibited by the selective H4R antagonist
JNJ7777120 (Breunig et al., 2007). Moreover, this antagonist dose-dependently reduced
visceral hypersensitivity in a post-inflammatory rat model of IBS (Deiteren et al., 2014).
Interestingly, simultaneous administration of H1 and H4R antagonists in vivo potentiates their
anti-nociceptive effects, indicating a functional interaction between the receptor subtypes that
warrants further investigation (Deiteren et al., 2014).
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3.7: Serotonin
The majority of 5-HT in the body is found in the gastrointestinal tract, primarily
contained within enterochromaffin cells and is released following ingestion of a meal or by
toxins and chemotherapeutic agents (Andrews et al., 1990; Bearcroft et al., 1998). More
recently, it has been demonstrated that microbial metabolites, as well as norepinephrine,
results in the release of 5-HT from enterochromaffin cells in the intestine and colon that
activates afferents innervating the mucosa via a 5-HT3 receptor mechanism (Bellono et al.,
2017). These findings demonstrate that enterochromaffin cells are gut chemosensors that
couple to sensory neural pathways via serotonergic signalling (Bellono et al., 2017).
In the rat, 56% of high-threshold splanchnic colonic afferents respond to 5-HT, via both
5-HT3 and non-5-HT3 receptors (Hicks et al., 2002). In the rat, 5-HT1, 5-HT2 and 5-HT3 receptor
subtypes have been demonstrated to modulate responses to noxious colorectal distension
(Danzebrink and Gebhart, 1991), and serotonergic activation of viscera sensory neurons may
increase their sensitivity to other sensory modalities (Sugiura et al., 2004). Following intestinal
inflammation, the contribution of 5-HT3 receptors is decreased, yet the responsiveness to 5HT is increased, indicating other 5-HT receptor subtypes play an increased role in disease states
(Coldwell et al., 2007). Correspondingly, later studies demonstrated that peripherally
administered 5-HT4 receptor agonists have anti-nociceptive actions whilst also enhancing
gastrointestinal motility (prokinetic actions) and reducing colonic inflammation (Hoffman et
al., 2012; Spohn et al., 2016). In terms of translation to humans, metabolism of 5-HT appears
disrupted in both IBS and IBD patients (Coates et al., 2004). The involvement of 5-HT in IBS
patient symptomatology is implicated by increased numbers of enterochromaffin cells (Spiller
et al., 2000), increased mast cell populations (Barbara et al., 2004; Ziino et al., 2010), increased
post-prandial 5-HT release (Bearcroft et al., 1998; Houghton et al., 2003), and a decrease in
symptoms with use of 5-HT3 receptor or 5-HT4 receptor antagonists (Camilleri, 2001; Camilleri
et al., 2000).

3.8: Tachykinin Receptors
Tachykinins are endogenous peptides that activate the G protein-coupled tachykinin
receptors (NK1R, NK2R, and NK3R) and include substance P (SP), neurokinin A (NKA) and
neurokinin B (NKB) (Holzer and Holzer-Petsche, 2001). NK receptors are widely expressed in
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the central, peripheral, and enteric nervous systems, as well as in non-neuronal cells of the
gastrointestinal tract. In addition to sensory signalling, these receptors have roles in both gut
motility and secretion (Corsetti et al., 2015). NK1R-/- mice displayed deficits in spontaneous
behavioural responses to intracolonic capsaicin (TRPV1 agonist), but not intracolonic mustard
oil (TRPA1 agonist), and developed referred hyperalgesia and tissue oedema only after
exposure to mustard oil (Laird et al., 2000). This suggest that TRPV1-dependent visceral pain
signalling requires NK1R, whereas TRPA1-dependent visceral nociception does not. Antagonism
of the three NK receptors showed efficacy in animal models of visceral pain and inflammatoryinduced hyperalgesia (Giamberardino, 2009; Sanger, 2004; Sengupta, 2009), and selective
antagonism of NK2R resulted in a reduction in intestinal tissue damage following intracolonic
administration of chemical irritants in rodents (Lecci et al., 2004). Altered expression of
tachykinins and NKRs in the gastrointestinal tract during functional gastrointestinal diseases
has been reported (Holzer, 1998). Positron emission tomography (PET) studies suggest that
patients with IBD and IBS have reduced NK 1R availability in specific brain areas, which
resembles that seen in individuals with injury-related chronic pain, suggesting central changes
involving tachykininergic signalling in CVP conditions (Jarcho et al., 2013).

3.9: Purine receptors
Ligand-gated P2X, and G-protein-coupled P2Y receptors, as well as their endogenous
agonists, ATP, UTP and ADP are ubiquitously expressed within the extrinsic and enteric sensory
structures of the gastrointestinal tract and are essential to immune cell function. As such, a
role for purinergic signalling in the modulation and maintenance of CVP states has been
explored by a number of research groups. In an animal model of trinitrobenzene sulfonic acid
(TNBS)-induced acute colitis there was up-regulation of P2X3 and P2X2/3 receptors on coloninnervating DRG neurons, and an increase in the release of ATP, which was more pronounced
during distension (Wynn et al., 2004). Similarly, in an animal model of IBS, there was increased
P2X3 expression in colonic sensory neurons, potentiation of ATP-evoked responses (Xu et al.,
2008) and altered purinergic signalling (Shinoda et al., 2010). This is associated with visceral
hypersensitivity that can be reduced by a selective P2X3 antagonist (Deiteren et al., 2015).
Also, in rodent models of post-inflammatory IBS, intestinal afferent hypersensitivity may be
due to the P2X2/3 receptor activation (Deiteren et al., 2014; Rong et al., 2009).
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Activation of P2Y receptors can sensitise both mouse and human colonic nociceptors.
The application of UTP (P2Y2 and P2Y4 agonist) sensitised colonic sensory neurons by
increasing action potential firing in response to current injection and depolarising the
membrane potential. The application of ADP (P2Y1, P2Y12 and P2Y13 agonist) also increased
action potential firing, an effect blocked by a selective P2Y1 receptor antagonist. P2Y1 and
P2Y2 transcripts were detected in 80% and 56% of colon-innervating DRG neurons,
respectively, and were predominately co-localised with NaV1.9 (Hockley et al., 2016).

3.10: Glutamate receptors
Glutamate is a major excitatory neurotransmitter in the CNS that is best known for its effect
on the ionotropic N-methyl-D-aspartate (NMDA) receptor. The calcium permeable NMDA
receptors are also found on the peripheral terminals of primary afferent neurons that
innervate the colon and release substance P and calcitonin gene-related peptide when
activated (McRoberts et al., 2001). In addition, blocking of NMDA receptors by peripherally
administered ketamine, an NMDA antagonist, reduced visceromotor pain responses to noxious
colorectal distension in healthy control rats (Shafton et al., 2007). NMDA receptors also
contribute to the phenomenon of ‘wind-up’, which refers to a progressively increasing activity
of the dorsal horn neurons in response to afferent C-fibre stimulation that results in central
sensitisation. Development of central sensitisation can manifest clinically as somatic as well as
visceral hypersensitivity in a subset of IBS patients and can be blocked by an NMDA-antagonist
(Eide, 2000; Zhou et al., 2010).

In addition to NMDA receptors, glutamate activates two other ionotropic receptor
subtypes, the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and the kainate
receptors, as well as eight types of metabotropic glutamate (mGlu) receptors. While their
involvement in neuropathic and/or somatic pain has been investigated, studies on their role in
visceral pain are scarce (Kannampalli and Sengupta, 2015). However, there is evidence for the
involvement of peripheral mGluR5 in mediating mechanically evoked colonic pain, as mGluR5
antagonists inhibit action potential firing from colonic afferent endings and reduce colorectal
distension-induced visceromotor responses in vivo (Lindstrom et al., 2008).
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4. ANTI-NOCICEPTIVE MECHANISMS
A summary of key anti-nociceptive mechanisms within extrinsic sensory afferent
neurons innervating the colorectum and epithelial cells is shown in Figure 3.

4.1: Oxytocin receptors
The central analgesic effect of the nine-amino acid peptide hormone oxytocin is well known,
involving several brain regions implicated in the pathophysiology of CVP, such as the
periaqueductal gray and the nucleus of the solitary tract (Black et al., 2009; Meyer-Lindenberg
et al., 2011). However, there is strong evidence that oxytocin also reduces visceral sensory
perception through modulation of afferent nerve activity at the level of the gut wall. First,
oxytocin receptors are significantly up-regulated in colon-innervating thoracolumbar DRG
neurons of mice in a model of CVH, whereas oxytocin receptors are absent from these neurons
in healthy states (de Araujo et al., 2014). Second, oxytocin and synthetic oxytocin analogues
inhibit colonic nociceptors in ex vivo preparations from CVH mice, but not healthy control mice
(de Araujo et al., 2014; Wan et al., 2016). Notably, these inhibitory effects of oxytocin can be
blocked by pre-application of an oxytocin receptor antagonist (de Araujo et al., 2014). Third,
intracolonic administration of synthetic oxytocin analogues in vivo inhibits colonic nociceptor
mechanosensitivity, resulting in reduced nociceptive signalling in the spinal cords of CVH mice
(de Araujo et al., 2014).

These findings of analgesic oxytocin action during CVH are in keeping with a small trial of 26
IBS patients. In these patients, continuous intravenous infusion of oxytocin increased
thresholds of colonic perception, an analgesic effect suggested, but not confirmed, to be
mediate by oxytocin acting at the level of visceral afferents (Louvel et al., 1996). Similarly, in a
placebo-controlled pilot trial in chronic constipation patients, nasal oxytocin administration
had no effect on constipation itself, but had a positive effect on abdominal pain and discomfort
and depressed mood (Ohlsson et al., 2005). In contrast, and in support of pre-clinical data
showing no effect of oxytocin in healthy mice, healthy subjects infused with oxytocin exhibited
no change in sensory thresholds to colonic distension (Ohlsson et al., 2004). Oxytocin also has
other potential analgesic affects within the viscera, as it has been shown to reduce jejunal
mesenteric afferent mechanosensitivity in vitro, an effect that was shown to be mediated
through the nNOS-KATP pathway (Li et al., 2015). Central oxytocin administration in animal
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models has varying effects on gut motility, depending on the species and region studied
(Matsunaga et al., 2009; Qin et al., 2009), and also inhibits chronic colitis (Welch et al., 2010)
by a neutrophil-dependent mechanism (Iseri et al., 2005).

4.2: GABA Receptors
Gamma-aminobutyric acid (GABA) is an inhibitory neurotransmitter that plays a crucial role
in the processing of visceral, neuropathic and somatic pain, via ionotropic GABA A/GABAC and
metabotropic GABAB receptors that are distributed along the neuraxis (McCarson and Enna,
2014). An increase in the number of activated GABAergic neurons in the dorsal horn of the
spinal cord in CVH mice suggests that neuroplasticity of the GABAergic system may contribute
to CVP (Harrington et al., 2012). Whether these changes were specific to a particular GABA
receptor subtype remains unknown. In a mouse model of colonic hypersensitivity resulting
from cross-sensitisation after acute zymosan-induced cystitis, intrathecal administration of a
GABAA agonist reduced pain behaviour responses (Sengupta et al., 2013). However, the bulk
of the evidence implicating GABA receptors in the modulation of CVP focuses on GABA B
receptors (GABABR). Multiple studies have demonstrated anti-nociceptive effects of baclofen,
the archetypal GABAB receptor agonist, on colonic afferent nerve firing in vitro and
visceromotor responses in vivo (Brusberg et al., 2009; Castro et al., 2017b; Lindstrom et al.,
2011; Sengupta et al., 2002). The α-conotoxin Vc1.1, isolated from the venom of the marine
cone snail Conus victoriae and a potent activator of GABAB receptors, inhibits nociceptive
signalling of colonic afferents from healthy mice (Carstens et al., 2016; Castro et al., 2017a;
Castro et al., 2017b), but has greater efficacy in a model of CVH (Castro et al., 2017a; Castro et
al., 2017b). Human DRG neurons express GABAB receptors and the voltage-gated calcium
channels CaV2.2, and CaV2.3, which are the direct and downstream targets of Vc1.1. Colonic
DRG neurons from CVH mice exhibit up-regulation of the CaV2.2 exon-37a variant, which may
explain the increased inhibitory effect of Vc1.1 in hypersensitivity compared with control mice
(Castro et al., 2017b). Correspondingly, Vc1.1 inhibits neuronal excitability in a sub-population
of human DRG neurons (Castro et al., 2017b). Enhancing the potency of endogenous GABA
through positive allosteric modulation of the GABA receptor (McCarson and Enna, 2014) has
also been shown to affectively reduce the visceromotor response to colorectal distension in
healthy control rats (Brusberg et al., 2009).
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4.3: Opioid receptors
Opioid receptors µ, δ, and ĸ (µ-OPR, δ-OPR and ĸ-OPR) mediate pain relief when
activated by endogenous enkephalins, β-endorphin, and dynorphin, and exogenous opioids,
such as morphine, oxycodone, and fentanyl. Typically, activation of these receptors results in
inhibition of adenylyl cyclase, downstream inhibition of CaV2.2 channels and activation of
inwardly rectifying potassium channels, resulting in decreased neuronal excitability. However,
the use of opioids such as morphine, oxycodone, and fentanyl for the treatment of chronic
pain is plagued by addiction, tolerance and significant side effects, such as constipation. In the
gut, µ, δ and ĸ opioid receptors are present in the enteric nervous system (Wood and Galligan,
2004), pacemaker cells (Bagnol et al., 1997) and smooth muscle cells (Kuemmerle and
Makhlouf, 1992). Enteric neurons expressing µ-OPR contribute to opioid-induced constipation
where local µ-OPR activation reduces secretion and motility (Sternini et al., 1996). δ-OPR
expression is localized to submucosal and myenteric neurons, which likely account for the
ability of DOR agonists to inhibit intestinal secretion and motility (Galligan and Sternini, 2017;
Hughes et al., 2016; Poole et al., 2011). Moreover, ĸ-OPRs are also essential in modulating
gastrointestinal motility, and secretion (Galligan and Sternini, 2017; Hughes et al., 2016).
Up-regulation of µ-opioid receptors and β-endorphin in a mouse model of chronic
colitis (Verma-Gandhu et al., 2007), may explain why some IBD patients do not report pain,
depending on the type and the severity of inflammation. In contrast, there is evidence for a
decrease in the mRNA expression of µ-OPR and ĸ-OPR in intestinal biopsies from IBS-D patients
(Zielinska et al., 2015a), whilst immune-derived opioidergic inhibition of viscerosensory
afferents is decreased in IBS patients (Hughes et al., 2014b). In contrast, -OPRs are
functionally up-regulated in colon-innervating afferents during and following recovery from
TNBS-induced colitis in mice (Brust et al., 2016; Hughes et al., 2014a; Sengupta et al., 1999). ĸOPR agonism reduces colonic afferent responses in a mouse model of chronic visceral
hypersensitivity, (Brust et al., 2016; Hughes et al., 2014a) and nociceptive responses in animal
models of colitis (Davis, 2012; Gebhart et al., 2000; Sengupta et al., 1999). Peripherally
restricted ĸ-OPR agonists, may be suitable for IBS pain treatment, as asimadoline was shown
to effectively reduce pain, bowel movement frequency and urgency in IBS patients (Camilleri,
2008), and decrease pain perception in response to colonic distension (Delvaux et al., 2004;
Mangel et al., 2008), without altering colonic distension tolerances in healthy volunteers
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(Delgado-Aros et al., 2003). More recently, eluxadoline, a mixed µ-OPR and ĸ-OPR agonist/δOPR antagonist improved the global symptoms, stool consistency, frequency and urgency in
IBS-D patients (Lembo et al., 2016).

4.4: TRPM8
TRPM8 is activated naturally by cold temperatures, menthol, a constituent of
peppermint, as well as synthetic TRPM8 agonists such as icilin. Several products containing
peppermint are reported to reduce symptoms of bowel hypersensitivity (Brierley and Kelber,
2011). Whilst part of this action may be due to an anti-spasmodic effect, a key mechanism is
the expression of TRPM8 on colonic afferents, where it is co-expressed with TRPV1 (Harrington
et al., 2011). TRPM8 was shown to couple to TRPV1 and TRPA1 to inhibit their downstream
chemosensitivity and mechanosensitivity, thus reducing overall afferent excitability
(Harrington et al., 2011). Furthermore, TRPM8 activation attenuates inflammatory responses
in a mouse model of colitis, which is due in part to inhibition of neuropeptide release from
colonic tissue (Ramachandran et al., 2013).

4.5: PAR4
In contrast to the pro-nociceptive action of PAR2 activation, activation of PAR4 exerts antinociceptive effects. Intracolonic infusion of a PAR 4 agonist reduced visceral pain perception to
colorectal distention, whilst activation of PAR4 reduced PAR2- and TRPV4-induced Ca2+
mobilisation in DRG neurons (Annahazi et al., 2009; Auge et al., 2009). In addition, visceral
hyposensitivity induced by the intracolonic infusion of supernatant from colonic biopsies
harvested from patients with ulcerative colitis is mimicked by PAR 4-activating peptides and
inhibited by a cocktail of anti-proteases (Annahazi et al., 2009). Recent findings of decreased
expression of PAR4 in IBS patients further supports the role of PAR4 in modulating visceral pain
(Han et al., 2012; Zhao et al., 2012).

4.6: Cannabinoid receptors
Cannabinoid (CB) receptors comprise CB1 and CB2, which are both GPCRs. CB1
receptors are primarily distributed within the CNS but are also found in both the enteric
nervous system and in primary afferents innervating the gastrointestinal tract. CB2 receptors
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are expressed in most enteric neurons and peripheral immune cells (Duncan et al., 2008; Storr
et al., 2008b). The endogenous agonists of these receptors, endocannabinoids, are involved in
controlling motility, secretion and intestinal inflammation (Duncan et al., 2005; Massa et al.,
2005). DRG neurons from rats with stress-induced visceral hypersensitivity levels have
increased levels of anandamide, and decreased levels of endocannabinoid degradation
enzymes COX2 and FAAH, decreased CB1 receptor expression, but reciprocal increases in
TRPV1 expression (Hong et al., 2009).

CB1 and CB2 receptors are also implicated in regulating inflammation; mice lacking CB1
or CB2 receptors experience more severe colitis than wild-type mice (Engel et al., 2011; Massa
et al., 2004; Sibaev et al., 2006). Conversely, activation of CB1 or CB2 receptors has a protective
effect in colitis animal models (Kimball et al., 2006; Sibaev et al., 2006; Storr et al., 2009).
Furthermore, TNBS-induced colitis severity in mice is significantly reduced in the presence of a
FAAH inhibitor (URB597) and a membrane transporter inhibitor (VDM11), which elevate
endocannabinoid levels (Storr et al., 2008a). FAAH inhibitors have also been shown to reduce
mouse colonic motility and decrease visceral pain in a mouse model of IBD (Fichna et al., 2014).

4.7: Guanylate cyclase-C
Guanylate cyclase-C (GC-C) is a transmembrane receptor predominantly found in the
intestinal epithelium. Linaclotide, a synthetic and minimally absorbed, 14-amino acid peptide,
is a GC-C agonist related to guanylin and uroguanylin, members of a family of naturallyoccurring peptide hormones (Schulz et al., 1990). These hormones regulate intestinal fluid and
electrolyte homeostasis and consequently bowel function, through GC-C-mediated production
of cyclic-guanosine-3′,5′-monophosphate (cGMP)(Pfeifer et al., 1996). Linaclotide acts via the
same mechanism as the endogenous hormones, through binding and activating GC-C located
on the luminal surface of intestinal epithelial cells, but it is not expressed by sensory DRG
neurons (Castro et al., 2013). This interaction elevates intracellular and extracellular levels of
cGMP, inducing fluid secretion and accelerating intestinal transit in animal models (Brierley,
2012; Bryant et al., 2010; Busby et al., 2010). In addition, linaclotide has been shown to elicit
anti-hyperalgesic effects in several animal models of visceral pain (Eutamene et al., 2010). This
effect appears to be independent of changes in colonic compliance or motility. Subsequently,
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linaclotide has been demonstrated to inhibit colonic nociceptors with greater efficacy in a
mouse model of CVH (Castro et al., 2013). Furthermore, intra-colonic administration of
linaclotide reduces signalling of noxious colorectal distention to the spinal cord. (Castro et al.,
2013). The downstream effector of GC-C, cGMP, is released following administration of
linaclotide and also inhibits nociceptors (Castro et al., 2013). The effects of linaclotide are lost
in Gucy2c-/- mice and prevented by inhibiting cGMP transporters or removing the mucosa. This
suggests the anti-nociceptive actions of linaclotide are due to activation of GC-C expressed on
mucosal epithelial cells, resulting in the production and release of cGMP. This extracellular
cGMP acts on and inhibits nociceptors, thereby reducing nociception (Castro et al., 2013).
These pharmacological effects of linaclotide have translated into the clinic. In Phase II and
Phase III studies, linaclotide accelerated colonic transit and improved abdominal pain and
constipation associated with IBS-C and chronic idiopathic constipation (Castro et al., 2013;
Chey et al., 2012; Johnston et al., 2010; Rao et al., 2012).

CONCLUSIONS
A variety of membrane receptors and ion channels contribute to the signalling of
visceral pain in normal, inflammatory and chronic visceral pain states. The upregulation of
specific pro-nociceptive mechanisms during CVP states helps us understand the underlying
basis of visceral hypersensitivity. Accordingly, targeting receptors or ion channels involved in
visceral pain at the periphery would be beneficial in terms of reducing side effects and
providing novel opportunities for the pharmacological treatment of CVP and clinical conditions
such as IBD and IBS. Correspondingly, the increase in anti-nociceptive mechanisms also present
options for pharmacological treatment. Increased understanding of the full complement of
changes in receptors and ion channels during CVP would further aid in this process.
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Figure 1: Extrinsic sensory afferent innervation of the colorectum.
The colon and rectum receive dual spinal innervation via the lumbar splanchnic nerve and the
sacral pelvic nerves. The cell bodies of splanchnic and pelvic afferents are located within the
thoracolumbar (T10-L1) and lumbosacral (L6-S1) dorsal root ganglia (DRG), respectively.
Central axons terminate within the respective thoracolumbar and lumbosacral dorsal horn of
the spinal cord, where they synapse onto second order neurons. The peripheral projections of
these afferents innervate the mucosa and muscle, and wrap around blood vessels within the
submucosa and on the mesenteric attachment. This gives rise to distinct classes of afferents;
muscular, mucosal and serosal (splanchnic and pelvic pathway) and mesenteric (splanchnic
only) and muscular/mucosal (pelvic only). These afferents allow the full range of mechanical
and chemical stimuli occurring within the colorectum to be detected. Mucosal afferents detect
low-threshold distortion of the intestinal mucosa and respond to endogenous mediators,
whereas muscular afferents respond to low-threshold distension and contraction and have
wide dynamic ranges of response, including into the noxious range, and respond to
endogenous mediators. Muscular/mucosal afferents display the combined properties of
muscular and mucosal afferents. Mesenteric and serosal (also known as vascular afferents)
have high thresholds to mechanical stimuli and respond to a wide array of endogenous
mediators, particularly, inflammatory and immune mediators.
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Figure 2: Key pro-nociceptive mechanisms within extrinsic sensory afferent neurons
innervating the colorectum.
The peripheral afferent terminal of colorectal afferents express a wide array of pro-nociceptive
ion channels and receptors that can enhance afferent excitability and increase action potential
firing. These include the voltage-gated sodium (NaV) channels, NaV1.1 (which contributes to
mechanical pain), NaV1.8 and NaV1.9 (which can be sensitised by activation of an array of
receptors, including P2X, P2Y). The transient receptor potential (TRP) channels TRPA1, TRVP4,
and TRPV1 play primary and integrative roles in sensory function, either being activated
directly by exogenous and endogenous stimuli, or by being sensitised in response to receptor
activation (including bradykinin B1, TRPA1, histamine, TNF-, and protease-activated receptor
2 (PAR2)). Several voltage-gated calcium (CaV) channels play key roles in regulating neuronal
excitability, including CaV2.2 (N-type), CaV2.3 (R-type), CaV1.2 (L-type) and CaV3.2 (T-type).
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Figure 3: Key anti-nociceptive mechanisms within extrinsic sensory afferent neurons
innervating the colorectum and colonic epithelial cells.
Numerous anti-nociceptive mechanisms exist and are up-regulated during inflammatory or
chronic visceral hypersensitivity (CVH) states. This includes expression of TRPM8, which upon
activation inhibits TRPA1 and TRPV1 function. Activation of the cannabinoid receptor 1 (CB1)
also reduces TRPV1 function on colonic afferents. Activation of the -opioid receptor inhibits
colonic nociceptors, but only in inflammatory and CVH states. Activation of the oxytocin
receptor inhibits colonic nociceptors, but only in CVH states, due to a large increase in oxytocin
receptor expression. Activation of the GABAB receptor inhibits colonic afferents in both healthy
and CVH states via down-stream inhibition of the voltage-gated calcium channels CaV2.2 and
CaV2.3. Activation of PAR4 has been shown to subsequently decrease TRPV4 function.
Activation of GC-C on epithelial cells results in cGMP production, which is pumped out of the
cell basolaterally, where it then acts upon and inhibits colonic nociceptors.
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